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Abstract—A 2D model of the pseudogap stateis considered on the basis of the scenario of strong electron scat-
tering by short-range-order fluctuations of the “dielectric” (antiferromagnetic or charge density wave) type. A
system of recurrence relations is constructed for a one-particle Green’s function and the vertex part, describing
theinteraction of electronswith an external field. This system takesinto account all Feynman diagramsfor elec-
tron scattering at short-range-order fluctuations. The results of detailed calculations of optical conductivity are
given for various geometries (topol ogies) of the Fermi surface, demonstrating both the effects of pseudogap for-
mation in the electron spectrum and the localization effects. The obtained results are in qualitative agreement
with experimental data for underdoped HTSC cuprates. © 2002 MAIK “ Nauka/Interperiodica” .

1. INTRODUCTION

One of the central problems in the physics of high-
temperature copper-oxide superconductors (HTSC) is
the description of the nature of the so-called pseudogap
state [1, 2] existing in a wide region of the phase dia-
gram. In our opinion [2], the preferable scenario for the
pseudogap formation in HTSC oxides is based on the
existence of strong scattering of charge carriersin this
region at short-range-order fluctuations of the “dielec-
tric” type (antiferromagnetic (AFM) fluctuations or
charge-density wave (CDW) type fluctuations). This
scattering is strong in the vicinity of the characteristic
vector Q = (1Wa, 1va) (aisthe 2D lattice constant), cor-
responding to doubling of the period (antiferromag-
netism vector) and is a precursor of the spectral rear-
rangement due to the establishment of the long-range
AFM order. Accordingly, an essentially non-Fermi-lig-
uid rearrangement of the electron spectrum occurs in
this pretransition region of the phase diagram in certain
regions of the momentum space in the vicinity of so-
called hot spots on the Fermi surface [2], where its
effective destruction takes place. A direct experimental
verification of such a pattern of formation of a
pseudogap was obtained in recent ARPES experiments
on the system Nd, gsCe; 15CuO, [3], in which the above-
mentioned spectral rearrangement could be studied in
the vicinity of hot spots.

In the framework of the above scenario of the
pseudogap state formation, it is possible to construct a
simplified “amost exactly” solvable model describing
the main features of this state [2] and taking into
account the contribution of all Feynman diagramsin the
perturbation theory on the scattering by short-range-
order (Gaussian) fluctuations with characteristic scat-

tering momentum from the vicinity of Q, determined
by the corresponding correlation length C [4, 5]. This
model is based on a generalization of the model of for-
mation of a pseudogap in a1D system due to developed
short-range-order fluctuations of the CDW type (which
was proposed earlier by one of the authors[6, 7]) to the
2D case. A simplified version of this 2D model (the
model of hot patches) was used in [8-11] for describing
the main properties of superconducting state formed
against the background of adieectric pseudogap.

In[4, 5], one-particle properties of the model under
investigation (such as spectral density and the density
of states) were mainly analyzed. A remarkable feature
of this model is the possibility of summation of the
entire series of Feynman diagrams also in the two-par-
ticle problem of calculation of the vertex part describ-
ing the response of the system to external perturbation
(e.g., electromagnetic field) [6, 12, 13]. In the simpli-
fied version of the model of “hot patches’ on the Fermi
surface, the required calculations of optical conductiv-
ity inthe 2D casewere madein [14]. Here, we aim both
at adetailed analysis of theoretical aspects of the calcu-
lation of two-particle propertiesin the framework of the
general model [4, 5] and at the calculation of optical
conductivity for various geometries (topologies) of the
Fermi surface, emerging when a realistic form of the
free electron spectrum is used.

2. MODEL OF HOT SPOTS

2.1. Description of the Model and “ Almost Exact”
Solution for One-Particle Green's Function

In the model of a*“nearly antiferromagnetic” Fermi
liquid, which is actively used for explaining the micro-
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scopic mechanism of HTSC [15, 16], the effective
interaction of electrons with short-range-order AFM
spin fluctuations is introduced. This interaction is
described by the dynamic spin susceptibility x,(w) whose
shape is determined from fitting to NMR data [16]:

222
gt L
1+84(q-Q)’ —iwlwy’ 0

where g is the coupling constant, & is the correlation
length of spin fluctuations, Q = (1va, 1va) is the antifer-
romagnetic ordering vector in the dielectric phase, and
Wy is the characteristic frequency of spin fluctuations.
The dynamic susceptibility and, hence, the effective
interaction (1) have peaks in the region q ~ Q; accord-
ingly, two types of quasi particles emerge in the system,
i.e., hot particles, whose momentaliein the vicinity of
hot spots on the Fermi surface (Fig. 1), and cold parti-
cles, whose momenta lie in the vicinity of the regions
on the Fermi surface surrounding the diagonals of the
Brillouin zone [4]. As a matter of fact, quasiparticles
from the regions of hot spots are strongly scattered with
the momentum transfer of the order of Q due to their
interaction with the spin fluctuations (1), while the
same interaction for particles with momentaaway from
hot spotsis quite weak.

Considering the region of rather high temperatures
T > Wy, we can neglect the spin dynamics[4], confin-
ing our analysis of relation (1) to the static approxima-
tion. A considerable simplification of calculations,
which makesit possible to analyze higher-order contri-
bution of perturbation theory, can be obtained if we go
over in relation (1) to a model interaction of the form

Ver(q, 0) = g°Xq(0) =

28t 28t
£+ (- Q) E7 + (q,- Q)%

where A is an effective parameter having the dimen-
sions of energy. Following [4, 5], in the subsequent
analysis we will treat A and & as phenomenological
parameters (that can be determined experimentally).
Expression (2) is qualitatively similar to the static
limit (1) and differs from it quantitatively only dlightly
in the most interesting region |q — Q| < & determining
scattering in the vicinity of hot spots.

We will take the spectrum of the “bare” (free) qua-
siparticlesin the form [4]

Ver(@) = A? 2

&p = —2t(cosp,a+ cosp,a)

©)

—4t'cosp,acosp,a—H,
where t is the integral of transfer between the nearest
neighbors, t' is the same for next-to-nearest neighbors
in the sguare lattice, and U is the chemical potential.
This expression provides a satisfactory approximation
to the results of band calculations for real HTSC sys-
tems. For example, for YBa,CuzO4, 5 We have t =
0.25eV and t' =—0.45t [4]. The chemical potentia L is
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Fig. 1. Diagrammatic representation of recurrence relation
for the Green's function.

fixed by charge carrier concentrations. In thiswork, we
consider various characteristic relations between
parameters t and t' leading to different geometries
(topologies) of the Fermi surface, aiming at an analysis
of the general pattern, which is not necessarily associ-
ated with known specific systems.

In[5], adetailed analysis of contributions of all dia-
grams was carried out for the self-energy part Z(g,p) of
an electron. It turns out that, in the case when the signs

of the velocity components v, and v, , o (aswell asof

v, andv} ) coincide in hot spots on the Fermi sur-

face, the Feynman integralsin a diagram of any order
are determined only by the contributions from the poles
of the Lorentziansin relation (2) and can easily be eval-
uated.! In this case, the contribution of an arbitrary dia-
gram for the self-energy component of the Nth order in
the interaction with fluctuations (2) has the form (g, =
(2n + D7)

2N-1

sMe p) = A |‘| : 1
/ 1|€n_
J:

&(p) +inv K’

(4)

for odd

&) =& and v = |v) + |v)| forevenj, andk = &L
Here, n; is the number of interaction lines embracing

the jth Green’s function in the given diagram; for the
sake of definiteness, we assumethat €, > 0.

where &(p) = &0 and v, = |vp.q| + |v}.q

The conditions under which the above constraints
areimposed on the vel ocities at the points on the Fermi
surface connected by vector Q (hot spots) are analyzed
in detail in [5], where examples of corresponding
geometries of the Fermi surfaces realized for certain
relations between parameterst and t' in Eqg. (3) are con-
sidered. In these cases, expression (4) isvirtually exact.
Inall remaining cases (for other relations between t and
t"), expression (4) is used as a successful ansatz for an
arbitrary-order contribution obtained by simple contin-
uation of the spectrum in parameters t and t' to the
region of interest. Eveninthe most unfavorable 1D case
[7] corresponding to a square Fermi surface emerging
from Eq. (3) for t' = 0 and p = O, the use of this ansatz
leadsto results (e.g., for the density of states) very close
guantitatively [17] to the results of the exact numerical

1 A similar situation also emergesin the case when the velocitiesin
the hot spots connected by vector Q are exactly perpendicular [4].
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Fig. 2. Fermi surface with hot spots connected through the
scattering vector of the order of Q = (17a, 7a).

simulation of this problem [18]. In this sense, we are
using the term “almost exact” solution.

When ansatz (4) is used, it is found that the contri-
bution of any diagram with crossing interaction linesis
equal to the contribution of adiagram of the same order
without intersection of these lines [7]. For this reason,
we can, in fact, take into account the contributions from
diagrams without intersection of the interaction lines,
taking into account the contribution from diagrams
with intersection, with the help of additional combina-
torial factors compared to the “initial” interaction verti-
ces (or lines) [7]. As aresult, we obtain the following
recurrence rel ation (representation in the form of a con-
tinued fraction [7]) for aone-electron Green’sfunction,
which gives an effective logarithm for subsequent

numerical calculations [5]:
1
Gk(snzp) = i

en=&P) +TKVIK =21 a(Endy) (5
= { Gor(Engp) — Zien(EnEp)

v (k)
1€, —&u(P) +IKVK =Xy, 1(En8p)

Figure 2 isagraphical representation of this recurrence
relation. The physica Green's function we are inter-
ested inisG(g.€,,) = Gy- o(En€p)- Inrelation (5), we have
also introduced the following auxiliary notation:

_ 1
Colente) = 5 g TRV

(€,8,) = A (6)

(7)

In the case of commensurate fluctuationswith Q = (17a,
T7a) [7] under investigation, the combinatorial factor is
given by

v(k) = k 8)

if we disregard their spin structure (CDW-type fluctua-
tions). If the spin structure of interactions is taken into
account in the moddl of a nearly antiferromagnetic
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Fermi liquid (spin—fermion model [4]), the combinato-
rics of the diagrams becomes more complicated. In par-
ticular, the scattering with spin conservation gives a
formally commensurate combinatorics, while scatter-
ing with spin flip is described by the diagrams for the
incommensurate case (“charged” random field in the
terminology used in [4]). As a result, the recurrence
relation for the Green's function, as before, has the form
(6), but the combinatorial factor v(k) has the form [4]

K*2 torodd k

v =g > ©

[K
5 for even k.

In the subsequent analysis, we confine ourselves to
cases (8) and (9); the details corresponding to incom-
mensurate fluctuations of the CDW type can be found
in[5-7].

The obtained solution for a one-particle Green's
function is exact in the limit & — o, when a solution
can be found in analytic form [4, 6]. This solution is
exact in the trivial limit & — O, when interaction (2)
just vanishes for afixed value of A. For all intermediate
values of &, it gives a very good interpolation (see
above) sinceit isvirtually exact for certain geometries
of the Fermi surface emerging for specific ranges of
variation of the parameters of spectrum (3) [5].

Using relation (5), we can easily carry out numerical
calculations of the one-electron spectral density and
density of states:

A(Ep) = —1ImG*(Ep),
(10
N(E) = S A(EP).
p

In these relations, GR(Ep) is the retarded Green’s func-
tion obtained by the conventional analytical continua-
tion of Eq. (5) from the Matsubara frequencies to the
real axis E. The details of corresponding calculations
and the discussion of the obtained results for the 2D
model under investigation can be found in the publica
tions [4, 5] mentioned above.

2.2. Recurrence Equations for the Vertex Part
and Conductivity

In order to calculate the optical conductivity, we
must calculate the vertex part describing the electro-
magnetic response of the system. This apex can be
determined by the method proposed for an analogous
one-dimensional model in[12, 13]. Any diagram for an
irreducible vertex component can be obtained by insert-
ing the externa field lines into the corresponding dia-
gram for the self-energy component [6]. Since our
model can take into account only the diagrams for the
self-energy component without intersection of the

No. 3 2002
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v(l)

G G

vihv2) vk

W

Gy 1
Fig. 3. Genera form of the higher order correction for the _ +
vertex part. -

Gy 1

interaction lines with additional combinatorial factors
v(K) at initial vertices, it is sufficient to consider only
diagrams of the type shown in Fig. 3 for caculating
vertex corrections. This immediately gives a system of

recurrence equations for the vertex parts, presented E+W,p+q
graphically in Fig. 4. In order to obtain the correspond-
ing analytic expressions, we consider the simplest ver-
tex correction shown in Fig. 5a. Carrying out calcula-
tions for T = 0 in the RA channel, we can easily obtain @e > q. @
the corresponding contribution in the form
9P ep; e+ w, p+0q) &p
= > Verlk)Gin(€8, ) Gnle + & -k +q) VD
K
= N*{ Gy(e, £4(p) +1 V1K) ®S | J >
—GoolE + 0, &x(p +0) =iV 1K)}
1
X 11
A EACET) ) Vo

= A°Goo(€, £4(P) + iV 1K) Go(€ + 0, &4(p + Q) =i V1K)
. ( ) ,,,,,
N %1_'_ 2iv K % ¢
0 W+ &(P)-&(p+a)g

— A2RA R
=A"Goy(&, §p) Coa(E + 00, & 1) Fig. 5. Simplest corrections to vertex parts.

X 81 + 21V4K E “Dressing” internal electron lines, we pass to the dia-
O w+&(P)—&p+ag gram in Fig. 5b. Using the identity
where we have evaluated theintegralsusing thefollow-  G*(e€,)G (e + W&, o) = { G*(€E,) — G (e + W&, o)}
ing identity valid for free-electron Green’s functions: 1 (13)
x )
GQO(SEP)GEO(S + pr+q) (12) wW- Ep+q + Ep - ZlR(E + (*)Ep+q) + Zf(gzp)
1

which isvalid for exact Green functions, we can write

= { G () —GR (e + WE, , )} ——.
{ GoolE&p) ~Gool &-rall W=E&+qt+&p the contribution of this diagram in the form
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$Pep; e+ w, p+q)

2iv K (14

= A*V(1)G(E, £,)Gl(e + w, Ep+q>§ﬂ +

w—&(p +0) +&,(p) —Z5(€ + W&, , o) + ZH(EE,)

O
4
O

x Jep; e+ w, p +q).

Here, we have assumed that the line of interaction on

the diagram for the vertex correction in Fig. 5b “trans-
forms’ the self-energy component =7 of internal

electron linesinto =5 * in accordance with the approx-

imation used above for the self-energy component (see
Fig. 2).2

We can now easily write a similar expression for a
general diagram shown in Fig. 5c¢:

INep; e+, p+q) = A’V(KIGRE E)GR(E+®, &y q)

0 2iv, kk
x L +

0
0I(Ep; €+, p+0q). (15)

0 @0-&p+0)+&(P) ~ i a(e + W& 1) + T 1(€8)D

Accordingly, the fundamental recurrence relation for the vertex part in Fig. 4 can be written in the form

IREp; e+, p+a) = 1+ A V(KGL(E, &)GR(E+ W, &y q)

O 2ivkk
X +

0
03 (Ep; €+, p+0q). (16)

O w=&P+aq)+&up) - Zk+1(8"‘00§.p+q)"‘Zk+1(*‘35p)

The physical apex J¥(ep; € + w, p + q) is defined as
I8, (ep; € + w, p + q). The recurrence procedure (16)
takes into account al diagrams in perturbation theory
for the vertex component. Ask — 0 (§ — ), Eq.
(16) isreduced to the series studied in [6] (seeaso [4]),
which can be summed exactly in analytic form. In our
scheme of analysis, the standard ladder approximation
corresponds to the case when all combinatorial factors
v(K) in Eg. (16) are assumed to be equal to unity [13].

The conductivity of the system can be expressed
[19] in terms of the retarded density—density response
function xX(q, w):

o(w) = e an"*Dx @ w), (17)
q
where e isthe electron charge and
X (@, @) = of @0, q,w) 0,0, w)}, (18)

while the two-particle Green's function ®RA(g, g, w) is
determined by the loop graph shown in Fig. 6.

JOURNAL OF EXPERIMENTAL AND THEORETICAL PHYSICS Vol. 95

Direct numerical calculations confirm that the recur-
rence procedure (16) satisfies the exact relation follow-
ing (for w — 0) from the Ward identity [19]:

®"40,0, ) = —N(Ep)/w, (19)

where N(Eg) is the density of states at the Fermi level
Er = . Thisisthe main argument in favor of the ansatz
used in the derivation of Egs. (14)—16).

Ultimately, we can write conductivity in the symme-
trized form convenient for numerical calculations;

o0 = im0 &
w w

SR TR SIS I

_GR[pO F%JRABD p; — 2 p%GAD w E‘

2A motivation for this notation is that it ensures the fulfillment of
the Ward identity which will be discussed below.
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where we have also taken into account the additional
factor 2 associated with the summation over spin.

Numerical calculations were carried out directly by
using formulas (20), (16), and (5), the recurrence pro-
cedure being terminated at ahigh “level” k, whereall 2,
and J, were set equal to zero. Integration of Eq. (20)
was carried out over the entire 2D Brillouin zone. The
“bare” electron spectrum was taken in the form (3).
Integration momenta are naturally reduced to dimen-
sionless form with the help of lattice constant a, and all
energieswill be henceforth given in units of the transfer
integral t. In this case, conductivity is measured in units
of universal conductivity o,=€/h =25x10% Q1 of a
2D system, and the density of states is measured in
units of 1/ta?.

3. RESULTS AND DISCUSSION

Optical conductivity and other parameters of the
model under investigation were calculated for various
values of parameters determining the spectrum (3) of
freequasiparticlesand for A =t. Let usfirst consider the
case when the Fermi surfaces arein thevicinity of half-
filled band with u =0 and t' = 0, which are presented in
Fig. 7afor thefirst quadrant of the Brillouin zone. It is
well known that, for p =0 and t' = 0, the Fermi surface
has the form of a square (complete nesting), so that the
situation is equivalent to a certain extent to the 1D case
considered in [6, 12, 13]. Theresults of calculationsfor
the real part of optical conductivity in the 2D problem
under investigation for the case of spin—fermion combi-
natorics of the diagrams and for various values of cor-
relation length of the short-range AFM order (parame-
ter kK = &1, where &€ is measured in units of the lattice
constant a) are presented in Fig. 8. Theform of conduc-
tivity is qualitatively quite similar to that obtained in
[12, 13] in the 1D model (for the case of incommensu-
rate CDW-type fluctuations). It is characterized by the
presence of a well-defined peak due to pseudogap
absorption (the corresponding curves for the density of
states, demonstrating the presence of a pseudogap near
the Fermi level, are shown in theinset to Fig. 8) for w~
2A and the presence of a maximum in the low-fre-
guency region, which isassociated with thelocalization
of charge carriers in the static random field of AFM
fluctuations. The localization nature of this maximum
is confirmed by its conversion into the characteristic
Drude peak (with amaximum at w = 0) for calculations
in the ladder approximation, when the combinatorial
factors v(K) = 1, which corresponds to the exclusion of
the contribution from diagrams with crossed interaction
lines which directly lead to 2D Anderson localization
[19, 20]. The qualitative form of conductivity in this
case is also quite similar to that obtained in [13]. The
narrowing of the localization peak upon a decrease in
the correlation length of fluctuations can be explained,
according to [13], by adecrease in the effective interac-
tion (2) upon a decrease in & (for afixed value of A),

E+W,p+q
1
QDRA(Q,S.(O):HZ
b
ep

Fig. 6. Diagrammatic representation for the two-particle
response function ®A(q, €, w).

10— T
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Fig. 7. Fermi surfaces for different values of parameter t'
and chemical potential p: (8) p=0andt/t=0(l),-0.2 (I1),
0.4 (1), and =0.6 (1V); (b) t'=0and wt=0 (1), 0.3 (I1),
—0.5(111), and —0.6 (IV). Theinsets show the energy depen-
dences of spectral density for the spin—fermion model for
ka = 0.1 at the points of the momentum space marked by
asterisks.
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Fig. 8. Real part of optical conductivity in the spin—fermion
model for a square Fermi surface (U =0, t' = 0) for different
values of the inverse short-range-order correlation length:
ka=0.1(1), 0.2 (2), and 0.5 (3). Theinset shows the corre-
sponding densities of states.

leading to a general decrease in scattering rate (includ-
ing that at the cold part of the Fermi surface). It should
be noted that the behavior of the density of states and
optical conductivity determined here is in complete
gualitative agreement with the results obtained for an
analogous 2D model of the Peierls transition with the
help of the quantum Monte Carlo method in a recent
publication [21].

If we now includethetransfer integral t' between the
next-to-nearest neighbors in Eqg. (3), assuming, as
before, that 1 = 0, we arrive at shapes of the Fermi sur-
face differing from a square and depicted in Fig. 7a.
Theinset to this figure shows the energy dependence of
the spectral density (10) at severa characteristic points
on these Fermi surfaces. It can be seen that it displaysa
characteristic non-Fermi-liquid behavior of the type of
that studied in [4, 5] practically at all points on the
Fermi surface aslong asthe shape of thissurface differs
from a square not very strongly, in spite of the fact that
ahot spot in the case under investigation lies strictly at
the intersection of the Fermi surface with the diagonal
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Fig. 9. Real part of optical conductivity in the spin—fermion
model for =0 and ka = 0.1 for various shapes of the Fermi
surface obtained from the sguare surface taking into
account the transfer integral: t'/t = 0 (1), 0.2 (2), -0.4 (3),
and —0.6 (4). Theinset showsthe corresponding densities of
states.

of the Brillouin zone. The corresponding curves for the
real part of optical conductivity are showninFig. 9; the
inset to this figure depicts the shape of the correspond-
ing densities of states. It can be seen that, as the situa-
tion differs more and more strongly from complete
nesting, the pseudogap absorption peak decreases,
while the localization peak increases in conformity
with the general summation rule for conductivity. It
should be noted, however, that the pseudogap absorption
peak remains quite noticeable even when the pseudogap
in the density of statesisvirtually imperceptible (curves4
inFig. 9).

Let usreturn to the case when t' = 0, but the value of
M isvaried, so that we pass to the Fermi surfaces whose
shape is quite close to the square shown in Fig. 7h.
Strictly speaking, hot spots on the Fermi surface are
absent altogether, but the spectral density shown in the
inset to Fig. 7b preservesatypical pseudogap form. The
corresponding dependences for the real part of optical
conductivity are presented in Fig. 10.
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Reo

Fig. 10. Real part of optical conductivity in the spin—fer-
mion model for different values of parameter t' and ka=0.1
for various shapes of the Fermi surface obtained from the
square surface as aresult of departure from half-filled band.
The chemical potential corresponds to values of p/t =0 (1),
—-0.3(2),-0.5(3), and —0.6 (4).

L et usnow consider various geometries of the Fermi
surface with hot spots shownin Fig. 11. Figures 12 and
13 depict the real part of optical conductivity, calcu-
lated (for different combinatorics of the diagrams) for
two characteristic valuest' = 0.4t and t' = —0.6t for the
chemical potential p = 0, when hot spots are on the
diagonal of the Brillouin zone (curve 5 in Fig. 11a and
curve 4 in Fig. 11b). It can be seen that the pseudogap
behavior of the conductivity persists even in the case
when thereis practically no pseudogap in the density of
states (shown in the insetsto Figs. 12, 13). The dashed
curvein Fig. 12 showsthe results of the ladder approx-
imation, demonstrating thetypical disappearance of 2D
localization. Figure 13 illustrates the smearing of the
pseudogap maximum of conductivity upon a decrease
in the short-range-order correlation length.

For most high-temperature copper-oxides supercon-
ductors, the characteristic geometry of the Fermi sur-
faceisdescribed by the caset' =—-0.4t and u =—1.3t [4]
(curve 3in Fig. 11a). Theresults of calculation of opti-
cal conductivity for this case for different values of the
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Fig. 11. Fermi surfaces for different values of parameter t'
and chemical potential W: (a) t'/t = 0.4 (whichistypical
of HTSC cuprates) and p/t = -1.6 (1), 1.4 (2), -1.3 (3),
-1.1 (4), and O (5); hot spots exist for 1.6 < p/t < 0;
(b) t'/t = 0.6 and W/t = -1.8 (1), —-1.666 (2), —1.63 (3), and
0 (4). Hot spots exist for p < 0. Dashed lines mark the
boundary of the magnetic Brillouin zone.

inverse correlation length k are presented in Fig. 14 (for
the case of the spin—fermion combinatorics of dia-
grams). We have introduced additional weak scattering
due to inelastic processes through the standard substi-
tution w — w+ iy [22], which leads to the emergence
of a narrow Drude peak in the frequency range w<y
(violation of 2D localization due to dephasing). It can
easily be verified that, as the rate y of inelastic scatter-
ing increases, the localization peak is smeared and is
transformed into a conventional Drude peak in the low-
frequency region. The pseudogap absorption peak
becomes more pronounced upon an increase in correla
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Fig. 12. Real part of optical conductivity for t'/t = —0.4,
WU =0, and ka=0.1for different combinatorics of diagrams:
spin—fermion model (1) and commensurate case (2). The
dotted curve corresponds to the ladder combinatorics. The
inset shows the corresponding densities of states.

tion length & (a decrease in parameter K). Figure 15
shows the frequency dependences of the effective scat-
tering rate 1/1(w) and effective mass m*(w), deter-
mined from the results of our calculationswith the help
of the generalized Drude formula, which is often used
for experimental datafitting [1]:

1 %p0ln

() 41 Lo(w (21)
miw) _ 10, 01

m w412| Lo(w) (22)

Here, w, isthe plasmafrequency, and misthefree elec-
tron mass. It can be seen from Fig. 15 that the quantity

L/1(w) (whichis expressed in units of oo,zJ hlATE? in this

figure) demonstrates a typical pseudogap behavior in
the frequency range w < 2A. It should be noted that the
density of statesin this case exhibits only aweakly pro-
nounced pseudogap [5] (seetheinset to Fig. 12). Figure
16 presents similar results for the same case (typical of
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Fig. 13. Real part of optical conductivity in the spin—fer-
mion model for t'/t =—0.6 and i = 0 for the values of inverse
correlation length ka = 0.1 (1), 0.2 (2), 0.5 (3) and 1.0 (4).
The inset shows the densities of states corresponding to
curves 1 and 4.

HTSC oxides) obtained for a model with diagram
combinatorics corresponding to commensurate fluctu-
ations of the CDW type. It can be seen that the
pseudogap absorption peak is virtually unnoticeable
in this case.

It can be seen from Fig. 11b that, as the chemical
potential changes from pu = 0 to 4 = —1.666t, the
Fermi surface acquires flat regions of increasing size
and is transformed into a virtually cross-shaped sur-
face for p= 1.666t. Such a Fermi surface was
observed in ARPES experiments on the system
Lay 5gNdy 6Sro1,CUQ, [23, 24]. In this case, the compo-
nents of velocities at hot spots connected by the vector
Q = (1va, Wa) become orthogonal. For p/t = -1.666...,
the topology of the Fermi surface changes (Fig. 11b),
and these components have the same sign in the entire
region p/t < —1.666..., which ensures exact fulfillment
of our fundamental ansatz (4) for the contributions of
higher order diagrams [5]. It is interesting to consider
theresults of calculations of optical conductivity in this
region of variation of 4 aso. The corresponding results
in the case of a commensurate (CDW) combinatorics
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Fig. 14. Real part of optical conductivity in the spin—fer-
mion model for t'/t = -0.4 and Wt = —1.3 for the values of
inverse correlation length ka=0.05 (1), 0.1 (2), and 0.2 (3).
The dephasing rate y/t = 0.005.

are presented in Fig. 17, where the variation of the
localization conductivity peak during the transition of
chemical potentia through the topological transition
region can be traced. A low-intensity pseudogap
absorption peak virtually remains unchanged. Theinset
to Fig. 17 shows the evolution of the localization peak
taking into account inelastic scattering (parameter )
for p = —1.8t. It can clearly be seen how a transition
from the localization to the Drude behavior occurs due
to dephasing processes. The obtained results show that
the change in the Fermi surface topology itself does not
lead to strong qualitative changesin optical conductiv-
ity in the framework of the model under investigation.

4. CONCLUSIONS

The above analysis demonstrates the variety of the
results that can be obtained in the model under investi-
gation for different geometries and topologies of the
Fermi surface, emerging upon a change in the parame-
ters of the “bare” quasiparticle spectrum (3). It isinter-
esting to compare these results with those obtained ear-

JOURNAL OF EXPERIMENTAL AND THEORETICAL PHYSICS Vol. 95

535

T T m(w)/m T

| | | |
0 0.5 1.0 1.5 2.0
WA

Fig. 15. Generalized scattering rate and effective mass for
the case t'/t = —0.4 and p/t = —1.3 typical of high-tempera-
ture superconductors. The parameters of the generalized
Drude model are obtained in the spin—fermion model for the
values of inverse correlation length ka = 0.05 (1), 0.1 (2),
and 0.2 (3). The dephasing rate y/t = 0.005.

lier in the simplified model of hot patches on the Fermi
surface [14]. Since the pseudogap anomaliesin the hot-
patches model are mainly determined by strong scatter-
ing precisely inthese (flat) regions on the Fermi surface
and by their relative size, the localization conductivity
peak was virtually unnoticeable in this model, and the
dominating role was played by the Drude peak associ-
ated with scattering from cold regions, which is deter-
mined by an auxiliary scattering rate y (whose meaning
is similar to the inelastic scattering rate introduced
above). The above analysis of a more realistic model
showsthat the contribution of the localization peak may
be quite noticeable and that it is this peak that can be
transformed into a narrow Drude peak when dephasing
processes are taken into account.

The main drawback of the model considered above
is probably the disregard of the dynamics of short-
range-order fluctuations. This approximation is justi-
fied, according to [4, 5], only at high temperatures, but
the processes of inelastic scattering responsible for the
dephasing and violation of localization become more
significant just at such temperatures. Another draw-
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Fig. 16. Real part of optical conductivity in the commensu-
rate case for t'/t = -0.4 and p/t = —1.3 for the values of
inverse correlation length ka = 0.05 (1), 0.1 (2), and 0.2 (3).
The dephasing rate y/t = 0.005.

back, as was noted repeatedly in [5, 7], is the confine-
ment to the Gaussian approximation for fluctuation sta-
tistics, which can aso be justified only for the region of
high temperatures.

While considering a possible relation between the
results obtained above and real experiments on HTSC
cuprates, it should be bornein mind that no localization
peak was observed in most of such experiments[1, 2],
which can apparently be attributed to a noticeable role
of inelastic processes (dephasing) at the high tempera-
tures used in these experiments. Optical conductivity
peaks in the low-frequency region, attributed to local-
ization, were observed in disordered samples of the
Y BaCuO systemin[25, 26]. Recent experiments on the
NdCeCuO system [27, 28], in which such a peak was
observed especidly clearly, are worth mentioning. In
particular, the qualitative behavior of optical conductiv-
ity observed in [28] for a series of NdCeCuO samples
of various compositions (from underdoped to optimally
doped) is in complete agreement with the behavior
depicted in Fig. 14, which may be typical of HTSC
cuprates (see above). Thus, in our opinion, the model of
hot spots may claim at a realistic description of anom-
alies in the optica conductivity of high-temperature
superconductors.
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Fig. 17. Evolution of the real part of optical conductivity in
the commensurate case for t'/t = —0.6 and ka = 0.2 with a
change in the chemical potential in the topological transi-
tion region. The curves correspond to values of p/t =-1.79 (1),
-1.77 (2), —-1.66 (3), and —1.63 (4). The dephasing rate
y/t =0.01. The inset shows the real part of optical conduc-
tivity in the case when p/t = —=1.8 for values of y/t = 0 (1),
0.01 (2), and 0.05 (3).
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Abstract—Peculiarities of the superconducting state (s and d pairing) are considered in the model of the
pseudogap state induced by short-range order fluctuations of the dielectric (AFM (SDW) or CDW) type, which
is based on the model of the Fermi surface with “hot spots.” A microscopic derivation of the Ginzburg—Landau
expansion is given with allowance for all Feynman diagrams in perturbation theory in the electron interaction
with short-range order fluctuations responsible for strong scattering in the vicinity of hot spots. The supercon-
ducting transition temperature is determined as a function of the effective pseudogap width and the correlation
length of short-range order fluctuations. Similar dependences are derived for the main parameters of a super-
conductor in the vicinity of the superconducting transition temperature. It is shown, in particular, that the spe-
cific heat jump at the transition point is considerably suppressed upon a transition to the pseudogap region on
the phase diagram. © 2004 MAIK “Nauka/Interperiodica’.

1. INTRODUCTION

The pseudogap state observed in a wide region on
the phase diagram of HTSC cuprates leads to numerous
anomalies in the properties of these compounds both in
the normal and in the superconducting state [1, 2]. In
our opinion, the most feasible scenario for the forma-
tion of the pseudogap state in HTSC oxides is that [2]
based on the existence of strong scattering of charge
carriers under short-range order fluctuation of the
“dielectric” type (antiferromagnetic AFM (SDW) or of
the type of charge density waves (CDW)) in this region
of the phase diagram. In the momentum space, this
scattering occurs in the vicinity of the characteristic
vector Q = («t/a, m/a) (a is the parameter of the 2D lat-
tice), corresponding to period doubling (the antiferro-
magnetism vector) and is a predecessor of the spectrum
rearrangement occurring during the establishment of
the long-range AFM (SDW) order. Accordingly, an
essentially non-Fermi-liquid rearrangement of the elec-
tron spectrum takes place in definite regions of the
momentum space in the vicinity of the so-called hot
spots at the Fermi surface [2]. In a number of recent
experiments [3-5], precisely this scenario of pseudogap
formation was convincingly confirmed. In the frame-
work of the picture described above, it is possible to
construct a simplified model of the pseudogap state,
which describes the main features of this state [2] and
takes into account the contribution from all Feynman
diagrams in perturbation theory relative to scattering
from (Gaussian) short-range order fluctuations with a
characteristic scattering momentum from a neighbor-

hood of vector Q, which is determined by the corre-
sponding correlation length & [6, 7].

Most of the previous theoretical publications were
devoted to analysis of the models of the pseudogap
state in the normal phase at 7 > T.. In our earlier publi-
cations [8—11], we considered superconductivity using
a simplified model of the pseudogap state, which is
based on the assumption of the existence of hot (plane)
regions at the Fermi surface. In the framework of this
model, we constructed the Ginzburg—Landau expan-
sion for various types of Cooper pairing [8, 10] and
studied peculiarities of the superconducting state in the
region of T < T, on the basis of analysis of the solutions
to the Gor’kov equations [9-11]. It should be noted
above all that we considered an extremely simplified
model of Gaussian short-range order fluctuations with
an infinitely large correlation length, for which an exact
solution can be obtained for the pseudogap state [8, 9].
A more realistic case of finite correlation lengths was
analyzed both for model [10] (under the assumption of
self-averaging of the superconducting order parameter in
short-range order fluctuations) and for an extremely sim-
plified, exactly solvable model [11], in which the role of
non-self-averaging effects could be analyzed [9, 11].

The present study aims at analyzing the basic prop-
erties of the superconducting state (for various types of
pairing) arising against the background of a “dielectric”
pseudogap in a more realistic model of hot spots at the
Fermi surface. We will confine our analysis to a very
close neighborhood of the superconducting transition
temperature 7, based on the microscopic derivation of
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SUPERCONDUCTIVITY IN THE PSEUDOGAP STATE IN THE HOT-SPOT MODEL

the Ginzburg-Landau expansion, assuming that the
superconducting order parameter is self-averaging,
thus generalizing the approach proposed for the model
of a hot region developed in [10].

2. HOT-SPOT MODEL
AND PAIRING INTERACTION

In the model of an “almost antiferromagnetic”
Fermi liquid, which is actively used for explaining the
microscopic mechanism of HTSC [12, 13], the effec-
tive interaction of electrons with spin fluctuations is
introduced. This interaction is described by the
dynamic susceptibility characterized by the correlation
length § of spin fluctuations (which must be determined
from experiment), the vector Q = (w/a, t/a) of antifer-
romagnetic ordering in the dielectric phase, and the
characteristic frequency wg of spin fluctuations. This
dynamic susceptibility and, hence, the effective interac-
tion have peaks in the region of q ~ Q. Accordingly, two
types of quasiparticles appear in the system: hot quasi-
particles whose momenta lie in the vicinity of hot spots
at the Fermi surface (Fig. 1) and cold quasiparticles
whose momenta are in the vicinity of regions at the
Fermi surface, surrounding the diagonals of the Bril-
louin zone [6]. As a matter of fact, quasiparticles from
the neighborhoods of hot spots are strongly scattered
over a vector on the order of Q due to their interaction
with spin fluctuations, while this interaction for parti-
cles with momenta far away from hot spots is quite
weak.

Considering the range of high temperatures 2n7" >
g, we can disregard the spin dynamics [6], confining
our analysis to the static approximation. Computations
can be considerably simplified and the contributions
from higher orders of perturbation theory can be ana-
lyzed if we pass to the model interaction of electrons
with spin (or charge) fluctuations of the form [7]

Veff(q)
-1 -1
W 2E - 2E y (1)
E + (qx_ Qx) E + (qy - Qy)

where Wis an effective parameter having the dimension
of energy. Here, as in [6, 7], W and § are treated as phe-
nomenological parameters (which are determined from
experiment). Expression (1) is qualitatively similar to
the static limit of the interaction considered in [12, 13]
and quantitatively differs insignificantly from this limit
in the most interesting region |q — Q|< &', which deter-
mines scattering in the vicinity of hot spots, if the
parameters appearing in this expression are appropri-
ately defined. In fact, we are talking about the replace-
ment of the actual interaction with dynamic short-range
order fluctuations by the electron scattering from the
static random (Gaussian) field of such fluctuations. The
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Fig. 1. Fermi surface with hot spots connected by a scatter-
ing momentum on the order of Q = («/a, /a).

least justified assumption from the standpoint of phys-
ics is the one that concerns the static (and Gaussian)
nature of fluctuations, which can be used only for quite
high temperatures [6, 7]. At low temperatures (includ-
ing those corresponding to the superconducting phase),
the spin dynamics and the non-Gaussian nature of fluc-
tuations may also become significant for the micros-
copy of Cooper pairing in the model of a nearly antifer-
romagnetic Fermi liquid [12, 13]. However, in our
opinion, the static Gaussian approximation considered
here might be sufficient for analyzing the qualitative
effect of the pseudogap formation on superconductivity
(in particular, in the vicinity of the superconducting
transition temperature), which will be henceforth
described by using the simple approach of the BCS the-
ory and the Ginzburg-Landau phenomenology.

The spectrum of the initial (free) quasiparticles will
be taken in the form [6]

E = —2t(cosp.a+ cospya)

2)

—4f'cosp,acosp,a—u,

where ¢ is the integral of transfer between the nearest
neighbors, ¢' is the same for the next to nearest neigh-
bors in a square lattice, a is the lattice parameter, and u
is the chemical potential. This expression provides a
good approximation to the results of band calculations
for real HTSC systems. For example, for
YBa,Cu;0q4, 5, we have 1 = 0.25 eV and t' = —0.45¢ [6].
Chemical potential u is determined by the carrier con-
centration.

In the limit of an infinitely large correlation length
(§ — ), the model of scattering from short-range
order fluctuations of the type considered here has an
exact solution [14]. For finite values of €, we can con-
struct an approximate solution [7] generalizing the 1D
approach proposed in [15]. In this case, it is possible to
sum (approximately) the entire diagrammatic series for
the one-particle electron Green function. As a result,
the following recurrent procedure arises for the one-
Vol. 98
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where the generalized Cooper susceptibility is defined
in Fig. 2 and is given by

x(q: T)

= -T> > e(ple(p)®, (e, ¢, a);

e, PP

(10)

here, @, ,(¢,, — ¢,, q) is a two-particle Green function
in the Cooper channel, which takes into account the
scattering from short-range order fluctuations.

We will first consider the case of charge fluctuations
(CDW), where the interaction is independent of spin
variables. For the s and d,, pairing, the superconducting
gap remains unchanged upon a transfer over Q (i.e.,
e(p + Q) = e(p)) and e(p') ~e(p). In the case of aniso-
tropic s and dxz_vz pairing, the superconducting gap

reverses its sign upon a transfer over Q (e(p + Q) =
—e(p)); consequently, e(p') ~e(p) for p' ~p and e(p') ~
—e(p) for p' =p + Q. Thus, for diagrams containing an
even number of interaction lines connecting the upper
(g,) and lower (—¢,,) electron lines, we have p' ~p; Thus,
we arrive at the same expression for the contribution to
susceptibility as in the case of the s and d,, pairing. On
the other hand, for diagrams with an odd number of
such interaction lines, we obtain an expression with the
opposite sign for the contribution to susceptibility. This
sign reversal can be attributed simply to the sign rever-
sal for the interaction connecting the upper and lower
electron lines of the loop in Fig. 2. In this case, we
obtain for the generalized susceptibility the expression

%@ T) = =T Y G(e,p+4q)G(-¢,,-p)e’(p) )

XTI (e,, —¢,, q),

where I'(e,, —¢,, q) is the triangular vertex part taking
into account the interaction with short-range order fluc-
tuations, the superscript “+’ allowing for the above-
mentioned difference in the signs of interactions con-
necting the upper and lower electron lines.

Let us now consider the scattering from spin fluctu-
ations (AFM (SDW)). In this case, the line of interac-
tion with the longitudinal spin component $¢%, which
embraces the vertex and changes the direction of the
spin, should be supplemented with an additional factor
of (—1) [6]. From this point of view, in the case of inter-
action with spin fluctuations, the types of pairing con-
sidered above “change places” and the generalized
Cooper susceptibility is determined by triangular ver-
tex I'" for s and d,, pairing and by triangular vertex I'*

for anisotropic s and dxz_vz pairing.

2 This is due to the fact that the sign of the spin projection is
reversed at the vertex of the interaction with the superconducting
gap (we consider only the singlet pairing).

JOURNAL OF EXPERIMENTAL AND THEORETICAL PHYSICS

751

s(1)

V%
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Fig. 3. Recurrence equations for the vertex part.

Thus, we must calculate the triangular vertices tak-
ing into account all diagrams (including cross dia-
grams) describing the interaction with dielectric fluctu-
ations. The corresponding recurrence procedure for a
1D analog of our problem (and for real-valued frequen-
cies, T = 0) was formulated for the first time in [18]. For
the 2D model of the pseudogap with hot spots at the
Fermi surface considered here, a generalization of this
recurrence procedure is given in [19] in connection
with optical conductivity calculations. The details of
the corresponding derivation can also be found in [19].
A generalization to the case of Matsubara frequencies
required for our problem can be carried out directly. For
definiteness, we will henceforth assume, as before, that
g, > 0. Ultimately, for a triangular vertex, we obtain the
recurrence relation represented by the graphs in Fig. 3
(where the wavy line indicates the interaction with
pseudogap fluctuations) and having the following ana-
lytic form:

r/f—l(gm —€y q) =

x{l . 2ikviK _ }(12)
2ie,—v, ‘q-Ws(k+1)(G,—Gri1)

eri(‘c’m € q)’

here, G, = G(g,p + q) and G = G,(~¢,, —p) are calcu-
lated in accordance with expression (3), v; is defined by
formula (5), and v, have the form

v = {V(p+Q)f0rodd k, (13)

v(p) for even k.
A “physical” vertex is defined as ['(g,, —¢,, qQ) =
F(;L(Env _Em q)
Vol. 98
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Fig. 4. Dependence of the superconducting transition tem-
perature T./T, on effective pseudogap width W/T, for the

s-type pairing and scattering from charge (CDW) fluctua-

tions (curves s1 and s2) and forthe d , , -type pairing and
X =y

scattering from spin (AFM (SDW)) fluctuations (curves d1

and d2). The data are given for the following values of

reciprocal correlation length: ka = 0.2 (s1 and d1) and xa =
0.5 (s2 and d2).

To determine 7,, we must consider the vertex for

q =0. In this case, Gx = G; and vertices I'; and T,
become real-valued, which considerably simplifies pro-
cedures (12) For ImG, and Re G,, we have the system
of recurrence equations

2
ImG, = _£n+kka—Wl;(k+ l)ImGkH,
k

(14)

E(p) + Ws(k + 1)ReG,, |

ReGk = D
k

where D, = (§(p) + W2s(k + DRe Gy, ) + (g, + kviK —
W2s(k + 1)Im G, , ,)* and the vertex part for = 0 can be
determined from the equation
ImG +
T re (15)
e,—Ws(k+1)ImG,,,

I, = 1¥Ws(k)

=~

Passing to numerical calculations, it is convenient to
set the characteristic scale of energies (temperatures),
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which characterizes the superconducting state in our
model in the absence of pseudogap fluctuations (W = 0).
In this case, the equation for the corresponding super-
conducting transition temperature 7, has the standard
form for the BCS theory (in the general case of aniso-
tropic pairing) and can be written as

T e ép)
1 = T[z z ‘prfdpygz + 829 (16)
n=0¢ 0 p n

where m = [wJ/2nT,,] is the dimensionless cutoff
parameter for the sum over Matsubara frequencies. All
calculations were made for a typical quasiparticle spec-
trum (2) in HTSC with u =-1.3¢ and 7'/t = -0.4. Choos-
ing (quite arbitrarily) w, = 0.4t and T, = 0.01¢, we can
easily select the value of pairing parameter V in rela-
tion (16), which gives the same value of 7, for various
types of pairing enumerated in (8). In particular, we
obtain V/ta*> = 1 for the conventional isotropic s-type
pairing and V/ta* = 0.55 for the dxz_yz -type pairing. For

the remaining types of pairing from relation (8), the val-
ues of the pairing constant for such a choice of param-
eters are found to be unrealistically high and we do not
give the results of the corresponding calculations.

Figures 4 and 5 show typical results of numerical
calculations of the superconducting transition tempera-
ture 7, for a system with a pseudogap, which were
obtained directly from relation (9) using the recurrence
equations described above. It can be seen that
pseudogap (dielectric) fluctuations considerably reduce
the superconducting transition temperature in all cases.

The dxz_yz pairing is suppressed much more rapidly

than the isotropic s pairing. At the same time, a
decrease in correlation length & (an increase in param-
eter K) of pseudogap fluctuations facilitates an increase
in T.. These results are quite analogous to those
obtained earlier in the model of hot regions [8, 10].
However, considerable differences also arise. It can be
seen from Fig. 4 that the curve describing the depen-
dence of T, on pseudogap width W has a characteristic
plateau in the region of W < 107, for s pairing and scat-
tering from charge (CDW) fluctuations as well as for
dxz 2 pairing and scattering from spin (AFM (SDW))

fluctuations* (i.e., in the cases when the upper sign in
formulas (12) and (15) “operates”, leading to sign-con-
stant recurrence procedure for a vertex), while a consid-

3 Of course, such a description on the basis of equations in the BCS
theory with weak binding does not claim to be realistic in the

cases of s and d , , pairing considered here as well. We must
X -y

just preset the characteristic scale of T, to express all tempera-
tures in subsequent calculations in units of this temperature,
assuming that a certain universality relative to this scale exists in
the problem considered here.

4 The latter case is realized, in all probability, in actual HTSC
materials based on copper oxides.
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erable suppression of 7, takes place on a scale of W ~
507,,. Qualitative differences appear in the case of s
pairing and scattering from spin (AFM (SDW)) fluctu-
ations and in the case of dxz_yz pairing and scattering

from charge fluctuations. Figure 5 shows that, in the lat-
ter case (when the lower sign in formulas (12) and (15)
operates; i.e., an alternating procedure arises for a ver-
tex), the rate of suppression of 7, is an order of magni-

tude higher. In the case of dxz_yz pairing, in the range

of W/T,, values corresponding to almost complete sup-
pression of superconductivity, the accuracy of our cal-
culations becomes considerably worse in view of the
alternating nature of the recurrence procedure for the
vertex part. In particular, a typical ambiguity of T, may
appear, which corresponds to possible existence of a
narrow region of “recurrent” superconductivity on the
phase diagram.” Such a behavior of 7, slightly resem-
bles similar peculiarities emerging in superconductors
with Kondo impurities [20]. Our calculations show,
however, that the most probable scenario is the emer-
gence of the critical value of parameter W/T,,, for
which superconductivity is completely suppressed. In
this case, a region may appear, in which the transition
to the superconducting state becomes a first-order
phase transition analogously to the known situation in
superconductors with a strong paramagnetic effect in
an external magnetic field [21]. In any case, the effects
arising in this case deserve a separate analysis. All
results considered below correspond to the region of
unambiguous behavior of 7.

4. GINZBURG-LANDAU EXPANSION

In our earlier publication [8], the Ginzburg-Landau
expansion was constructed in the exactly solvable
model of a pseudogap with an infinitely large correla-
tion length for short-range order fluctuations. Subse-
quently [10], these results were extended to the case of
finite correlation lengths. In these publications, we con-
sidered, in fact, only charge fluctuations and used a
simple model of the pseudogap state, which was based
on the concept of hot (plane) regions existing at the
Fermi surface. In this model, the sign of the supercon-
ducting gap remained unchanged upon a transfer over
vector Q both for s and d pairing [10]. Here, we carry
out the generalization to a more realistic case of the
model of hot spots at the Fermi surface.

The Ginzburg-Landau expansion for the difference
in the free energies of the superconducting and normal
states can be written in the standard form

B 4
F.—F, = A|[| qlz"'qzq[| q|2+§|[| q| ’ a7

where [ ; is the amplitude of the Fourier component of

> Such a peculiar behavior of T, is manifested more strongly in the
case of scattering from incommensurate pseudogap fluctuations.
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Fig. 5. Dependence of the superconducting transition tem-
perature 7./T, on effective pseudogap width W/T, for the

s-type pairing and scattering from spin (AFM (SDW)) fluc-

tuations (curves s1 and s2) and for the d , ,-type pairing
X =y

and scattering from charge (CDW) fluctuations (curves d1

and d2). The data are given for the following values of

reciprocal correlation length: ka = 0.2 (s1 and d1) and xa =
1.0 (52 and d2).

the order parameter, which can be written for various
types of pairing in the form U (p, q) = [ je(p). Expan-
sion (17) is determined by the graphs of the loop expan-
sion for free energy in the field of order parameter fluc-
tuations (shown by dashed lines) with a small wave
vector q [8], which are represented in Fig. 6.

It is convenient to write the Ginzburg—Landau coef-
ficients in the form

A= AK,, C=CyK, B=BKs; (8

where A, C,, and By, stand for the expressions for these
coefficients in the absence of pseudogap fluctuations
(W = 0), which are derived in the Appendix for an arbi-
trary spectrum §, and various types of pairing,

Ay = NO(O)T;TC<92(P)>,
Co = N(0) L oy, 9)
32x°T
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Fig. 6. Graphical form of the Ginzburg—Landau expansion.

angle brackets denote conventional averaging over the
Fermi surface,

()= molmzaap)...,

and Ny(0) is the density of states for free electrons at the
Fermi surface.

All peculiarities of the model in question, which are
associated with the emergence of a pseudogap, are con-
tained in dimensionless coefficients K, K-, and K. In
the absence of pseudogap fluctuations, all these coeffi-
cients are equal to unity.

It can be seen from Fig. 6a that coefficients K, and
K are completely determined by the generalized Coo-
per susceptibility [8, 10] x(q; 7) depicted in Fig. 2:

x(0; T)—%(0; T,)

K, = r— 20)
L T)—x%(0; T
K. = lim A4 c)z x(0; T.) o
920 q Cy

It was shown above that the generalized susceptibility
can be found from relation (11), where the triangular
vertices are determined by recurrence procedures (12);
this allows us to directly calculate coefficients K, and
K numerically.
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The situation with coefficient B is more complicated
in the general case. Calculations can be significantly
simplified if we confine our analysis, as usual, to the
case of g = 0 in the order of [ ,* and define coefficient
B by the diagram show in Fig. 6b.Then we obtain the
following expression for coefficient Kj:

T, 4 2
Ky = B—@;%} (p)(G(e,p)G(-¢,,-p)) o

X(T*(e,, —¢,, 0))".

It should be noted from the very outset that this expres-
sion leads to a positive definite coefficient B. This fol-
lows from the fact that G(—¢,, —-p) = G*(¢,p) so that
G(e,p)G(-¢,, —p) is real-valued; accordingly, vertex
part 'He,, —¢,, 0) defined by recurrence procedure (15)
is also real.

5. PHYSICAL CHARACTERISTICS
OF SUPERCONDUCTORS WITH A PSEUDOGAP

It is well known that the Ginzburg—Landau equa-
tions define two characteristic lengths of superconduc-
tor, viz., the coherence length and the magnetic field
penetration depth.

For a given temperature, coherence length E(7)
gives the characteristic scale of inhomogeneities of
order parameter [ :

(1) = —% . 23)
In the absence of a pseudogap, we can write
Ehes(T) = —%O) (24)
In our model, we have
e(r) _ Ke 25)

Eécs( T) K,
For the magnetic field penetration depth, we have

¢ B

A(T) = - —.
) 32me’AC

(26)

Analogously to relation (25), in the given model, we
can write

1/2

MT) _ [ Ky ] @7

XBCS(T) - KAKC
In the vicinity of T,, the upper critical field H,, is
No. 4
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E2/&5
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Fig. 7. Dependence of the squared coherence length

g% Ei}cs on effective pseudogap width W/T, for the s-type

pairing and scattering from charge (CDW) fluctuations

(solid curve) and for the d , ,-type pairing and scattering
X -y

from spin (AFM (SDW)) fluctuations (dotted curve). The
data are given for the reciprocal correlation length ka = 0.2.

defined in terms of the Ginzburg—Landau coefficients as

__ % _ WA

ne(T) 2nC’
where @, = cn/e| is the magnetic flux quantum. Then
the slope of the curve describing the upper critical field
near T, is given by

(28)

HL'2

__len(e(p) Ky
. 7E(3)(v(p)l’e*(p)) Kec

The specific heat discontinuity at the transition point
has the form

‘dch (29)

ar

T, A

(-Gl = (A

B\T-T, (30)

where C, and C, are the specific heats of the supercon-
ducting and normal states, respectively. At temperature
T, (in the absence of a pseudogap, W = 0), we have

2

_ N(O SJEZTL.0<ej(p)> .
7¢(3)(e"(p))

Then the relative specific heat discontinuity in the given

(Cs_Cn)T (31)
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Fig. 8. Dependence of the penetration depth A/hgcg On
effective pseudogap width W/T, for the s-type pairing and
scattering from charge (CDW) fluctuations (solid curve)
and for the d)62 2 -type pairing and scattering from spin

(AFM (SDW)) fluctuations (dotted curve). The data are
given for the reciprocal correlation length ka = 0.2.

model can be written as

(CS_CVL)T( TL. Ki

I CEZ—T = ——.
Cs_ Cn T, TcO KB

Coefficients K,, Kz, and K. were calculated numeri-
cally for the same typical parameters of the model as in
the calculations of 7, described above. The numerical
values of these coefficients as such are not very interest-
ing and are not given here. Figures 7-12 show the
W/T,, dependences of the corresponding physical quan-
tities, defined by relations (23)—(32). In accordance
with the situation with 7, described above, two qualita-
tively different modes of the behavior are also observed
in this case depending on whether the behavior of the
vertex part in the recurrence equations is sign-constant
or alternating (the upper and lower signs in relation (12)
and spin or charge fluctuations). The results of calcula-
tions of physical quantities for the first case (the s-type
pairing and scattering from charge (CDW) fluctuations

as well as the dx27y2 -type pairing and scattering from
spin (AFM (SDW)) fluctuations) are shown in Figs. 7—

(32)

6 The typical dependences of these coefficients on parameter W/T,

are functions rapidly decreasing from unity in the superconduc-
tivity range.
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Fig. 9. Dependence of the derivative (slope) of the upper

critical field on effective pseudogap width W/T,, for the

s-type pairing and scattering from charge (CDW) fluctua-

tions (curves s1 and s2) and forthe d , , -type pairing and

X =y

scattering from spin (AFM (SDW)) fluctuations (curves d1

and d2). The data are given for the values of reciprocal cor-

relation length xa = 0.2 (s1 and d1) and xa = 0.5 (s2 and

d2) and are normalized to the value of the derivative in the

absence of a pseudogap.
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Fig. 10. Dependence of the specific heat discontinuity at the
transition point on effective pseudogap width W/T, for the

s-type pairing and scattering from charge (CDW) fluctua-
tions (curves s1 and s2) and forthe d , , -type pairing and
X =y

scattering from spin (AFM (SDW)) fluctuations (curves d1
and d2). The data are given for the values of reciprocal cor-
relation length ka = 0.2 (s1 and d1) and ka = 0.5 (s2 and d2).
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10. It can be seen that, with increasing pseudogap width
W, coherence length E(T) decreases, while penetration
depth M(7) increases as compared to the corresponding
values in the BCS theory. Both these characteristic
lengths exhibit a very weak dependence on parameter
K; for this reason, the results in Figs. 7 and 8 are given
only for ka = 0.2. The slope (derivative) of the upper
critical field at 7' = T. first increases and then begins to
decrease. The most typical is the decrease in the spe-
cific heat discontinuity as compared to the BCS value
(see Fig. 10), which is in direct qualitative agreement
with experimental data [22]. It should be noted that the
specific heat discontinuity in our model also has a char-
acteristic plateau in the region of W/T,, < 10, which is
similar to that noted above in the corresponding depen-
dence of T...

The behavior of physical quantities in the case of the
s-type pairing and scattering from spin (AFM (SDW))
fluctuations and the dxz_vz -type pairing and scattering

from charge (CDW) fluctuations is illustrated in
Figs. 11 and 12. Data on the characteristic lengths are
not shown since both coherence length E(7) and pene-
tration depth A(7) are virtually the same as the corre-
sponding values in the BCS theory everywhere in the
superconductivity range (except a small neighborhood
of the region of ambiguity and vanishing of 7, in which

dH 5/dT |
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0.6

0.4

0.2

0 2 4 6 8 10
W/ TL'O
Fig. 11. Dependence of the derivative (slope) of the upper
critical field on effective pseudogap width W/T,, for the
s-type pairing and scattering from spin (AFM (SDW)) fluc-
tuations (curves s1 and s2) and for the dx2 2 -type pairing

and scattering from charge (CDW) fluctuations (curves d1
and d2). The data are given for the values of reciprocal cor-
relation length ka = 0.2 (s1 and d1) and ka = 1.0 (s2 and d2)
and normalized to the value of the derivative in the absence
of a pseudogap.
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Fig. 12. Dependence of specific heat discontinuity at the
transition point on the effective pseudogap width W/ T, for

s-type pairing and scattering from spin (AFM (CDW)) fluc-
tuations (curves s1 and s2) and for d , , -type pairing and
x =y

scattering from charge (CDW) fluctuations (curves d1 and
d2). The data are given for the values of reciprocal correla-
tion length ka = 0.2 (s1 and d1) and xa = 1.0 (s2 and d2).

these lengths sharply increase). As regards the deriva-
tive of the upper critical field and the specific heat dis-
continuity at the superconducting transition point, the
values of these quantities decrease quite rapidly with
increasing parameter W/T,, apparently up to its critical
value at which 7, is completely suppressed (or to the
value at which a narrow region of the first-order transi-
tion is formed).

6. CONCLUSIONS

We have considered the peculiarities of the super-
conducting state emerging in the pseudogap state due to
scattering of electrons from dielectric short-range order
fluctuations in the model of hot spots at the Fermi sur-
face. Our analysis was based on the microscopic deri-
vation of the Ginzburg—Landau expansion taking into
account all orders of perturbation theory in scattering
from pseudogap fluctuations. The condensed phase of
such a superconductor can be described on the basis of
the corresponding analysis of the Gor’kov equations for
a superconductor with a pseudogap (see [10]) and is the
subject of special analysis.

The main result of this study is the demonstration of
superconductivity suppression by pseudogap fluctua-
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tions of the CDW or AFM (SDW) type and the separa-
tion of two classes of qualitatively different models of
such suppression depending on the sign-constant or
alternating behavior of the vertex part in the recurrence
equations (the upper or lower signs in expression (12)
and spin or charge fluctuations). The version with scat-
tering from spin fluctuations and pairing with the

dxz_yz -type symmetry is observed in high-7, supercon-

ductors based on copper oxides; however, we are not
aware of systems in which the peculiar behavior
obtained above for the s-type pairing and scattering
from spin (AFM (SDW)) fluctuations as well as for

d . .-type pairing and scattering from charge (CDW)

fluctuations is realized. The search for such systems is
of considerable interest.

The most important question in the description of
the pseudogap state of actual HTSC systems is the
behavior of physical parameters upon a change in the
carrier concentration. In our model, the concentration
dependence must be expressed in terms of the corre-
sponding dependence of effective width W of the
pseudogap and correlation length E. Unfortunately, such
dependences can be determined from experiment only
indirectly and have been studied insufficiently [1, 2]." In
a very rough approximation, we can state that correla-
tion length € in a wide concentration range does not
vary very strongly, while pseudogap width W linearly
decreases with increasing charge carrier concentration
from values on the order of 10° K in the vicinity of the
dielectric phase region to values on the order of the
superconducting transition temperature as we approach
the optimal doping level, vanishing at slightly higher
carrier concentrations (see Fig. 6 in review [2], which is
based on Fig. 4 in [3], where the corresponding set of
data is given for the YBCO system). Using this regular-
ity, one can easily recalculate the above dependences
on W to the corresponding dependences on the charge
carrier concentration. In the extremely simplified version
of our model with an infinitely large correlation length
and the Fermi surface with complete nesting, such an
analysis was carried out in a recent publication [23]
under the assumption that the value of 7 is also a lin-
ear function of the concentration. The typical form of
the phase diagram for HTSC cuprates was completely
reproduced qualitatively. At the same time, the obvious
roughness of the model and the absence of reliable
experimental data on the concentration dependences of
W, E, and T,, do not make it possible to treat the
attempts at “improving” these qualitative conclusions
very seriously.

In addition to the repeatedly mentioned disregard of
the dynamics of short-range order fluctuations and the
confinement to Gaussian fluctuations alone, it should
be noted once again that the disadvantages of the model

"In addition, an analogous dependence of the value of T, which
is completely unknown, may turn out to be significant.
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considered here also include the simplified analysis of
the spin structure of interactions, which presumes that
these interactions are of the Ising type. It would be
interesting to also carry out a similar analysis for the
general case of an interaction of the Heisenberg type.
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APPENDIX

Ginzburg—Landau Coefficients for Anisotropic Pairing
in the Absence of a Pseudogap

In the absence of fluctuations (W = 0), the general-
ized Cooper susceptibility, which is defined by the dia-
gram in Fig. 2, assumes the form
%ola: T)

1 (A.1)
Ep +q €, Ep

- TET

For the susceptibility at q = 0, which determines coef-
ficient A,,, we obtain the expression

_ 2 1
= ngn:;e (p)8i+§§
=-T) de 26 E-g,)e
o (A.2)
1 X,0(8
~=N,(0)T ) fd§82+§2 ) Z(VO"()(;(I’)

= %pes(0: T) (e’ (p)),

where the angle brackets denote averaging over the
Fermi surface and the standard susceptibility % z5(0; 7)
in the BCS model for isotropic s pairing is introduced.
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As a result, coefficient A, assumes the form

Ao = %0(05 T)=%0(0; T,) = Ageg(e’(p)), (A3)
where
Apcs = XBCS(O; T) _XBCS(O; Tc)
T-T, (A.4)
= No(o) T

c

is the standard expression for coefficient A in the case
of isotropic s pairing.

Coefficient C,, of the Ginzburg—Landau expansion is
defined by generalized susceptibility (A.1) for small
values of q:

%ol Te) = %0(0; T,.)

2

CO = llm

50
1 q

(A.S)

Expanding expression (A.1) for %y(q;
small g, we obtain

T,) into a series in
= %(0; T)

(p)(v(p)a)’,

XO(qa Tc)

3¢, &,
+ Tczz4_( :2 P 3.82
S“ p n

(A.6)
+E;)

so that we have for coefficient C,, the expression

TZI Ez

(e +§
xza g-5,)e’(p)lv(p)l*cos’y
2
~T, Z:[ E +E (A7)

v(p)[*cos’q

XY 8(g,)e”

- N0) 2L (2 (p)v(p)cos’e),
16°T,

where @is the angle between vectors v(p) and q and

o0

t(3) = Z% ~1.202.
n=1 n

For a square lattice, the Fermi surface and, hence,
V(p)| also possess a symmetry relative to rotation
through angle n/2; the same symmetry is also inherent
No. 4
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in €2(p) for the types of pairing considered here. Conse-
quently, we can easily find that

(e*(p)Iv(p)I*cos’ )

= 3((p)IV(p)P(1 + cos2q) (A%)

= 3 )R],

since quantity cos2¢ reverses its sign when vector p
rotates through angle /2. Indeed, the direction of
velocity v(p) upon this rotation changes to the perpen-
dicular direction; accordingly, cos2¢qp —» —cos2@. As
a result, we obtain the isotropic expression for coeffi-
cient C,

Cy = Nof0) L)

(vp)lPe’(p):  (A9)
32T
in the case of isotropic s pairing and a spherical Fermi
surface, this expression acquires the standard form

7¢(3) vy

= No(0) =2 7F,
o )32n2T§

(A.10)

CBCS

In the absence of pseudogap fluctuations (W = 0)
and for q = 0, coefficient B defined by the diagram in
Fig. 6b has the form

B =TI

+g)

TZde2 S6(5 )¢ (p)

€, —o P

\ (A.11)
1 Z0(8,)e (p)
0. ZJ"”’E EREER A
= BBCS<e4(p)>’
where
Bacs = Ny(0)ZE3) (A12)
8T,

is the standard expression for coefficient B in the case
of isotropic s pairing.
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Abstract—We analyze the peculiarities of the superconducting state (s- and d-wave paring) in the model of the
pseudogap state induced by Heisenberg antiferromagnetic short-range order spin fluctuations. The model is
based on the pattern of strong scattering near hot spots at the Fermi surface. The analysisis based on the micro-
scopic derivation of the Ginzburg—Landau expansion with the inclusion of al Feynman diagrams of perturba-
tion theory for theinteraction of an electron with short-range order fluctuations and in the ladder approximation
for the scattering by normal (nonmagnetic) impurities. We determine the dependence of the critical supercon-
ducting transition temperature and other superconductor characteristics on the pseudogap parameters and the
degree of impurity scattering. We show that the characteristic shape of the phase diagram for high-temperature
superconductors can be explained in terms of the model under consideration. © 2004 MAIK “ Nauka/ I nter pe-

riodica” .

1. INTRODUCTION

One of the most important problems in the physics
of high-temperature superconductors (HTSCs) based
on copper oxides is the theoretical description of the
characteristic shape of their phase diagram [1]. Eluci-
dating the nature of the pseudogap state that is observed
over wide ranges of temperatures and carrier concentra-
tions [2] and that undoubtedly plays the central rolein
shaping the properties of the normal and superconduct-
ing states of these systems arouses particular interest.
Despite ongoing discussions, the pseudogap formation
scenario based on the pattern of strong scattering of
current carriers by antiferromagnetict (AFM, SDW)
short-range order spin fluctuations seems to be pre-
ferred [2, 3]. In the momentum space, this scattering
takes place with thetransfer of the wavevectors of order
Q = (1/a, 1Wa) (a is the two-dimensional lattice con-
stant) and leads to precursors of the rearrangement of
the electron spectrum that arises when a long-range
AFM order is established (the period doubles). This
results in a non-Fermi liquid behavior (dielectrization)
of the spectral characteristics near the so-caled hot
spots at the Fermi surface that emerge at the points of
intersection of this surface with the boundaries of the
“future” antiferromagnetic Brillouin zone [2].

A simplified model of the pseudogap behavior [4, 5]
in which the scattering by real (dynamical) spin fluctu-
ations was replaced (which is valid at fairly high tem-

1 The role of similar charge (CDW) fluctuations cannot be ruled
out either.

peratures) with a static Gaussian random field of
pseudogap fluctuations with a characteristic wavevec-
tor from the vicinity of Q whosewidthisdetermined by
the inverse correlation length of the short-range order
K = &1 has been intensively studied in terms of this
approach. An overview of the works, as applied to the
properties of the normal state and for simple models of
the influence of pseudogap fluctuations on supercon-
ductivity, can befound in [2].

In our recent paper [6], based on the microscopic
derivation of the Ginzburg—Landau expansion,2 we
have studied the influence of pseudogap fluctuationsin
the hot spot model on the basic characteristics of the
superconducting state (s- and d-type pairing) that forms
against the background of these fluctuations. We con-
sidered adlightly simplified version of the model where
the Heisenberg spin fluctuations were replaced with
Ising or spin-independent charge CDW fluctuations.
These pseudogap fluctuations of a “dielectric’ nature
were shown to generally suppress conductivity, causing
adecrease in superconducting transition temperature, a
reduction in the jump in specific heat, and severa other
anomalies of the superconductor characteristics. We
found two possible types of interaction between the
superconducting order parameter and pseudogap fluc-
tuations that lead to distinctly different scales of their
influence on superconductivity.

The goal of thiswork is to generalize the approach
proposed in [6] to the “realistic” case of Heisenberg

2 A similar analysis was performed in [7] on the basis of Gorkov's
equations.

1063-7761/04/9906-1264%$26.00 © 2004 MAIK “Nauka/ Interperiodica’
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spin fluctuations and to cal culate the influence of (non-
magnetic) impurities (disorder) on superconductivity in
the pseudogap state. We show that the typical phasedia-
gram for aHTSC can be semiquantitatively modeled in
terms of the model under consideration.

2. THE HOT SPOT MODEL
AND THE RECURRENCE PROCEDURE
FOR CALCULATING THE GREEN FUNCTIONS
AND THE VERTEX PARTS

The basic ideas of the hot spot model under consid-
eration and the method for calculating the single-elec-
tron Green function were presented in detail in [4, 5];
the methods for determining the vertex parts of interest
were described previously [6, 8]. Therefore, in this sec-
tion, we provide only the basic equations and introduce
the necessary notation by briefly describing the
changes required to allow for the spin structure of the
interaction in the Heisenberg model of antiferromag-
netic fluctuations.

An effective interaction between electrons and spin
fluctuations is introduced in the model of an “amost
antiferromagnetic” Fermi liquid [4]. Thisinteractionis
described by the dynamical susceptibility characterized
by the correlation length & of the spin fluctuations and
their characteristic frequency wg to be determined
experimentally, which can depend significantly on the
carrier concentration (and, for &, on the temperature).
This dynamical susceptibility together with the effec-
tive interaction have (in momentum representation) a
maximum in the vicinity of Q = (17a, 1va), which gives
rise to two types of quasi-particles: hot quasi-particles
whose momenta lie near the points of the Fermi surface
coupled by the scattering vector of order Q and cold
quasi-particles whose momenta lie near the regions of
the Fermi surface surrounding the diagonals of the Bril-
louin zone[2, 4, 5].

At high temperatures, 21T > wy, the spin dynamics
may be disregarded [4]. The interaction with spin
(pseudogap) fluctuations then reduces to the scattering
of electrons by the corresponding static Gaussian ran-
dom field. In this model, we can suggest a simplified
form of the effective interaction (the correlator of the
random fluctuation field) [4, 5] that alows full summa-
tion of the Feynman series of perturbation theory,
which gives rise to the following recurrence procedure
for determining the single-electron Green function:

a 1
ClEnP) = g ik s )
5 (€0 P) = WS(k +1)Gy, 1(Ep P)- )

Thisisshown intheform of asymbolic Dyson equation
in Fig. 1a, where the following function is introduced:

1
e " E(p) FIKVK )

GOk(Snv p) =
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(b)

G,
G
- De(p) :> Age(p) + (1) - Dge(p),
G
: Gy
' G,
! Gk_ | k
b - Dye(p) => Age(p) + r(k) - Dge(p).
Gi_1
Gy

Fig. 1. Recurrence equations for (a) the Green function and
(b) the triangular vertex.

Here, k = & is the inverse correlation length of the
pseudogap fluctuations; €, = 2iT(n + 1/2) (to be spe-
cific, we assume that €, > 0);

N f dd k,
£(p) = EL:" o O (@

p foreven k;

o= v(p+ Q)| +|v,(p+Q)| forodd K,
o HVx(p)|+|vy(p)| for even k;

v(p) = 0¢,/0p is the velocity of a free quasi-particle
with the spectrum &, that is taken in standard form [4].

&p = —2t(cospa + cosp,a) — 4t'cosp,acospa—U;
(6)

t and t' are the transfer integrals between the closest
neighbors and between the second closest neighbors on
the square lattice, respectively; a isthe lattice constant;
and u is the chemical potential.

The parameter W has the dimensions of energy. It
defines the effective pseudogap width and can be writ-
ten in the model of Heisenberg spin fluctuations as [4]

50
W = g'—- = ¢’lln, -n,)D ©)

where g is the coupling constant between el ectrons and

spin fluctuations, [Siz Uis the mean square of the spin at
the lattice site, and n;, and n;, are the particle number
operators at the site with the corresponding spin projec-
tions. Clearly, like the correlation length &, the parame-
ter W in the semiphenomenological approach [4, 5] is
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The choice of the sign in the recurrence procedure for the
vertex part

Pairs CDW SDW (Ising) | SDW (Heisenberg)
fluctuations | fluctuations fluctuations
S + - +
d - + -

also afunction of the carrier concentration (and temper-
ature) to be determined experimentally.

The factor s(K) is determined by the Feynman dia-
gram combinatoricsand is

s(k) = k (8)

in the simplest case of commensurable short-range order
charge (CDW) fluctuations, while for the most interest-
ing case of Heisenberg spin (SDW) fluctuations [4] 3

K*2 torodd K,

O3

s(k) = 9)
EKB for even k.

The validity conditions for the approximation under
consideration were discussed in detail in [4, 5].

A remarkable feature of the model under consider-
ation is the possibility of full summation of the entire
series of Feynman diagrams® for the vertex functions
that describe the response of the system to an arbitrary
external perturbation. This was considered in detail
in [8]. Here, we immediately give the recurrence equa
tionsfor the“triangular” verticesin the Cooper channel
that arise in the corresponding analysis. These equa-
tions are similar to those derived in [6] and describethe
response to an arbitrary fluctuation of the supercon-
ducting order (gap) parameter,

A(p, g) = Aqe(p), (10)

where the symmetry factor that determines the type
(symmetry) of pairing istaken in the form

1L, s-wave paring,
e(p) = [0 (11)

[cos(py@) — cos(pya), dxz_yz-type pairing,

and it isimplied that the pairing is singlet in spin. Itis

3 The Feynman diagram combinatorics for the model of Heisen-
berg fluctuationsis analyzed in detail in the Appendix.

4 Includi ng all of the diagrams with crossing interaction lines.
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convenient to write the vertex of interest as

r(sn! —<€n PP+ q) = I_p(snl —€n q)e(p) (12)

gp(sn, —€,, q) is then defined by the recurrence proce-
ure

rpk—l(sn’ —€n q)

=1+ Wzr(k)Gk(enl p + q)Gk(_enf p)
9 [1 + 2ikK v
Gl (€ P +0) — G (—€p P) — 2iKK v,

} (13)

x rpk(gn! —€n q)v

which is shown as graphs in Fig. 1b. The “physical”
vertex corresponds to I, - o(€,, —€p, 0). The additional
combinatorial factor isr(k) = s(k) for the simples case
of charge (or Ising spin) pseudogap fluctuations consid-
ered in [6]. For the most interesting case of Heisenberg
spin (SDW) fluctuations considered below, this factor
is[4] (see also the Appendix)

for even Kk,
k) = 14
"(k) E,k—;g for odd k. (14

O

The choice of the sign of W? on the right-hand side of
Eqg. (13) depends on the symmetry of the superconduct-
ing order parameter and the type of pseudogap fluctua-
tions [6] (for details, see the Appendix). The corre-
sponding cases are listed in the table. In particular, we
see from this table that in the most interesting case of
d-type pairing and Heisenberg pseudogap fluctuations,
we should take the minus, so the recurrence procedure
for the vertex part becomes an alternating one. At the
same time, for the case of sswave paring and fluctua-
tions of the same type, we should take the plus, and the
recurrence procedure becomes a constant-sign one. It
was shown in [6] (using other examples from the table)
that this difference in the types of recurrence procedure
leads to two quadlitatively different behaviors of all
basic superconductor characteristics.

3. THE INFLUENCE OF IMPURITIES

The influence of the scattering by normal (nonmag-
netic) impurities can be easily taken into account in the
self-consistent Born approximation by writing the
Dyson equation shown graphicaly in Fig. 2a for the
single-electron Green function. Compared to Fig. 1a,
the standard contribution from the impurity scattering
to theintrinsic-energy part [9] was added to thisfigure.
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(a) pU? W2 stk + 1)
/X\\
Gy Gox Goy G G, Gy Gri1 Gy
(b)
i
- Dge(p) = - Bge(p) + X - Bye(p) +r(k) = Bge(p)-
|
I
Fig. 2. Recurrence equations for (a) the Green function and (b) the triangular vertex including the impurity scattering
Asaresult, the recurrence equation for the Green func-  we have in the simplest approximation
tion can be written as ,
€,— €,—PU Y IMGy(E,,
n n—P % 00( n p) (19)
_ -1
Gk(sn- p) - |:G0k(€n- p) =gN. = €, + YoSONE,,
(15
-1 Yo
2 2 Ne = 1+—, (20)
-puU ZG(En, p) —W's(k+1)Gy.(€n p)} ) &

where p is the impurity concentration with a point
potential U and the “impurity” intrinsic-energy part
includes the full Green function G(g,,, q) = G = o(€ns P),
which must generally be determined in a self-consistent
way by using the written procedure. The contribution
from thereal part of the Green function to thisintrinsic-
energy part typicaly reduces [9] to an insignificant
renormalization of the chemical potential, so Eq. (15)
takes the form

0 , 0
Gu(en p) = |iE,—pU ZImG(sn, p) + kv kO

0 . 0
(16)

-1

~&(p) ~W’s(k + 1)Gy. (&, p)}

Therefore, compared to the impurity-free case, the fol-
lowing substitution (renormalization) actually takes
place:

g &—pU°Y IMG(e, p)=en.,  (17)

(18)

Ne =

n

If no full self-consistent calculation is performed for
the intrinsic-energy part of the impurity scattering, then

JOURNAL OF EXPERIMENTAL AND THEORETICAL PHYSICS Vol. 99

where y, = TIPU2N,(0) is the standard Born impurity
scattering frequency [9] (Ny(0) isthe density of state of
the free electrons at the Fermi level).

For the triangular vertices of interest, the recurrence
equation that includes the impurity scattering is shown
as agraph in Fig. 2b. For the vertex that describes the
interaction with the fluctuation of the superconducting
order parameter (10) with d-wave symmetry (11), this
equation simplifies significantly, because the contribu-
tion of the second diagram in the right-hand part of
Fig. 2b is virtually equal to zero in view of the condi-

tion pe(p) = 0 (cf. the discussion of asimilar situa-

tion in [10]). The recurrence equation for the vertex
then has the form (13), where the expressions derived
from (15) and (16), i.e., the “dressed” (by the impurity
scattering) Green functions defined by Fig. 2a, should
be used as G,(z¢,,, p). For the vertex that describes the
interaction with the fluctuation of the order parameter
with ss-wave symmetry, we have the equation

€ Q)

rpk—l(sn’ -

= 1+pU° G(&,, p +a)G(~& P)T (. ~&1, Q)
P

+ W (K)G(€n P + 4)Gi(~€n, P) (21)

o+ 2ikk v D
0 Gi(EnP+0) =G (—&nP) - ZIkKVkD

X

x rpk(gn’ —€n q)v
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&»Pt+q

X(q) = e(p) e(p)

_8}1’ -p

Fig. 3. Diagram for the generalized susceptibility x(q) in
the Cooper channel.

where expressions (15) and (16) should again be used
as Gy(xe.p) and the sign of W2 is determined by the
above rules. The difference between this vertex and the
vertex of the interaction with d-wave symmetry fluctu-
ations lies in the appearance of the second term on the
right-hand side of Eq. (21), i.e., in the substitution

1—»nr = 1+pU°y G(e, p+0)
. (22)

x G(_gn’ p)rp(sl —€n, q)

Therefore, the self-consistent calculation procedure
now looks as follows. Starting from the zero approxi-
mation G = Gy, and Iy, = 1, we then have in Egs. (16)
and (21)

pu?

sn Z I mGOO(Snf p)
p

r]azr]r:]-_

We run the corresponding recurrence procedures (start-
ing from a certain value of k) and determine the new
valuesof G=Gy-pand ', =, -. We again calculate
ne and nr using (18) and (22), use these values in (16)
and (21), and so on until convergence is achieved.

When considering the vertex of the d-wave symme-
try, we should set n = 1 at all steps of our calculations.
In this case, there is actually no particular need to per-
form full self-consistent impurity scattering calcula-
tion, because it leads to relatively small corrections to
the results of non-self-consistent calculation using the
simplest substitution (19) [7].

4. CALCULATING THE SUPERCONDUCTING
TRANSITION TEMPERATURE
AND THE GINZBURG-LANDAU COEFFICIENTS

The critical superconducting transition temperature
is defined by the normal-phase Cooper instability equa
tion

1-Vx(0; T) = 0, (23)
where the generalized Cooper susceptibility is indi-
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cated by thegraphin Fig. 3and is

X(q; T) = ‘TZ zG(sn, p+q)

& P

X G(~€p, —P)E*(P)T p(€ny —Er Q).

(24)

The pairing interaction constant V, which is nonzero in
alayer 2w, in width around the Fermi level, determines
the seed transition temperature T, in the absence
of pseudogap fluctuations by means of the standard
BCS equation:®

T/a

m T/a
_2VT ¢’(p)
1= n;{dprd%,aﬂg’

0

(25

where m = [w./2MTy)] is the dimensionless cutoff
parameter of the Matsubara frequency sum. Asin [6],
all of our calculations were performed for the typica
spectrum (6) of quasi-particles in HTSCs for various
relations between t, t', and p. By arbitrarily choosing
w, = 0.4t and T, = 0.01t, we can easily find a value of
the pairing parameter V in (25) that yields this value of
Ty for different types of pairing. In particular, we

obtain V/ta? = 1 and V/ta? = 0.55 for stype and dxz_yz -
type pairing, respectively.

The fact that the Cooper susceptibility at g = 0 is
required to calculate T, significantly simplifies the cal-
culations [6]. In general, for example, knowledge of
X(q; T) at arbitrary (small) g isrequired to calculate the
Ginzburg-L andau expansion coefficients.

The Ginzburg—L andau expansion for the difference
between the free energy densities of the superconduct-
ing and normal states can be written in standard form:

FamFo = A2+ aClA + 20" (26)

it is defined by the loop expansion for thefree energy in
the fluctuation field of the order parameter (10).

It is convenient to normalize the Ginzburg—Landau
coefficients A, B, and C to their values in the absence of
pseudogap fluctuations by writing them as [6]

A = A)K,s, C = CoKe, B = ByKg, (27)

5We do not discuss the microscopic nature of this interaction; it
can be associated with the exchange by the same antiferromag-
netic spin fluctuations, phonons, or a combination of the elec-
tron—phonon and spin—fluctuation interactions.
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where
Ao = No(0) = € ()]
Co = Ny(0) 7392 VE)PEPD (28)
0(0)7f[§3)zce“(p>u

the angular brackets denote an ordinary averaging over
the Fermi surface:

_ 1 .
0.0= NO(O)ga(zp)...,

and Ny(0) is the state density at the Fermi surface for
free electrons.

We then obtain the following general expressions[6]:
x(0; T)—x(0; To)

Ka = A (29)
_ x(q T.)—x(0; Tc)
Ke = qﬁo 7c, (30)
_ T_c 4 2
Ky = Bognge (P)G™(en P) @D

X GZ(_Sna _p)rg(sn’ —<£n 0)1

which were used for our direct numerical calculations.

In the presence of impurities, al of the Green func-
tions and the vertices appearing in these expressions
should be calculated using Egs. (16) and (21) written
above.

Knowledge of the Ginzburg-Landau expansion
coefficientsalowsall of the basic superconductor char-
acteristics near the transition temperature T, to be deter-
mined. The coherence length is defined as

&M Ke
EBCS(T) Ka

where () isthe value of thislength in the absence
of a pseudogap. For the magnetic-field penetration
A(T)

depth, we have
— f KB
)\BCS(T) KAKC,

where this quantity was also normalized to its value of
AgcqT) in the absence of pseudogap fluctuations.

(32)

(33)
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Fig. 4. T, versus effective pseudogap width W for d-type
pairing for three impurity scattering frequencies: yo/T =
0(2), 0.18 (2), and 0.64 (3). The inverse correlation length
iska=0.2.

The normalized slope of the upper critical field
near T,

= TcKa
Teo TCOKC’

‘dch (34)

/‘dch

and the relative jump in specific heat at the transition
point,

(Cs_Cn)Tc _ Tc Ki

AC = = —"Te = &8
(Cs - Cn)Tco TcO K B

(35

are determined in asimilar way.

5. RESULTS OF CALCULATIONS

The results of calculations for the charge (CDW)
and spin (SDW) Ising fluctuations of the short-range
order were presented in [6]. Here, we focus on the anal -
ysis of the most important and interesting case of
Heisenberg spin (SDW) fluctuations and on the discus-
sion of the role of impurity scattering (disorder). Since
the case of d-type pairing is of particular importancein
the physics of HTSCs based on copper oxides, we pay
slightly more attention to this case.

We performed all of the calculations in this section
for the typical parameters of the initial electron spec-
trum t'/t =-0.4 and p/t = -1.3 and took ka = 0.2 for the
inverse correlation length. To save space, we do not
present the results of our calculations for the dimen-
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Fig. 5. Square of the coherence length (a) and magnetic-
field penetration depth (b) versus effective pseudogap width
W for d-type pairing for three impurity scattering frequen-
cies: Yo/ Teo =0 (1), 0.18 (2), and 0.64 (3)

sionless Ginzburg—Landau expansion coefficients K,,
Kg, and K¢, but immediately show the typical depen-
dences for the basic physical parameters.

When considering the dependences on the
pseudogap width and the impurity scattering frequency
Yo, We give al of the characteristics normalized to their
values, respectively, at T=Tyand T =T(W), i.e, at the
seed transition temperature at a given W, but in the
absence of impurity scattering (y, = 0).

5.1. The d-Type Paring

In Fig. 4, the superconducting transition tempera-
ture T, is plotted against the effective pseudogap width
W for several impurity scattering frequencies. We see
that pseudogap fluctuations lead to noticeable suppres-
sion of superconductivity; in the presence of finite dis-
order, a critical value of W at which T, becomes zero
arises. This suppression of T, is naturally related to the
partial dielectrization of the electron spectrum near hot
spots [4, 5].

Similar dependences are shown in Fig. 5 for the
coherence length and the magnetic-field penetration
depth and in Fig. 6 for the slope of the temperature
dependence of the upper critical field and the jump in
specific heat at thetransition point. The latter supercon-
ductor characteristics are rapidly suppressed by
pseudogap fluctuations.
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Fig. 6. Slope of the upper critical field and jump in specific
heat at the transition point versus effective pseudogap width
for d-type pairing for three impurity scattering frequencies:
Yo/ Teo = 0 (1), 0.18 (2), and 0.64 (3).

The dependence on the correlation length of the
short-range order fluctuationsisslower: in al cases, the
increasein & (the decreasein parameter k) enhancesthe
pseudogap fluctuation effect.

TL‘/TCU(W)
1.0 T T T T

0.8 .

0.6

0.4

0.2 7

3\ 2] |/

0 0.2 04 0.6 0.8 1.0
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Fig. 7. T, versus impurity scattering (disorder) frequency
for d-type pairing for three effective pseudogap widths:
W/T=0(1),2.8(2), and 5.5 (3).
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Fig. 8. Square of the coherence length (a) and magnetic-
field penetration depth (b) versus impurity scattering fre-
quency Yo for d-type pairing for three effective pseudogap
widths: W/T,o =0 (1), 2.8 (2), and 5.5 (3).

In Fig. 7, the superconducting transition tempera-
tureis plotted against the impurity scattering frequency
Yo for several effective pseudogap widths. We see that,
in the presence of pseudogap fluctuations, the suppres-
sion of T, with growing disorder is appreciably faster
that in their absence (W = 0) when the dependence
T«(yo) for d-type paring is described by the standard
Abrikosov—-Gorkov curve [10, 11]. Similar depen-
dences are shown in Fig. 8 for the coherence length and
the penetration depth and in Fig. 9 for the slope of the
H,(T) curve and the jump in specific heat. We again see
that impurity scattering (disorder) causes the last two
parameters to rapidly decrease; i.e., it enhances the
pseudogap fluctuation effect.

The derived dependences on the pseudogap param-
eters are qualitatively similar to those obtained in [6]
for the case of charge (CDW) pseudogap fluctuations
where, as in the case considered here, an aternating
recurrence procedure arises for the vertex part. At the
same time, certain quantitative differences associated
with different diagram combinatorics also arise. The
dependences on the impurity scattering (disorder) fre-
guency have not been studied previously in thismodel 5

The dependences found arein qualitative agreement
with most of the data from the experiments aimed at
studying the superconductivity in the domain of exist-
ence of the pseudogap (the underdoped region in the

5 The corresponding dependences of T, were considered in [7] for
the constant-sign recurrence procedure that arises in the case of
Ising SDW fluctuations where the suppression of superconductiv-
ity ismuch slower.
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Fig. 9. Slope of the upper critical field and jump in specific
heat at the transition point versus impurity scattering fre-
quency Yo for d-type pairing for three effective pseudogap

widths: WiT, = 0 (1), 2.8 (2), and 5.5 (3).

cuprate phase diagram). Below, we show that the
results obtained can be used to directly model the typi-
cal phase diagram for HTSC cuprates.

T('/Tc()
1.0 T 1.0 T T T
1 0.8 ! .
06F 2 .
0.8+ 3
0.4+ .
2
02+ .
1 1
0.6 0 10 20 30 40
W/T<'0
0.4+ B
0.2+ _
1 1 1
0 10 20 30 40
W/TL‘O

Fig. 10. T, versus effective pseudogap width W for s-type
pairing for two impurity scattering frequencies: yg/To =
0 (1) and 20 (2). Theinverse correlation length iska = 0.2.
The insert shows the characteristic behavior of the jumpin
specific heat for similar parameters.
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5.2. The s-Type Pairing

The s-type pairing is mainly of interest in revealing
the characteristic differences from the d-type pairing.
There are virtually no experimental data on the s-type
conductivity in systems with a pseudogap, although it
may well be that the corresponding systemswill bedis-
covered in the future.

Our calculations indicate that pseudogap fluctua-
tions suppress appreciably the superconducting transi-

T.IT W)

1.2

1.0

0.8

0 5 10 15 20 25
yO/TCO(W)

Fig. 11. Superconducting transition temperature T, versus
impurity scattering (disorder) frequency yg for s-type pair-
ing for three pseudogap widths: W/T = 0 (1), 8 (2), and
15 (3).
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Fig. 12. Square of the coherence length (a) and magnetic-
field penetration depth (b) versusimpurity scattering (disor-
der) frequency Yo for stype pairing for two effective
pseudogap widths: W/ Ty = 0 (1) and 15 (2).
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tion temperature in this case aswell (Fig. 10), although
the scalelength of these fluctuations required for signif-
icant suppression of superconductivity is much larger
than that for the d-type pairing. This result has already
been obtained in [6]. Note, however, that in the case of
Heisenberg SDW fluctuations under consideration,
thereisno characteristic “ shelf” onthe T(W) curve that
is present in the case of scattering by CDW pseudogap
fluctuations [6]. The jump in specific heat at the super-
conducting transition point is also significantly sup-
pressed on the same scale of W, as shown in the insert
to Fig. 10. The corresponding dependences for the
coherence length and the penetration depth are similar
to those obtained previously in [6] and are not given
here. Figure 11 shows the calculated dependence of T,
on the impurity scattering (disorder) frequency. Apart
from the relatively weak suppression of T, by disorder
related [7] to the state density smearing at the Fermi
level, aweak effect of increasein T, with y, that is prob-
ably related to the smearing of the pseudogap in the
state density by impurity scattering can also be
observed.

Figure 12 shows how impurity scattering (disorder)
affects the coherence length and the magnetic-field
penetration depth in the case of s-type pairing.

Finally, Fig. 13 shows how impurity scattering
(disorder) affects the slope of the upper critical field
and the jump in specific heat. The jump in specific
heat is significantly suppressed by disorder, and the
behavior of the slope of H.,(T) qualitatively differs
from that in the case of d-type pairing: the growth of
disorder causesthis parameter to increase appreciably,
as in the standard theory of “dirty” superconductors
[20], while pseudogap fluctuations increase the slope
of H(T). In the absence of pseudogap fluctuations,
similar differences in the behavior of the slope of
the H(T) curvefor disorder have been pointed out [10].

6. MODELING THE PHASE DIAGRAM

The described model of the influence of pseudogap
fluctuations on superconductivity allows the typical
phase diagram for HTSC cuprates to be modeled.’
Modeling of thiskind, based on an extremely simplified
version of our model, was originally attempted in [13].
The main ideais to identify the parameter W with the
experimentally observed effective pseudogap width
(the temperature of the crossover to the pseudogap
region of the phase diagram), E, = T*, determined from
many experiments [1-3]. This parameter is known to
decrease almost linearly with increasing dopant (cur-
rent carriers) concentration from values of ~10° K,
becoming zero at a certain critical concentration x. =

7 We ignore the existence of a narrow region of antiferromagnetic
ordering in the state of a Mott insulator that exists in the range of
low dopant concentrations by restricting our analysis to the wide
domain of existence of a“bad” metal.
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0.19-0.22 that dightly exceeds the “optimal value’
Xopt = 0.15-0.17 [1, 14]. Accordingly, we may take® a
similar concentration dependence of our pseudogap
width parameter W(X). In this sense, the dependence
W(X) may be considered to be determined directly from
experiments. The only parameter to be determined is
then the concentration dependence of the seed supercon-
ducting transition temperature T,(X) that would exist in
the absence of pseudogap fluctuations. Its knowledge
will alow the concentration behavior of the actua tran-
sition temperature T(X) to be determined by solving the
equations of our model. Unfortunately, as was pointed
out in [6], the dependence T(X) is generally unknown
and cannot be determined from experiments, remaining
afitting parameter of the theory.

Assuming, as was done in [13], that T4(X) can be
described by alinear function of x that becomes zero at
x = 0.3 and choosing Ty(X = 0) to obtain the desired
To(X = Xop), We can calculate the form of the “observed”
dependence T.(x). As an example, the results of such
calculations for d-type pairing and the scattering by
charge (CDW) pseudogap fluctuations [6] using atypi-
cal dependence W(X) are shown in Fig. 14. We see that,
even under such arbitrary assumptions, the hot spot
model yields a dependence T.(X) close to the experi-
mentally observed one. Similar calculations for the
Ising model of the interaction with spin fluctuations (a
constant-sign procedure for the vertex part [6]) indicate
that reasonable values of Ty(x) can be obtained only at
nonrealistic values of W(x) that are about an order of
magnitude larger than the observed values.

Inthe BCS model for the seed temperature T, under
consideration, the assumption of a noticeable concen-
tration dependence of this parameter seemsrather unre-
alistic.? Therefore, we assume that T, does not depend
on the carrier concentration x at al, but take into
account the fact that doping inevitably gives rise to
impurity scattering (internal disorder), which can be
described by the corresponding linear function y(x). Let
usassumethat thisgrowth of disorder leadsto total sup-
pression of the d-type pairing at x = 0.3 in accordance
with the standard Abrikosov—Gorkov dependence [11].
The phase diagram for a La, _,Sr,CuO, system calcu-
lated in our model for Heisenberg pseudogap fluc-
tuations by taking into account the described role of
impurity scattering is shown in Fig. 15. The parameters
of the problem for this system used in our calculations
are given in Fig. 15. The “experimental” values of
T(X) indicated in this figure (as well asin Fig. 14) by

8 Naturally, this identification can be made to the unknown propor-
tionality factor of the order of unity.

91n this approach, the dependence T(X) may be attributable only
to the corresponding relatively weak dependence of the state den-
sity at the Fermi level.
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Fig. 13. Slope of the upper critical field and jump in specific
heat at the transition point versusimpurity scattering (disor-
der) frequency Yo for stype pairing for two effective
pseudogap widths: W/T,g =0 (1) and 15 (2).
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Fig. 14. Model phase diagram for the scattering by charge
(CDW) pseudogap fluctuations (d-type pairing) and the
seed superconducting transition temperature Ty that is a
linear function of the carrier concentration. The diamonds
represent the “experimental” data; W(x = 0) = 708 K;
Teo(x=0) =90 K; ka=0.2; T.(x=0.17) = 36 K.
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Fig. 15. Model phase diagram for the scattering by Heisen-
berg (SDW) pseudogap fluctuations (d-type pairing) and the
seed superconducting transition temperature Ty that does

not depend on the carrier concentration with theinclusion of
internal disorder y(X) that is linear in dopant concentration.
The diamonds represent the “experimental” data; y; =
0.15T (curve 1), yg = 0.25T (curve 2); W(x = 0) =
580K; T = 70 K; t/t = -0.25; p/t = -0.8; ka = 0.2;
Tax(x = 0.16) = 39 K.

diamonds were obtained by using the empirical for-
mula[14, 15]

Te(x)

0= ) >

= 1-82.6(X—Xgp) -

This formula satisfactorily describes the concentration
behavior of T, for a number of HTSC cuprates. We see
that our model gives an almost ideal description of the
“experimental” data at reasonable values of W(x) in the
entire underdoped region. The description becomes
poorer at the end of the overdoped region. It should be
borne in mind, however, that formula (36) does not
yield satisfactory results either; in addition, our super-
conductivity suppression model in the overdoped
region is clearly very crude, and no special parameter
fitting that would improve the agreement with the data
in this region has been performed.

Itisinteresting to consider the behavior of the super-
conducting transition temperature T, for additional dis-
ordering of the system for various compositions (carrier
concentrations). There are many experimental works in
which such disordering was achieved by doping [16, 17]
or by fast neutron [18] and electron [19, 20] irradiation.
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Therole of the additional disorder was discussed in the
context of the existence of a pseudogap state only
in[17].

In our model, this disordering can be simulated by
introducing the additional impurity scattering parame-
ter v, that is added to the internal disorder parameter
V(X). The calculated superconducting transition temper-
ature for two values of this parameter is also shown in
Fig. 15. We seethat, in close agreement with the exper-
iment [17], doping (disorder) causes the domain of
existence of superconductivity to narrow rapidly. Also
in close agreement with the conclusion drawn above
from Fig. 7 and with the experimental data[17, 18], the
suppression of superconductivity by disorder in the
underdoped region (the pseudogap region) is much
faster than that for the optimal composition. It might be
expected that “normal” disorder, which clearly causes
the pseudogap in the state density to dightly decrease,
could lead to acertain “delay” of the decreasein T, but
this effect is absent for d-type pairing.

However, the problem is that, in al cases, the
decreasein T, isfaster than that implied by the standard
Abrikosov—Gorkov curvefor d-typepairing [11]. At the
same time, attempts to properly process most of the
experimental data on disordering in HTSC cuprates
[16, 19, 20] lead to the conclusion that this decreaseis
actually much slower than that predicted by the Abriko-
sov—Gorkov dependence. Thisasyet unsolved problem
is among the main problemsin the theory of high-tem-
perature superconductors [12]. One way to solve this
problem may be associated with a consistent descrip-
tion of the role of disorder in superconductors located
in the transition region from “loose” pairs of the BCS
theory to “compact” pairs that emerge in the limit of
strong coupling [21]. Another interesting possibility of
explaining this delay of the decrease in T, is related to
the anisotropy of elastic impurity scattering considered
in detail in [10, 22]. This effect can be included
relatively easily in our calculations. It seems particu-
larly interesting in connection with the established
strong anisotropy of elastic scattering (with d-type
symmetry) observed in ARPES experiments on a
Bi,Sr,CaCuQg , 5 System [23, 24]. The corresponding
scattering frequency varies over the range 2060 meV
[24], which isalmost an order of magnitude higher than
the maximum value of y(x) used in our calculations and
points once again to the unusual stability of the d-type
pairing in cuprates against static disorder. It should be
noted that our model for the intrinsic-energy part of the
electron actually describes asimilar anisotropy of elas-
tic scattering that corresponds to its increase near hot
spots. However, no delay of the decrease in T, was
observed in our calculations.

Theresults show that, despite the obvious crudeness
of our assumptions, the hot spot model gives a reason-
able (occasionally even semiquantitative) description
of the domain of existence of superconductivity on the
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phase diagram for HTSC cuprates.’® The significant
uncertainty in the formation scenario for the concentra-
tion dependence of the seed superconducting transition
temperature remains a major shortcoming in the
approach.

7. CONCLUSIONS

Our analysis shows that the pseudogap state model
based on the concept of hot spots can provide a fairly
consistent description of the basic properties of the
superconducting phase for HTSC cuprates and their
phase diagram with arelatively small number of fitting
parameters most of which can be determined from
independent experiments.

It should be emphasized that our analysis was per-
formed entirely under the standard assumption [12]
about the self-averaging of the superconducting order
(gap) parameter in the field of random impurities and
pseudogap fluctuations. This assumption is generally
justified for superconductors whose coherence length
(the Cooper pair size) is much larger than other micro-
scopic lengths in the system, such as the mean free path
or the correlation length & of the pseudogap fluctuations.
In the class of pseudogap state models under consider-
ation, thisisnot necessarily the case, and significant non-
self-averaging effects [25, 26] that lead to the qualitative
picture of an inhomogeneous superconducting state with
superconducting-phase drops existing at temperatures
T> T, canarise. In principle, there are direct experimen-
tal data that confirm this picture of inhomogeneous
superconductivity in HTSC cuprates [27—29]. Of course,
wearefar from asserting that these real experimentscon-
firm the picture that has been theoretically developed by
using simplified modelsin [25, 26]. Nevertheless, these
results emphasize the importance of a consistent analy-
sisof the non-self-averaging effectsin relatively realis-
tic pseudogap state models, such as the hot spot model
considered above. 1!
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APPENDIX

DIAGRAM COMBINATORICS IN THE MODEL
OF HEISENBERG PSEUDOGAP FLUCTUATIONS

To analyze the diagram combinatorics, let us con-
sider the limit of an infinite correlation length of spin
fluctuations. In this case, the spin density by which an
electron is scattered can be expressed as

S, = S8(q-Q), (A1)

and averaging over Gaussian spin fluctuations reduces
to ordinary integration [4]:

2.2
S
4420 0 (a2

3
g
" @ ePD

Consequently, in this limit, we can first solve the prob-
lem of an electron in the coherent field of the spin den-
sity (A.1) and then perform averaging (A.2) over its
fluctuations. For the subsequent analysis, it is conve-

nient to introduce the fluctuating field & = (g/./3)S,
the potential by which an electron is scattered. Averag-
ing (A.2) over the spin fluctuations then reduces to
averaging over the fluctuations of thisfield:

0.0= / J'd6| 35' 2?\’/v
Tt

350
qu) J'd|8t||8t| expB——D
2W20

(A.3)

Thus, there are two fluctuating fields by which free car-
riers are scattered: the real longitudina field & =

(¢//3)S, and the complex transverse field §, with
amplitude |6,] and phase ¢ that is associated with the
two transverse components of the vector S.

This averaging gives rise to a diagram technique
with two types of effective interactions [4]: oneis rep-
resented by the dashed line,

5,8 f1= +2-5(4-Q),

where the minus refers to the case of a change in spin
projection under this line (e.g., when the dashed line
encloses an odd number of spin flip operators S, and
S); the other is represented by the wavy line,

2
Ve = % (A4

2

%Esqs__qm 2-—6(q Q).

Themeans [$,S,[and [ S [are equal to zero dueto the
phase averaging in (A.3).

Vs = (A.5)
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Fig. 16. Two-particles vertices with different diagram com-
binatorics.

Let us now solve the problem of an electron in the
coherent field of the spin density (A.1). Inthis case, the
matrix single-particle Green function has four indepen-
dent components!? that can be determined from the
system of equations

Giii1r = G+ G10Gy,. 1, + G106y, . 44,

Gzr;h = G0,Gyy;1; + G, 5*(31¢-1¢ (AD)
Gy.1 = =G0 Gy, .1, + GO Gy, qy,
Gii1 = =G193Gy, .4, + G167 Gy, 45,

where we use the short designations (g,, p) — 1,
(€np+Q) — 2and

_1 -1
ien_Ep1
It thus follows that

G, =

G = Ggl
11,11 GIlG;1—|8|2
g
Gy, .4, = , (A7)
21; 1t Gzngl—|8|2
_ &
Gll;lT - 0’ GZl'lT (311(351_|5|2

where [3] = /3 + |3 is the amplitude of thefield 3.

In this case, the fluctuation-averaged single-particle
Green functionis

2 3 3/2
G = [By00= [THer
03 G “o
d|3/13|*exp -
I UowG'G; - [8)*

12The components that differ from these by the change of sign of
all spin projections can be obtained by the substitution 8 —

- and &~ &} .
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Thisintegral representation can be easily written [4] as
the continued fraction (1), (2) with k = 0 and the com-
binatorial coefficients s(k) defined by Eq. (9).

The combinatorial coefficients r(k) for the two-par-
ticle vertices are dightly more difficult to determine.
Four types of vertices (see Fig. 16) may be considered.
For all four types of vertices, the recurrence procedure
hasthe form (13), but the signsin the procedure and the
combinatorial coefficients r(k) can be different. Let us
consider all verticesin the coherent field o.

(1) The charge vertex (the spin projection is con-
served at the vertex) in the diffusion channel (particle-
hole), Fig. 16a:

(G,G,) ' +3|°

T . (A9

rgh = Z G11 ; ioGi'o; 1't =
where i and o take on valuesof 1, 2 and 1, |, and the
designations (¢,,, p') — 1), (&, p'+ Q) — 2), and
ds = [(G.Go) ™ = [BF1[(G,G2) ™ — |8F] are used.

(2) The charge vertex in the Cooper channel (parti-
cle-particle),'® Fig. 16b:

(G,G,) "+ &
rgh = zelr;icGl'r;i‘o = %

i,o

(A.10)

(3) The spin vertex (the spin projection changessign
a the vertex) in the diffusion channel (particle—hole),
Fig. 16c:

(G,G,) ' -&
Sp_zelrlolali_ 22d§ l-

(4) The spin vertex in the Cooper channel (particle—
particle), Fig. 16d:

rip = ZGh;iGGl‘L;i‘—o
i,o

(A.11)

' (A.12)
- 2 2
_ (G,G,) ™ + (18" -9))
ds '
The physical vertices can be obtained from these verti-

ceswith the coherent field & by averaging (A.3) over the
fluctuations of the corresponding field.

Thus, we see that the vertex IS is defined by

Eq. (A 9), while al of the other vertices have the
form4

(G,G,) " +3//3
r = ,
ds

(A.13)

13 |t emerges when the triplet pairing is described.
1T hisform is equivalent to (A.10)—(A.12) when averaged.
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where the plus corresponds to the vertices " and ',
and the minus corresponds to the vertex 'y .

Obviously, r(k) = s(k) for the vertex rjh . Indeed, the

expansion for the physical vertex [T gh Ccan be obtained

by inserting the corresponding free vertex in al the
electron lines of an arbitrary diagram for the single-par-
ticle Green function. Inserting this vertex changes nei-
ther the direction of the electron line nor the spin pro-
jection; accordingly, the diagram combinatorics does
not change either.

In the limit of an infinite correlation length, any
skeleton diagram for the vertex differs from the ladder
diagram of the same order with the interaction
(W?/3)3(q — Q) only by the sign and the factor 2P,
where p is the number of wavy lines. Thus, the sum of
all skeleton diagrams of a given order may be replaced
with the corresponding ladder diagram with the interac-
tion (W%3)d(q — Q) multiplied by the combinatorial
factor, which we call the number of skeleton diagrams
of agiven order.

The first term in Egs. (A.9)«(A.12) is the same for
all vertices and generates the numbers of skeleton dia-
grams of even (in WP) order when averaged (since this
term corresponds to the terms with i = 1 in these equa-
tions). Thus, the numbers of skeleton diagrams of even
order arethe samefor all four vertices. The second term
in these equations generates the numbers of diagrams
of odd order (it corresponds to the terms with i = 2).
Consequently, the numbers of skeleton diagrams of odd
order for all three vertices defined by (A.13) are+1/3 of

the corresponding numbers of for the vertex Ff,h . The

minus corresponding to the vertex 'y’ can be offset by

changing the sign in the recurrence procedure for this
vertex. Consequently, the sign of the second term
in (A.13) determines the sign in the recurrence proce-
dure (13) for these vertices, and the combinatorial coef-
ficientsr(k) are the same for these three vertices.

The number of skeleton diagrams of order L is®

3" [ . (A.14)

1<ksL

Thus, we obtain

r(k) =

1<k<2n

s(k)

1<k<2n

(A.15)

15The factor 3- emerges, because the recurrence procedure (13)
and the combinatorial coefficients r(k) correspond to the expan-
sion in a power series of W2, while the number of skeleton dia-
grams was determined for the expansion in a power series of

W23
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forevenL=2n+1and

r(K) =% M s (A.16)

l1<ks<2n+1 1<ks<2n+1

for odd L = 2n + 1; whence, given (9), follows (14).
In this paper, we were mainly interested in the ver-

tex 2" . The above analysis shows that a constant-sign

procedure emerges for this vertex for the case of s-type
paring where the symmetry factor e(p), which must
appear in the vertex, isequal to unity. In contrast, in the
case of d-type paring where the superconducting gap
when switching over to Q changes sign (i.e., ep) =
—e(p + Q)), the sign of the recurrence procedure must
be reversed [6], and the procedure becomes an alternat-
ing one. For the Ising spin fluctuations considered
in [6], the situation with the sign of the recurrence pro-
cedurefor the vertex isreverse. This somewhat surpris-
ing result can be easily understood from Eq. (A.12) for

thevertex 'Y . Thetwo transverse components (i.e., the
field 8, vanish in the Ising moddl, causing the sign of
the second term in (A.12) and, hence, in the recurrence
procedure to change.
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We generalize the dynamical-mean field theory (DMFT) by including into the DMFT equations dependence on
the correlation length of the pseudogap fluctuations via the additional (momentum dependent) self-energy X,.
This self-energy describes nonlocal dynamical correlations induced by short-ranged collective SDW-like anti-
ferromagnetic spin (or CDW-like charge) fluctuations. At high enough temperatures, these fluctuations can be
viewed as a quenched Gaussian random field with finite correlation length. This generalized DMFT + X,
approach is used for the numerical solution of the weakly doped one-band Hubbard model with repulsive Cou-
lomb interaction on a square lattice with nearest and next nearest neighbor hopping. The effective single impu-
rity problem is solved by using a numerical renormalization group (NRG). Both types of strongly correlated
metals, namely, (i) doped Mott insulator and (ii) the case of the bandwidth W < U (U—value of local Coulomb
interaction) are considered. By calculating profiles of the spectral densities for different parameters of the
model, we demonstrate the qualitative picture of Fermi surface destruction and formation of Fermi arcs due to
pseudogap fluctuations in qualitative agreement with the ARPES experiments. Blurring of the Fermi surface is

enhanced with the growth of the Coulomb interaction. © 2005 Pleiades Publishing, Inc.
PACS numbers: 71.10.Fd, 71.10.Hf, 71.27.4a, 71.30.+h, 74.72.-h

The pseudogap formation in the electronic spectrum
of underdoped copper oxides [1, 2] is an especially
striking anomaly of the normal state of high tempera-
ture superconductors. Despite continuing discussions
on the nature of the pseudogap, we believe that the pref-
erable scenario for its formation is most likely based on
the model of strong scattering of the charge carriers by
short-ranged antiferromagnetic (AFM, SDW) spin fluc-
tuations [2, 3]. In momentum representation, this scat-
tering transfers momenta of the order of Q = (7/a, ™/a)
(a—]lattice constant of a two dimensional lattice). This
leads to the formation of structures in the one-particle
spectrum that are precursors of the changes in the spec-
tra due to long-range AFM order (period doubling). As
a result, we obtain non-Fermi liquidlike behavior
(dielectrization) of the spectral density in the vicinity of
the so-called hot spots on the Fermi surface appearing
at intersections of the Fermi surface with the antiferro-
magnetic Brillouin zone boundary [2].

Within this spin-fluctuation scenario, a simplified
model of the pseudogap state was studied [2, 4, 5]
under the assumption that the scattering by dynamic
spin fluctuations can be reduced for high enough tem-
peratures to a static Gaussian random field (quenched
disorder) of pseudogap fluctuations. These fluctuations
are characterized by a scattering vector from the vicin-
ity of Q with a width determined by the inverse corre-
lation length of short-range order k¥ = ' and by the

I The text was submitted by the authors in English.
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appropriate energy scale A (typically of the order of the
crossover temperature 7% to the pseudogap state [2]).

Undoped cuprates are antiferromagnetic Mott insu-
lators with U > W (U—value of the local Coulomb
interaction, W—bandwidth of the noninteracting band),
so that correlation effects are actually very important. It
is thus clear that the electronic properties of under-
doped (and, probably, also of optimally doped)
cuprates are governed by strong electronic correlations
too, so that these systems are typical strongly correlated
metals. Two types of correlated metals can be distin-
guished: (i) the doped Mott insulator and (ii) the band-
width controlled correlated metal W = U.

A state of the art tool to describe such correlated
systems is the dynamical mean-field theory (DMFT)
[6-10]. The characteristic features of correlated sys-
tems within the DMFT are the formation of incoherent
structures (the so-called Hubbard bands) split by the
Coulomb interaction U, and a quasiparticle (conduc-
tion) band near the Fermi level dynamically generated
by the local correlations [6—10].

Unfortunately, the DMFT is not useful for the study
of the antiferromagnetic scenario of pseudogap forma-
tion in strongly correlated metals. This is due to the
basic approximation of the DMFT, which amounts to
the complete neglect of nonlocal dynamical correlation
effects [6-10]. As a result, within the standard DMFT
approach, the Fermi surface of a quasiparticle band is
not renormalized by interactions and just coincides
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with that of the bare quasiparticles [7]. Recently, we
have formulated a semiphenomenological DMFT + X,
approach [11] allowing the introduction of a length
scale (nonlocal correlations) into DMFT. Below, we
present the basic points of this approach with applica-
tion to the Fermi surface renormalization due to
pseudogap fluctuations.

To include nonlocal effects while remaining within
the usual impurity analogy of DMFT, we propose the
following procedure. To be definite, let us consider a
standard one-band Hubbard model. The major assump-
tion of our approach is that the lattice and Matsubara
time Fourier transform of the single-particle Green’s
function can be written as

1

Gy(w) = io+u—e(k)—Z(0) - Z(w)’

ey

where X(m) is the local contribution to self-energy sur-
viving in the DMFT (@ = n7(2n + 1)), while X, (®) is
some momentum dependent part. We suppose that this
last contribution is due to either electron interactions
with some additional collective modes, order parameter
fluctuations, or may be due to similar nonlocal contri-
butions within the Hubbard model itself. To avoid pos-
sible confusion, we must stress that X, (i®) can also
contain a local (momentum independent) contribution
that obviously vanishes in the limit of infinite dimen-
sionality d — oo and is not taken into account within
the standard DMFT. Due to this fact, there is no double
counting problem within our approach for the Hubbard
model. It is important to stress that the assumed addi-
tive form of self-energy X(w) + X, (®) implicitly corre-
sponds to the neglect of possible interference from
these local (DMFT) and nonlocal contributions.

The self-consistency equations of our generalized
DMEFT + X, approach are formulated as follows [11]:

(1) Start with some initial guess of the local self-
energy Z(m); e.g., X(®) = 0.

(2) Construct X, () within some (approximate)
scheme taking into account the interactions with collec-

tive modes or order parameter fluctuations that in gen-
eral can depend on X(®) and L.

(3) Calculate the local Green’s function

_1 1

Gi(®) = N%i(z) e 3@ -S(w) 2
(4) Define the Weiss field

G (0) = Z(0) + G (). 3)

(5) Using some impurity solver to calculate the sin-
gle-particle Green’s function for the effective Anderson
impurity problem defined by Grassmann integral

1 .
7 [ DeioDeigeio(Dels(T)exp(=Ser) (4)
eff’

Gy (t-1) =
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with effective action for a fixed (impurity) i

B B
Ser = _JdTIJdTZCiG(TI)(gBI(Tl —Tz)C:o(Tz)

0 0
A 5)

+ [atUng(Dn(v),

0
Zoie = J.Dc;rG Dc;sexp(=S), and f = T-!. This step pro-

duces a new set of values G;,l (w).

(6) Define a new local self-energy
Z(0) = G (0)- Gy (). (©)

(7) Using this self-energy as the initial one in step 1,
continue the procedure until (and if) convergency is
reached to obtain

Gi(w) = Gy(o). (7

Eventually, we get the desired Green’s function in
the form of (1), where X(w) and Z, () are those appear-
ing at the end of our iteration procedure.

For the momentum dependent part of the single-par-
ticle self-energy, we concentrate on the effects of scat-
tering of electrons from collective short-range SDW-
like antiferromagnetic spin (or CDW-like charge) fluc-
tuations. To calculate %, (®) for an electron moving in
the quenched random field of (static) Gaussian spin (or
charge) fluctuations with dominant scattering momen-
tum transfers from the vicinity of some characteristic
vector Q (the hot spots model [2]), we use the following
recursion procedure proposed in [12, 4, 5], which takes
into account all the Feynman diagrams describing the
scattering of electrons by this random field:

L(w) = X, (0k), )
with
2, (0k)
2 s(n) )

i0+U-2(w)-¢,(k)+inv,k-%,, (0k)
The quantity A characterizes the energy scale, and k =
&-!is the inverse correlation length of short range SDW
(CDW) fluctuations; €,(k) =&k + Q) and v, = | vy, ol +
| Vi+ ol for odd n, while €,(k) = &(k) and v, = | vy | +

| vi. | for even n. The velocity projections vy and vy,
are determined by the usual momentum derivatives of
the bare electronic energy dispersion €(k). Finally, s(n)
represents a combinatorial factor with

(10)

s(n) =n
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for the case of commensurate charge (CDW type) fluc-
tuations with Q = (1/a, ™/a) [12]. For incommensurate
CDW fluctuations [12], one finds

ntl for odd n

s(n) = (11)
n
> for even n.

If we take into account the (Heisenberg) spin structure
of the interaction with spin fluctuations in nearly anti-
ferromagnetic Fermi liquid (the spin-fermion (SF)
model [4]), the combinatorics of the diagrams becomes
more complicated and the factor s(n) acquires the fol-
lowing form [4]:

n+2 for odd n

s(n) = (12)
n
3 for even n.

Obviously, with this procedure, we introduce an impor-
tant length scale & not present in standard DMFT. Phys-
ically, this scale mimics the effect of the short-range
(SDW or CDW) correlations within the fermionic bath
surrounding the effective Anderson impurity. Both the
parameters A and & can, in principle, be calculated from
the microscopic model at hand [11].

In the following, we will consider both A and espe-
cially § as some phenomenological parameters to be
determined from experiments. This makes our
approach somehow similar in spirit to the Landau
approach to Fermi liquids.

In the following, we discuss a standard one-band
Hubbard model on a square lattice. With the nearest (7)
and next nearest (#') neighbor hopping integrals, the
bare dispersion then reads

&(k) = -2t(cosk,a + cosk,a) — 4t cosk,acosk,a, (13)

where a is the lattice constant. The correlations are
introduced by a repulsive, local two-particle interaction
U. We choose as the energy scale the nearest neighbor
hopping integral ¢ and as the length scale the lattice
constant a. All the energies below are given in units of ¢.

For a square lattice, the bare bandwidth is W= 8¢. To
study a strongly correlated metallic state obtained as a
doped Mott insulator, we use U = 40¢ as the value for
the Coulomb interaction and a filling n = 0.8 (hole dop-
ing). The correlated metal in the case of W = U is con-
sidered for the case of U = 4¢ and the filling factor n =
0.8 (hole doping). For A, we choose rather typical val-
ues between A = 0.1¢ and A = 2¢ (actually, the approxi-
mate limiting values obtained in [11]), and, for the cor-
relation length, we took & = 10a (being motivated
mainly by the experimental data for cuprates [2, 4]).

The DMFT maps the lattice problem onto an effec-
tive, self-consistent impurity defined by Eqgs. (4), (5). In
our work, we employed as an impurity solver the reli-
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able method of a numerical renormalization group
(NRG) [13, 14].

As already discussed in the Introduction, the charac-
teristic feature of the strongly correlated metallic state
is the coexistence of lower and upper Hubbard bands
split by the value of U with a quasiparticle peak at the
Fermi level.

Once we get a self-consistent solution of the
DMEFT + X%, equations with nonlocal fluctuations, we
can compute the spectral functions A(, k) for real m:

1 1
A(o, k) = —=1
(@ k) T mm+u—e(k)—2(m)—2k(oo)’
where the self-energy X(®) and chemical potential p
are calculated self-consistently. The densities of states
can be calculated by integrating (14) over the Brillouin
zone.

Extensive calculations of the densities of states,
spectral densities, and ARPES spectra for this model
were performed in [11]. In the general case, a
pseudogap appears in the density of states within the
quasiparticle peak (correlated conduction band). The
qualitative behavior of the pseudogap anomalies is sim-
ilar to those for the case of U =0 [2, 5]; e.g., a decrease
of & makes the pseudogap less pronounced, while
reducing A narrows the pseudogap and also makes it
more shallow. For the doped Mott insulator, we find
that the pseudogap is remarkably more pronounced for
the SDW-like fluctuations than for the CDW-like fluc-
tuations. Thus, below, we present mainly the results
obtained using combinatorics (12) of the spin-fermion
model.

As was noted above, within the standard DMFT
approach, the Fermi surface is not renormalized by
interactions and just coincides with that of the bare qua-
siparticles [7]. However, in the case of the nontrivial
momentum dependence of the electron self-energy,
important renormalization of the Fermi surface appears
due to pseudogap formation [4]. There are a number of
ways to define a Fermi surface in a strongly correlated
system with pseudogap fluctuations. In the following,
we use intensity plots (within the Brillouin zone) of the
spectral density (14) taken at ® = 0. These are readily
measured by ARPES, and the appropriate peak posi-
tions define the Fermi surface in the usual Fermi liquid
with ease.

In Figs. la—1c, we show such plots for the case of
uncorrelated metal (U = 0) with pseudogap fluctuations
obtained directly from the Green’s function defined by
the recursion procedure (8), (9). For comparison, in
Fig. 1d, we show renormalized Fermi surfaces obtained
for this model using a rather natural definition of the
Fermi surface as defined by the solution of the equation

o-¢(k)+pn—ReX(mw)-ReX (w) =0 (15)
for ® =0, which was used, e.g., in [4]. It is seen that this

last definition produces Fermi surfaces close to those
defined by the intensity plots of the spectral density

(14)
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Fig. 1. Fermi surfaces obtained for the uncorrelated case of U = 0 and the filling factor n = 0.8. Shown are intensity plots of the
spectral density (14) for @ = 0. A = (a) 0.1¢; (b) 0.31; (c) #; (d) Fermi surfaces obtained solving Eq. (15). The dashed line denotes a

bare Fermi surface.

only for small values of A, while, for larger values, we
can see a rather unexpected topological transition. At
the same time, the spectral density intensity plots
clearly demonstrate destruction of the Fermi surface in
the vicinity of the hot spots with Fermi arcs forming
with the growth of A similar to those seen in the pio-
neering ARPES experiments of Norman et al. [15] and
confirmed later in numerous works.

In Fig. 2, we show our results for the case of corre-
lated metal with U = 4¢, and, in Fig. 3, for the doped
Mott insulator with U = 40¢. Again, we see the qualita-
tive behavior clearly demonstrating the destruction of
the well defined Fermi surface in the strongly corre-
lated metal with the growth of the pseudogap amplitude
A. The role of finite U reduces to a lower intensity of
spectral density in comparison with the case of U =0
and leads to additional blurring, thus, making the hot
spots less visible. Again, the destruction of the Fermi
surface starts in the vicinity of the hot spots for small
values of A, but, almost immediately, it disappears in
the whole antinodal region of the Brillouin zone, while
only Fermi arcs remain in the nodal region very close to
the bare Fermi surface. These results give a natural
explanation for the observed behavior and also for the
fact that the existence of regions of hot spots was
observed only in some rare cases [16].

For the case of the doped Mott insulator (U = 40¢)
shown in Fig. 3, we see that the Fermi surface is rather

JETP LETTERS  Vol. 82 No. 4 2005

poorly defined for all the values of A, as the spectral
density profiles are much more blurred than in the case
of smaller values of U, thus, reflecting the important
role of correlations.

It is interesting to note that, from Figs. 2 and 3, it is
clearly seen that the natural definition of the Fermi sur-
face from Eq. (15) is quite inadequate for correlated
systems with finite U and nonlocal interactions
(pseudogap fluctuations), thus, signifying the increased
role of strong correlations.

To summarize, we propose a generalized DMFT +
%, approach that is meant to take into account the
important effects due to nonlocal correlations in a sys-
tematic but, to some extent, phenomenological fashion.
The main idea of this extension is to stay within the
usual effective Anderson impurity analogy and intro-
duce length scale dependence due to nonlocal correla-
tion via the effective medium (bath) appearing in the
standard DMFT. This becomes possible by incorporat-
ing scattering processes of fermions in the bath from
nonlocal collective SDW-like antiferromagnetic spin
(or CDW-like charge) fluctuations. Such a generaliza-
tion of the DMFT allows one to overcome the well-
known shortcoming of the k independence of the self-
energy of the standard DMFT. It, in turn, opens the pos-
sibility to access the physics of low-dimensional
strongly correlated systems where different types of
spatial fluctuations (e.g., of some order parameter)
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Fig. 2. Destruction of the Fermi surface as obtained from the DMFT + Z calculations for U = 4t and n = 0.8. The notations are the
same as used in Fig. 1. A = (a) 0.2#; (b) 0.4¢; (c) t; (d) 2¢. Black lines show the solution of Eq. (15).
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Fig. 3. Fermi surfaces obtained from the DMFT + Z calculations for U = 40t and n = 0.8. The other parameters and notations are
the same as in Fig. 2.
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become important in a nonperturbative way (at least
with respect to the important local dynamical correla-
tions). However, we must stress that our procedure in
no way introduces any kind of systematic 1/d expan-
sion, being only a qualitative method to include a length
scale into DMFT.

In our present study, we addressed the problem of
the Fermi surface renormalization (destruction) by
pseudogap fluctuations in the strongly correlated metal-
lic state. Our generalization of DMFT leads to nontriv-
ial and, in our opinion, physically sensible k depen-
dence of spectral functions, thus, leading to Fermi sur-
face renormalization quite similar to that observed in
ARPES experiments.

Similar results were obtained in recent years using
the cluster mean-field theories [17]. The major advan-
tage of our approach over these cluster mean-field the-
ories is that we stay in an effective single-impurity rep-
resentation. This means that our approach is computa-
tionally much less costly and therefore easily
generalizable for the description of additional interac-
tions.
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Pseudogaps in strongly correlated metals: A generalized dynamical mean-field theory approach

M. V. Sadovskii,! I. A. Nekrasov,"2 E. Z. Kuchinskii,! Th. Pruschke,? and V. I. Anisimov?
Unstitute for Electrophysics, Russian Academy of Sciences, Ekaterinburg, 620016, Russia
2Institute for Metal Physics, Russian Academy of Sciences, Ekaterinburg, 620219, Russia

3Institut fiir Theoretische Physik, Universitit Gottingen, Germany
(Received 4 March 2005; revised manuscript received 20 June 2005; published 6 October 2005)

We generalize the dynamical-mean field (DMFT) approximation by including into the DMFT equations
some length scale £ via a momentum dependent external self-energy 2. This external self-energy describes
nonlocal dynamical correlations induced by the short-ranged collective spin density wave-like antiferromag-
netic spin (or the charge density wave-like charge) fluctuations. At high enough temperatures these fluctuations
can be viewed as a quenched Gaussian random field with a finite correlation length. This generalized
DMFT+3, approach is used for the numerical solution of the weakly doped one-band Hubbard model with
repulsive Coulomb interaction on a square lattice with the nearest and the next nearest neighbor hopping. The
effective single impurity problem in this generalized DMFT+3, is solved by the numerical renormalization
group. Both types of the strongly correlated metals, namely: (i) The doped Mott insulator and (ii) the case of
the bandwidth W= U (U—value of the local Coulomb interaction) are considered. The densities of states, the
spectral functions, and the angle resolved photoemission spectra calculated within the DMFT+3, show a
pseudogap formation near the Fermi level of the quasiparticle band.

DOI: 10.1103/PhysRevB.72.155105

I. INTRODUCTION

Among the numerous anomalies of the normal phase of
high-temperature superconductors the observation of a
pseudogap in the electronic spectrum of underdoped copper
oxides!? is especially interesting. Despite continuing discus-
sions on the nature of the pseudogap, the preferable scenario
for its formation is most likely based on the model of strong
scattering of the charge carriers by a short-ranged antiferro-
magnetic (AFM) or spin density wave (SDW) spin
fluctuations.>? In a momentum representation, this scattering
transfers momenta of the order of Q=(m/a,m/a) (a—Iattice
constant of a two-dimensional lattice). This leads to the for-
mation of structures in the one-particle spectrum, which are
precursors of the changes in the spectra due to the long-range
AFM order (period doubling). As a result, we obtain non-
Fermi-liquidlike behavior (dielectrization) of the spectral
density in the vicinity of the so called hot spots on the Fermi
surface, appearing at intersections of the Fermi surface with
an antiferromagnetic Brillouin zone boundary (Umklapp
surface).?

Within this spin-fluctuation scenario, a simplified model
of the pseudogap state was studied>*> under the assumption
that the scattering by dynamic spin fluctuations can be re-
duced for high enough temperatures to a static Gaussian ran-
dom field (quenched disorder) of pseudogap fluctuations.
These fluctuations are defined by a characteristic scattering
vector from the vicinity of Q, with a width determined by the
inverse correlation length of a short-range order k=&, and
by an appropriate energy scale A (typically of the order of
the crossover temperature 7" to the pseudogap state?).

Undoped cuprates are antiferromagnetic Mott insulators
with U>W (U—value of the local Coulomb interaction,
W—Dbandwidth of noninteracting band), so that correlation
effects are very important. It is thus clear that the electronic
properties of underdoped (and probably also optimally

1098-0121/2005/72(15)/155105(11)/$23.00
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doped) cuprates are governed by strong electronic correla-
tions also, so that these systems are typical strongly corre-
lated metals. Two types of correlated metals can be distin-
guished: (i) the doped Mott insulator and (ii) the bandwidth
controlled correlated metal W= U. Both types will be con-
sidered in this paper.

A state of the art tool to describe such correlated systems
is the dynamical mean-field theory (DMFT).%'° The charac-
teristic features of correlated systems within the DMFT are
the formation of incoherent structures, the so-called Hubbard
bands, split by the Coulomb interaction U, and a quasiparti-
cle (conduction) band near the Fermi level dynamically gen-
erated by the local correlations.®~10

Unfortunately, the DMFT is not useful to the study of the
antiferromagnetic scenario of the pseudogap formation in
strongly correlated metals. This is due to the basic approxi-
mation of the DMFT, which amounts to the complete neglect
of nonlocal dynamical correlation effects.

Besides the extended DMFT,!! which locally includes a
coupling to nonlocal dynamical fluctuations, a straightfor-
ward way to extend the DMFT are the so-called cluster
mean-field theories.!” Two variants of this approach are the
dynamical cluster approximation (DCA) (Ref. 12) and the
cellular DMFT (CDMFT).!3 In particular, the DCA has been
applied to study the low-energy properties of the Hubbard
model, systematically including short- to medium-ranged
nonlocal correlations. Both improve on the cluster perturba-
tion theory (CPT),'*!> an attempt to use finite-size calcula-
tions to obtain approximate results for the thermodynamic
limit.

However, these approaches have certain drawbacks from
both the technical and the interpretation points of view. First,
the effective quantum single impurity problem becomes
rather complex. Thus, most computational methods available
for the DMFT can be applied for the smallest clusters
only,'>!617 j e include nearest-neighbor fluctuations only.
For medium- to long-ranged correlations one is currently re-

©2005 The American Physical Society
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stricted to the Quantum Monte-Carlo.'®!° Since for cluster
problems again a sign problem arises, one is restricted to
relatively small values of the local Coulomb interaction and
high temperatures. Second, the interpretation of electronic
structures found has to be based on a reliable input from
other, typically approximate, complementary techniques.

The aim of the present paper is to propose such an ap-
proach, which on the one hand retains the single-impurity
description of the DMFT, viz a proper account for local cor-
relations and the possibility of using very efficient impurity
solvers like NRG;2%2! on the other hand, we include nonlocal
correlations on a nonperturbative model basis, which allows
one to control characteristic scales and also types of nonlocal
fluctuations. This latter point allows for a systematical study
of the influence of a nonlocal fluctuation on the electronic
properties and in particular provide valuable hints on the
physical origin and the possible interpretation of results
found in, e.g., more refined theoretical approaches.

The paper is organized as follows: In Sec. II we present a
derivation of the self-consistent generalization we call
DMFT+2,, which includes short-ranged dynamical correla-
tions to some extent. Section III describes the construction of
the k-dependent self-energy, and some computational details
are presented in Sec. IV A. Results and discussion are given
in the Sec. IV. Then the paper is ended with a summary (Sec.
V) together with an overview of related recent approaches
and results on a pseudogap issue.

II. INTRODUCING LENGTH SCALE INTO DMFT:

DMFT+2, APPROACH
The basic shortcoming of the traditional DMFT
approach® !0 is the neglect of the momentum dependence of

the electron self-energy. This approximation, in principle, al-
lows for an exact solution of the correlated electron systems
fully preserving the local part of the dynamics introduced by
electronic correlations. To include nonlocal effects, while re-
maining within the usual single impurity analogy, we pro-
pose the following procedure. To be definite, let us consider
a standard one-band Hubbard model from now on. The ex-
tension to multi-orbital or multi-band models is straightfor-
ward. The major assumption of our approach is that the lat-
tice and Matsubara time Fourier transformed of the single-
particle Green function can be written as:

1
iw+p—ek) -2(iw) -2 (in)’

Gyliw) = w=1mT2n+1),

(1)

where . (iw) is the local contribution to the self-energy, sur-
viving in the DMFT, while 3 (iw) is a momentum dependent
part. We suppose that this last contribution is due to either
electron interactions with some additional collective modes
or order parameter fluctuations, or may be due to a similar
nonlocal contribution within the Hubbard model itself.

To avoid possible confusion, we must stress that 2 (iw)
can, in principle, also contain local (momentum independent)
contributions, which obviously vanish in the limit of an in-
finite dimensionality d— and are not taken into account
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within the DMFT. Due to this fact there is no double count-
ing of diagrams within our approach to the Hubbard model.
This question does not arise at all if we consider 2y (iw)
appearing due to some additional interaction. More impor-
tant is that the assumed additive form of the self-energy
S(iw)+2(iw) implicitly corresponds to the neglect of pos-
sible interference of these local (DMFT) and nonlocal con-
tributions. Furthermore, both contributions to the total self-
energy 2(iw)+2(iw) individually obey causality by
construction. Thus, the sum and finally the propagator (1)
constructed from it are causal, too.

The self-consistency equations of our
DMFT+ 3, approach are formulated as follows.

(1) Start with some initial guess of local self-energy
S(iw), e.g., 2(iw)=0.

(2) Construct 2 (iw) within some (approximate) scheme,
taking into account interactions with collective modes or or-
der parameter fluctuations which in general can depend on
S(iw) and u.

(3) Calculate the local Green function

generalized

1

Giliw) =~ -

NE io+pu—ek) —2(iw) - S(io) @
(4) Define the “Weiss field”
Gyl(iw) = 3(iw) + G\ (iw). 3)

(5) Use some “impurity solver” to calculate the single-
particle Green function for the effective single Anderson im-
purity problem, defined by the Grassmanian integral

1 . . .
Gyr—7)="—— J Dc}, Delycio( el (7)exp(= ) (4)
eff

with the effective action for a fixed site (“single impurity”)

B B
Sefr=— J dTlJ dry ci(1) Gy (71 = 1)l (75)
0 0

B
+ f dr Uny(n)n; (7), (5)

0

Zeff=chZ:r Dc;, exp(=S.), and B=T"'. This step produces
a new set of values G;l(ia)).
(6) Define a new local self-energy

(iw) = Gy (i) - Gy (iw). (6)

(7) Using this self-energy as an initial one in step (1),
continue the procedure until (and if) convergency is reached
to obtain

Gi(iw) =G (iw). (7)

Eventually, we get the desired Green function in the form of
(1), where 2 (iw) and 2, (iw) are those appearing at the end
of our iteration procedure. A more detailed derivation of
this scheme within a diagrammatic approach is given in
Appendix A.
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III. CONSTRUCTION OF k-DEPENDENT SELF-ENERGY

For the momentum dependent part of the single-particle
self-energy we concentrate on the effects of the scattering of
electrons from the collective short-range SDW-like antifer-
romagnetic spin [or charge density wave (CDW)-like
charge] fluctuations. To calculate 2y (iw) for an electron
moving in the quenched random field of (static) Gaussian
spin (or charge) fluctuations with dominant scattering mo-
mentum transfers from the vicinity of some characteristic
vector Q (hot spots model?), we use a slightly generalized
version of the recursion procedure proposed in Refs. 4, 5,
and 22 which takes into account all the Feynman diagrams
describing the scattering of the electrons by this random
field. This becomes possible due to a remarkable property of
our simplified version of hot spots model that under certain
conditions the contribution of an arbitrary diagram with in-
tersecting interaction lines is actually equal to the contribu-
tion of some diagram of the same order without intersections
of these lines.>?? Thus, in fact, we can limit ourselves to
consideration of only diagrams without intersecting interac-
tion lines, taking the contribution of diagrams with intersec-
tions into account with the help of additional combinatorial
factors, which are attributed to “initial” vertices or just inter-
action lines.?? As a result, we obtain the following recursion

relation (continuous fraction representation®?):
s(n)
S (iw,k) =A2 .
liwk) iw+u—2(iow) - &,(K) +inv,k—2,,,(iw,K)

(8)

The term 3, (iw,K) of recurring sequence contains all contri-
butions of diagrams with the number of interaction lines =n.
Then

Syliw) =%, (iw.k) )

is actually the sum of all diagrammatic contributions. Since
the convergence of this recursion procedure for 2,(iw,K) is
rather fast, one can set contributions for large enough n equal
to zero and doing recursion backwards to n=1 to get the
desired physical self-energy.’

The quantity A characterizes the energy scale and xk=¢"
is the inverse correlation length of the short-range SDW
(CDW) fluctuations, &,(k)=&(k+Q) and v,=|v,ol+/viql
for odd n while &,(k)=¢(k) and v,=|vy|+[v}| for even n.
The velocity projections vy and vy, are determined by usual
momentum derivatives of the “bare” electronic energy dis-
persion &(k). Finally, s(n) represents a combinatorial factor
with

s(n)=n (10)

for the case of commensurate charge (CDW-type) fluctua-
tions with Q=(7/a, m/a).”> For the incommensurate CDW
fluctuations®> (when Q is not locked to the period of the
reciprocal lattice) one finds

PHYSICAL REVIEW B 72, 155105 (2005)

n+1
5 for odd n
s(n) = . (11)
— for even n.
2

If we want to take into account the (Heisenberg) spin struc-
ture of interaction with spin fluctuations in nearly antiferro-
magnetic Fermi-liquid [spin-fermion (SF) model of Ref. 4,
SDW-type fluctuations], the combinatorics of the diagrams
becomes more complicated. Spin-conserving scattering pro-
cesses obey commensurate combinatorics, while spin-flip
scattering is described by the diagrams of incommensurate
type (charged random field in terms of Ref. 4). In this model,
the recursion relation for the single-particle Green function is
again given by (8), but the combinatorial factor s(n) now
acquires the following form:*

n+2
3 for odd n
s(n) = (12)
L for even n.
3

Obviously, with this procedure we introduce an important
length scale & not present in standard DMFT. Physically this
scale mimics the effect of short-range (SDW or CDW) cor-
relations within fermionic bath surrounding the effective
single Anderson impurity of the DMFT. We expect that such
a length scale will lead to a competition between local and
nonlocal physics.

An important aspect of the theory is that both parameters
A and ¢ can, in principle, be calculated from the microscopic
model at hand. For example, using the two-particle self-
consistent approach of Ref. 23 with the approximations in-
troduced in Refs. 4 and 5, one can derive within the standard
Hubbard model the following microscopic expression for A:

oL (i) _
A= 4U (nm>(nu>[<niT> +(nyy) = 2ngny))]

= Uzﬁrfzﬂz«nn —m))?) = U2<ﬁ:zﬂh>%<§i2>’ (13)

where we consider only scattering from antiferromagnetic
spin fluctuations. The different local quantities—spin fluc-
tuation (,S?), density n and double occupancy (n;;n; )—can
easily be calculated within the standard DMFT.° A detailed
derivation of (13) and the computational results for A ob-
tained by the DMFT using the quantum Monte-Carlo (QMC)
to solve the effective single impurity problem are presented
in Appendix B. A corresponding microscopic expression for
the correlation length & can also be derived within the two-
particle self-consistent approach.”> However, we expect
those results for & to be less reliable, because this approach is
valid only for relatively small (or medium) values of U/t.
Thus, in the following, we will consider both A and espe-
cially & as some phenomenological parameters to be deter-
mined from the experiments.
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IV. RESULTS AND DISCUSSION
A. Computation details

In the following, we want to discuss the results for a
standard one-band Hubbard model on a square lattice. With
the nearest (¢) and next nearest (¢') neighbor hopping inte-
grals the dispersion then reads

&(k) = - 2t(cos k,a + cos kya) — 4t cos k.a cos kya,
(14)

where a is the lattice constant. The correlations are intro-
duced by a repulsive local two-particle interaction U. We
choose as an energy scale, the nearest neighbor hopping in-
tegral # and as a length scale, the lattice constant a.

For a square lattice the bare bandwidth is W=38t. To study
a strongly correlated metallic state obtained as a doped Mott
insulator we use U=40¢ as a value for the Coulomb interac-
tion and a filling n=0.8 (hole doping). The particular choice
of the latter value for U is motivated by two aspects. First,
this value of U leads to an insulating DMFT+ 2, solution at
half-filling. Second, the estimations of U for the stoichio-
metric La,CuO, (high-T prototype compound) based on the
constrained LDA (Ref. 24) calculations typically give U of
the order of 10 eV, which corresponds to 40t with our
choice of parameters. The correlated metal in the case of
W=U is realized via U=4t—a value used in various theo-
retical papers discussing the pseudogap state—and two fill-
ings: half-filling (n=1.0) and n=0.8 (hole doping). As typi-
cal values for A we choose A=t and A=2r (actually as
approximate limiting values—see Appendix B) and for the
correlation length £=2a and £=10a (motivated mainly by
the experimental data for cuprates®?).

The DMFT maps the lattice problem onto an effective,
self-consistent single impurity defined by Egs. (4) and (5). In
our work, we employ as “impurity solvers” two reliable nu-
merically exact methods—quantum Monte-Carlo (QMC)
(Ref. 18) and the numerical renormalization group
(NRG).2021 The calculations were done for the case ' =0 and
t'/t=-0.4 (more or less typical for cuprates) at two different
temperatures 7=0.088: and T=0.356r (for NRG
computations).** QMC computations of double occupancies
as functions of filling were done at temperatures 7=0.1¢ and
T=0.4t.4

Below we present results only for most typical depen-
dences and parameters, more data and figures can be found
in Ref. 26.

B. Generalized DMFT+3, approach: densities of states

Let us start the discussion of our results obtained within
our generalized DMFT+3, approach with the densities of
states (DOS) for the case of the small (relative to bandwidth)
Coulomb interaction U=4¢ with and without pseudogap fluc-
tuations. As already discussed in Sec. I, the characteristic
feature of the strongly correlated metallic state is the coex-
istence of the lower and upper Hubbard bands split by the
value of U with a quasiparticle peak at the Fermi level. Since
at half-filling the bare DOS of the square lattice has a Van—
Hove singularity at the Fermi level (¢'=0) or close to it (in

PHYSICAL REVIEW B 72, 155105 (2005)
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FIG. 1. (Color online) Comparison of DOS obtained from
DMFT(NRG) + 2 calculations for different combinatorical factors
(SF-spin-fermion model, commensurate), inverse correlation
lengths (£7') in units of the lattice constant, temperatures (7), and
the value of pseudogap potential A=2z. The left column corre-
sponds to t'/t=-0.4, the right column to ¢'=0. In all graphs the
Coulomb interaction is U=4t and n=1. The Fermi level corre-
sponds to zero.

case of t'/t=-0.4) one cannot treat a peak on the Fermi level
simply as a quasiparticle peak. In fact, there are two contri-
butions to this peak; (i) the quasiparticle peak appearing in a
strongly correlated metals due to many-body effects and (ii)
the smoothed Van—Hove singularity from the bare DOS.*? In
Figs. 1 and 2 we show the corresponding DMFT (NRG)
DOS without pseudogap fluctuations as black lines for both
the bare dispersions ¢'/r=—0.4 (left panels) and for the
t'=0 (right panels) for two different temperatures T=0.356¢
(lower panels) and T=0.088¢ (upper panels) with fillings
n=1.0 and n=0.8, respectively. The remaining curves in
Figs. 1 and 2 represent results for the DOS with nonlocal
fluctuations switched on with the fluctuation amplitude
A=2¢. For all sets of parameters, one can see that the intro-
duction of nonlocal fluctuations into the calculation leads to
the formation of pseudogap in the quasiparticle peak.
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FIG. 2. (Color online) Comparison of DOS obtained from
DMFT(NRG) + 3 calculations for a filling n=0.8, other parameters
as in Fig. 1.
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FIG. 3. (Color online) Comparison of DOS obtained from
DMFT(NRG)+2 calculations for t'/t=—0.4, T=0.088¢, U=40z,
A=2¢, and filling n=0.8.

The behavior of the pseudogaps in the DOS has some
common features. For example, for ' =0 at half-filling (Fig.
1, right column) we find that the pseudogap is most pro-
nounced. For n=0.8 (Fig. 2, right column) the picture is
almost the same but slightly asymmetric. The width of the
pseudogap (the distance between the peaks closest to the
Fermi level) appears to be of the order of ~2A here. De-
creasing the value of A from 27 to ¢ leads to a pseudogap that
is correspondingly twice smaller and in addition more shal-
low (see Ref. 26). When one uses the combinatorial factors
corresponding to the spin-fermion model [Eq. (12)], we find
that the pseudogap becomes more pronounced than in the
case of commensurate charge fluctuations [combinatorial
factors of Eq. (11)]. The influence of the correlation length &
can be seen as expected. Changing from &'=0.1 to &'
=0.5, i.e., decreasing the range of the nonlocal fluctuations,
slightly washes out the pseudogap. Also, increasing the tem-
perature from 7=0.088¢ to 7=0.356¢ leads to a general
broadening of the structures in the DOS. These observations
remain at least qualitatively valid for ' /r=—0.4 (Figs. 1 and
2, left columns) with an additional asymmetry due to the
next-nearest neighbor hopping. Noteworthy is, however, the
fact that for ¢'/t=—0.4 and £€'=0.5 the pseudogap has al-
most disappeared for the temperatures studied here. Also a
very remarkable point is the similarity of the results obtained
with the generalized DMFT+3, approach with U=4t
(smaller than the bandwidth W) to those obtained earlier
without the Hubbard-like Coulomb interactions.*>

Let us now consider the case of a doped Mott insulator.
The model parameters are t'/t=—0.4 with filling n=0.8, but
the Coulomb interaction strength is now set to U=40¢. The
characteristic features of the DOS for such a strongly corre-
lated metal are a strong separation of the lower and upper
Hubbard bands and a Fermi level crossing by the lower Hub-
bard band (for the non-half-filled case). Without nonlocal
fluctuations the quasiparticle peak is again formed at the
Fermi level; but now the upper Hubbard band is far to the
right and does not touch the quasiparticle peak (as it was for
the case of small Coulomb interactions). DOS without non-
local fluctuations are again presented as black lines in Fig. 3.
The results for the case t'=0 are presented elsewhere.?

With rather strong nonlocal fluctuations A=2¢, a
pseudogap appears in the middle of the quasiparticle peak. In
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FIG. 4. One-eighth of the bare Fermi surfaces for the occupancy
n=0.8 and different combinations (¢,¢') used for the calculation of
spectral functions A(k,w). The diagonal line corresponds to the
Umklapp surface. The full circle marks the so-called hot spot.

addition, we observe that the lower Hubbard band is slightly
broadened by fluctuation effects. Qualitative behavior of the
pseudogap anomalies is again similar to those described
above for the case of U=4t, e.g., a decrease of & makes the
pseudogap less pronounced, reducing A from A=27 to A=t
narrows of the pseudogap and also makes it more shallow,
etc. (see Ref. 26). Note that for the doped Mott-insulator we
find that the pseudogap is remarkably more pronounced for
the SDW-like fluctuations than for CDW-like fluctuations.

There are, however, obvious differences of the case with
U=4t. For example, the width of the pseudogap appears to
be much smaller than 2A, being of the order of A/2 instead
(see Fig. 3). This effect we attribute to the fact that the qua-
siparticle peak itself is actually strongly narrowed now by
the local correlations.

C. Generalized DMFT+3,, approach:
spectral functions A (w,k)

In the previous subsections we discussed the densities of
states obtained self-consistently by the DMFT+ 2, approach.
Once we get a self-consistent solution of the DMFT+2,,
equations with nonlocal fluctuations we can, of course, also
compute the spectral functions A(w,k)

1 1
Alwk) ﬂ_Im o+ u-ek)-2(0) - ()’
where the self-energy 3(w) and the chemical potential u are
calculated self-consistently as described in Sec. II. To plot
A(w,Kk) we choose k points along the bare Fermi surfaces for
different types of lattice spectra and filling n=0.8. In Fig. 4
one can see corresponding shapes of these bare Fermi sur-
faces (presented are only % th of the Fermi surfaces within

the first quadrant of the first Brillouin zone).

A natural quantity to inspect is the self-energy (K,
+i6), shown in Fig. 5 for ¢'/r=-0.4, n=0.8, and U=4r (left
column) and U=40¢ (right column). As a representative k
points we chose the center of the first Brillouin zone (I"), the
hot-spot and cold-spot (point B in Fig. 4). The results were
obtained with NRG at a temperature 7=0.088z. The struc-
tures for U=4t are rather broad, but reveal after a closer
inspection features similar to the case U=40¢. For the latter,
the behavior at I" and B is very different from the structures
at the hot-spot. Namely, while for the former two k points
Im X (k,w+i5) shows a nice parabolic maximum at the
Fermi energy, the latter develops a minimum instead. Such a

(15)
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FIG. 5. (Color online) Real (dashed line) and imaginary (full
line) parts of the self-energy 2(k,w) for t/t'=-0.4, U=4t (left
column), and U=40¢ (right column) for characteristic k points: T',
hot-spot (see Fig. 4) and cold-spot (point B in Fig. 4). For all graphs
the filling is n=0.8, temperature 7=0.088¢, inverse correlation
length £'=0.1, value of pseudogap potential A=2¢, and SF
combinatorics.

structure in the self-energy will result in a rather evident
(pseudo) gap in the spectral function at this k point and at
weaker pseudogap behavior in the DOS. Its appearance is
obviously due to the presence of the spin-fluctuations at the
hot-spot. Note that similar features have been observed in
numerically expensive cluster mean-field calculations,?’ too,
with an interpretation as a spin fluctuation induced based on
physical expectations. Our calculations, obtained at a mini-
mum numerical expense, indeed show, that including short-
ranged fluctuations will precisely produce these non-Fermi-
liquid structures in the one-particle self-energy. This
behavior is quite typical for the problem and was observed
by other groups using different methods.!%?-30 In several
works the midgap peak in the pseudogap was obtained with
an explanation of its origin by a particular shape of the self-
energy close to the Fermi level.?82%3!

In the following we concentrate mainly on the case U
=4t and filling n=0.8 [Fermi surface of Fig. 4(a)]. The cor-
responding spectral functions A(w,k) are depicted in Fig. 6.
When t'/t=-0.4 (upper row), the spectral function close to
the diagonal of the Brillouin zone (point B) has the typical
Fermi-liquid behavior, consisting of a rather sharp peak close
to the Fermi level. In the case of the SDW-like fluctuations
this peak is shifted down in energy by about —0.5¢ (left upper
corner). In the vicinity of the hot-spot the shape of A(w,Kk) is
completely modified. Now A(w,k) becomes double-peaked
and non-Fermi-liquidlike. Directly at the hot-spot, A(w,Kk)
for SDW-like fluctuations has two equally intensive peaks
situated symmetrically around the Fermi level and split from
each other by ~1.5A Refs. 4 and 5. For the commensurate
CDWe-like fluctuations the spectral function in the hot-spot
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FIG. 6. Spectral functions A(k,w) obtained from the
DMFT(NRG) +3, calculations along the directions shown in Fig.
4. Model parameters were chosen as U=4f, n=0.8, A=2t,
&1=0.1, and temperature 7=0.088¢. The hot-spot k point is marked
as a fat dashed line. The Fermi level corresponds to zero.

region has one broad peak centered at the Fermi level with
the width ~A. Such a merging of the two peaks at the hot
spot for commensurate fluctuations was previously observed
in Ref. 5. However, close to point A this type of fluctuations
also produces a double-peak structure in the spectral func-
tion.

Spectral functions for the case of U=4¢ at half-filling
(n=1) and for t'/t=-0.4 are similar to those just discussed
for n=0.8. However, the pseudogap is more pronounced in
this case and remains open everywhere close to the Umklapp
surface for SDW fluctuations.?®

In the lower panel of Fig. 6 we show spectral functions
for 20% hole doping (n=0.8) and the case of t'=0 [Fermi
surface from Fig. 4(b)]. Since the Fermi surface now is close
to the Umklapp surface, the pseudogap anomalies are rather
strong and almost nondispersive along the Fermi surface. At
half filling for ' =0 the Fermi surface actually coincides with
the Umklapp surface (in case of perfect nesting the whole
Fermi surface is the hot region). The spectral functions are
now symmetric around the Fermi level. For SDW-like fluc-
tuations there are two peaks split by ~1.5A. Again, CDW-
like fluctuations give just one peak centered at the Fermi
level with width ~A.

For the case of a doped Mott insulator (U=40z, n=0.8),
the spectral functions obtained by the DMFT+2, approach
are presented in Fig. 7. Qualitatively, the shapes of these
spectral functions are similar to those shown in Fig. 6. As
was pointed out above, the strong Coulomb correlations lead
to a narrowing of the quasiparticle peak and a corresponding
decrease of the pseudogap width. As is evident from Fig. 7
the structures connected to the pseudogap are now spread in
an energy interval ~¢, while for U=4t they are restricted to
an interval ~4¢ instead. One should also note that in contrast
to U=4t the spectral functions are now about four times less
intensive, because part of the spectral weight is transferred to
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FIG. 7. Spectral functions A(k,w) obtained from the
DMFT(NRG) +3, calculations for U=40¢; other parameters as in
Fig. 6.

the upper Hubbard band located at about 407 and is well
separated from the quasiparticle peak now.

Using another quite common choice of k points we can
compute A(w,k) along high-symmetry directions in the first
Brillouin zone: TI'(0,0)-X(7,0)—M(a,7)-1(0,0). The
spectral functions for these k points are collected in Fig. 8
for the case of SDW-like fluctuations. Characteristic curves
for the doped Mott insulator are presented in Ref. 26. For all
sets of parameters, one can see a characteristic double-peak
pseudogap structure close to the X point. In the middle of the
M-T" direction (so called “nodal” point) one can see the
reminiscence of the AFM gap which has its biggest value

B B e e e e e e e e g EL
/=04 For all graphs SE 200
A=2t, U=dt, T=0.088t, n=0.8, & '=0.1

—
—

S e

=
<

Spggtral functions A(k,m)
>

rEE SV S T
6-4202468 4202462810

Energy (units of t)

FIG. 8. Spectral functions A(k,w) obtained from the
DMFT(NRG)+3 calculations along high-symmetry directions of
the first Brillouin zone I'(0,0)-X(7,0)-M(m,7)-1(0,0), SF
combinatorics (left row) and commensurate combinatorics (right
column). Other parameters are U=4t, n=0.8, A=2¢, €l=0.1, and
temperature 7=0.088¢. The Fermi level corresponds to zero.
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FIG. 9. ARPES spectra simulated by the multiplication of the
spectral functions obtained from DMFT(NRG) + 3 calculations for
U=4t and n=0.8 in Fig. 6 with the Fermi function at 7=0.088¢
plotted along the lines in the first BZ as depicted by Fig. 4. All other
parameters are the same as in Fig. 6.

here in the case of perfect antiferromagnetic ordering. Also
in the nodal point “kinklike” behavior is observed caused by
interactions between correlated electrons with short-range
pseudogap fluctuations. A change of the filling leads mainly
to a rigid shift of spectral functions with respect to the Fermi
level.

With the spectral functions we are now, of course, in a
position to calculate the angle resolved photoemission spec-
tra (ARPES), which is the most direct experimental way to
observe pseudogap in real compounds. For that purpose, we
only need to multiply our results for the spectral functions
with the Fermi function at temperature 7=0.088¢. A typical
example of the resulting DMFT+2,, ARPES spectra are pre-
sented in Fig. 9. More figures of ARPES-like results obtained
within the DMFT+3, approach for a variety of parameters
can be found in Ref. 26. One should note that for ¢/t
=-0.4 (upper panel of Fig. 9) as k goes from point A to point
B the peak situated slightly below the Fermi level changes its
position and moves down in energy. Simultaneously it be-
comes more broad and less intensive. The dotted line guides
the motion of the peak maximum. Also at the hot spot and
further to point B one can see some signs of the double-peak
structure. Such behavior of the peak in the ARPES is rather
reminiscent of those observed experimentally in underdoped
cuprates.>*32

V. CONCLUSION

In summary, we propose a generalized DMFT+3, ap-
proach, which is meant to take into account the important
effects of nonlocal correlations (in principle of any type) in
addition to the (essentially exact) treatment of local dynami-
cal correaltions by the DMFT. In the standard DMFT the
“bath” surrounding the effective single Anderson impurity is
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spatially uniform since the DMFT self-energy is only energy
dependent. The main idea of our extension is to introduce
nonlocal correlations through the bath, i.e. to make it spa-
tially nonuniform, while keeping standard DMFT self-
consistency equations. Such a generalization of the DMFT
allows us to supplement it with a k-dependent self-energy
3(k,w). It in turn opens the possibility of accessing the
physics of low-dimensional strongly correlated systems,
where different types of spatial fluctuations (e.g., of some
order parameter) become important, in a nonperturbative
way at least with respect to the important local dynamical
correlations. However, we must stress that our procedure in
no way introduces any kind of systematic 1/d expansion,
being only a qualitative method to include a length scale into
the DMFT. Nevertheless, we believe that such a technique
can give valuable insight into the physical processes leading
to the correlation induced k-dependent structures in single-
particle properties.

In this work we model such effects for the two-
dimensional Hubbard model by incorporating into the bath
scattering of fermions from nonlocal collective SDW-like an-
tiferromagnetic spin (or CDW-like charge) short-range fluc-
tuations. The corresponding k-dependent self-energy 3(k, )
is obtained from a nonperturbative iterative scheme.*> Such
a choice of the (K, w) allows us to address the problem of
pseudogap formation in the strongly correlated metallic state.
We showed evidence that the pseudogap appears at the Fermi
level within the quasiparticle peak, introducing a new small
energy scale of the order of pseudogap potential value A in
the DOS and more pronounced in spectral functions A(w,k).
Let us stress that our generalization of the DMFT leads to
nontrivial and in our opinion physically sensible k depen-
dence of spectral functions. It is significant that this particu-
lar choice of 2(k,w) (Refs. 4 and 5) does not cause difficul-
ties to “double counting” problems within our combined
DMFT+3,, approach. Also, the combination of diagrammati-
cally correct techniques such as DMFT (Refs. 6-10) and the
nonlocal self-energy ansatz of Refs. 4 and 5 preserves the
correct analytical properties of the combined self-energy
S(iw)+2(iw), as well as of the corresponding one-electron
propagator (1).

Of course, our pseudogap observations are not entirely
new. Similar results about pseudogap formation in the 2d
Hubbard model were already obtained within cluster DMFT
extensions, i.e., the dynamical cluster approximation (DCA)
(Refs. 12 and 27) and the cellular DMFT (CDMEFT),!6!7
CPT,'#1>3 and two interacting Hubbard sites self-
consistently embedded in a bath.”?® However, these methods
have generic restrictions concerning the size of the cluster,
temperature, or filling accessible and, in the case of the
QMC, values of the local Coulomb energy. Recently, the
EDMFT was also applied to demonstrate the pseudogap for-
mation in the DOS due to dynamic Coulomb correlations.>*
Note, however, that within the EDMFT there is no way to
obtain a k dependence in spectral functions beyond that
originating from the bare electronic energy dispersion. Im-
portant progress was also made with the weak coupling ap-
proaches for the Hubbard model® and the functional renor-
malization group.”>® 1In several papers, pseudogap
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formation was described in the framework of the #-J model.*®
A more general scheme for the inclusion of nonlocal correc-
tions was also formulated within the so called GW extension
to the DMFT.3"-38

While at a first glance the introduction of additional phe-
nomenological parameters (correlation length ¢ and
pseudogap strength A) through the definition of 2(k,w)
seems to take a step back with respect to the methods out-
lined above, it actually opens up the possibility to systemati-
cally distinguish between different types of nonlocal fluctua-
tions and their effects and help to analyze experimental or
theoretical data obtained within more advanced schemes in
terms of intuitive physical pictures. Note, however, that in
principle even the parameters £ and A can be calculated from
the original model.?®

An essential advantage of the proposed combination of
two nonperturbative methods [DMFT and X(k,w) from
Refs. 4 and 5] removes the restrictions on model parameters
in, e.g., cluster mean-field theories. Our scheme works for
any Coulomb interaction strength U, pseudogap strength A,
correlation length &, filling n, and bare electron dispersion
e(Kk) on a 2d square lattice for any set of k points. Although
we presented only high-temperature data in this paper, the
possibility of using Wilson’s NRG to solve the effective im-
purity model also opens the possibiltiy of studying properties
at T=0, which is currently impossible within the DCA or
CDMFT for larger clusters. Moreover, the DMFT+2,, ap-
proach can be easily generalized to orbital degrees of free-
dom, phonons, impurities, etc.

As a further application of our generalized DMFT+2, we
would like to bring the reader’s attention to Ref. 39, which
deals with the problem of the Fermi surface destruction in
high-T,. compounds because of pseudogap fluctuations.
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APPENDIX A: DERIVATION OF GENERALIZED
DMFT+3X, APPROACH

In this Appendix we present a derivation of the general-
ized DMFT+3 scheme for the Hubbard model
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using a diagrammatic approach. The single-particle Green
function in Matsubara representation is as usual given by

1
iv+pu—ek)-2(ink)

Gyliw) = (A2)
To establish the standard DMFT one invokes the limit of
infinite dimensions d— . In this limit only local contribu-
tions to the electron self-energy survive,”’ i.e., E,-j—> 5,-]-2,-,»
or, in reciprocal space, 2 (iw,k) — 2 (iw).

In Fig. 10 we show examples of skeleton diagrams for the
local self-energy, contributing in the limit of d—o0. The
complete series of these and similar diagrams defines the
local self-energy as a functional of the local Green function

3 =F[G;l, (A3)
where
Gilia) =~ - 1 —. (A4)
N i+ p—e(k) - 3(iw)
One then defines the Weiss field
Gy (iw) =3 (iw) + G (iw) (A5)

which is used to set up the effective single impurity problem
with an effective action given by (5). In Dyson’s equation,
the Green function (4) for this effective single impurity prob-
lem can be written as

1
Go'(iw) = 2 (iw)’
and the skeleton diagrams for self-energy X, are just the

same as shown in Fig. 10, with the replacement G;— G,.
Thus we get

Gyliw) = (A6)

2d = F[Gd]’ (A7)

where F is the same functional as in (A3). The two equations
(A6) and (A7) define both G, and 3, for a given Weiss field
Go. On the other hand, for the local X and G;; of the initial
(Hubbard) problem we have precisely the same pair of equa-
tions, (A3) and (A5), and G, in both problems is just the
same, so that

2=2d§

Thus, the task of finding the local self-energy of the
(d— ) Hubbard model is eventually reduced to the calcula-
tion of the self-energy of an effective quantum single impu-

Gii=Gy. (A8)
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FIG. 11. Typical skeleton diagrams for the self-energy in the
DMFT+3, approach. The first two terms are DMFT self-energy
diagrams; the middle two diagrams show contributions to the non-
local part of the self-energy from spin fluctuations (see Sec. III)
represented as dashed lines; the last diagram (b) is an example of
the neglected diagram leading to the interference between the local
and nonlocal parts.

rity problem defined by the effective action of Eq. (5).

Consider now the nonlocal contribution to the self-energy.
If we neglect interference between local and nonlocal contri-
butions [as given, e.g., by the diagram shown in Fig. 11(b)],
the full self-energy is approximately determined by the sum
of these two contributions. Skeleton diagrams for the nonlo-
cal part of the self-energy, 2y (iw), are then those shown in
Fig. 11(a), where the full line denotes the Green function Gy
of Eq. (1), while dashed lines denote the interaction with
static Gaussian spin (charge) fluctuations. These diagrams
are just absent within the standard DMFT (as any contribu-
tion from Ornstein—Zernike type fluctuations vanish for
d— ), and no double counting problems arise at all.

The local contribution to the self-energy is again defined
by the functional (A3) via the local Green function G,
which is now given by Eq. (2). Introducing again a Weiss
field via (A5) and repeating all previous arguments, we again
reduce the task of finding the local part of the self-energy to
the solution of a single impurity problem with an effective
action (5).

To determine the nonlocal contribution Xy (iw) we first
introduce

1 |
T Gl(i0) + Syliw) i+ (k) - 3(iw)

Goliw) (A9)
as the bare Green function for electron scattering by static
Gaussian spin (charge) fluctuations. The assumed static na-
ture of these fluctuations allows one to use the method of
Refs. 4, 5, and 22 and the calculation of the nonlocal part of
the self-energy Xy (iw) reduces to the recursion procedure
defined by Egs. (8) and (9). The choice of the bare Green
function Eq. (A9) guarantees that the Green function dressed
by fluctuations G;l(iw)=gall((iw)—2k(iw), which enters into
the skeleton diagrams for 3, (iw), just coincides with the full
Green functions Gy (iw).

Thus we obtain a fully self-consistent scheme to calculate
both local (due to strong single-site correlations) and nonlo-
cal (due to short-range fluctuations) contributions to electron
self-energy.

APPENDIX B: A IN THE HUBBARD MODEL

In this Appendix we derive the explicit microscopic ex-
pression for pseudogap amplitude A given in Eq. (13).
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Within the two-particle self-consistent approach of Ref. 23,
valid for medium values of U, and neglecting charge fluctua-
tions, we can write down an expression for the electron self-
energy of the form used in Eq. (1), with

S (iw)=Un_, (B1)

as the lowest order local contribution due to the on-site Hub-
bard interaction, surviving in the limit of d— o, and exactly
accounted for in the DMFT (with all higher-order contribu-
tions). Nonlocal contribution to the self-energy (vanishing
for d— o and not accounted within the DMFT) due to inter-
action with spin-fluctuations then leads to the expression

1

2k(iw) =7 spNE E Xsp(q’ m

1

iw+iv,+u—ek+q)
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ur
2k(iw) = Z]T,E 2 Ustsp(q’ Vm)GO(k +q.iw+ iVm)v
m o q

(B2)

where

Uy =51, OV, g;,(0) = it (B3)
<ni1><nz¢>

with <n2> (nyy and <an) (n; )= én in the paramagnetic
phase. For the dynamic spin susceptibility x,,(q.,v,,) we use
the standard Ornstein-Zernike form,?* similar to that used in
the spin-fermion model,* which describes the enhanced scat-
tering with momenta transfer close to the antiferromagnetic
vector Q=(m/a,m/a). With these approximations, we can
write down the following expression for the nonlocal contri-
bution to the self-energy:*>

E E Xsp(Q: )E S(@);

4 0+ p— 8(k+q)

AZ

iw+u—cek+q) -

=AY 5(q)
q

Here we have introduced the static form factor (Ref. 5)

2671 267!

S(q) = (B5)
(qx - Qx)2 + §_2 (qy - Qy)2 + §—2
and the squared pseudogap amplitude
1
=% vaE E Xop( Qs V)
1 1 a2
= ZUUsp[(nm) + <”i1> - 2<niTnii>] = ZUUY,;:; (5,
(B6)

where we have used the exact sum rule for the
susceptibility.*?3 Taking into account Eq. (B3) we immedi-
ately obtain Eq. (13).

Actually, the approximations made in Egs. (B4) and (B5)
allow for an exact summation of the whole Feynman series
for the electron interaction with spin fluctuations, replaced
by the static Gaussian random field. Thus generalizing the
one-loop approximation (B4) eventually leads to the
basic recursion procedure given in Eqgs. (9) and (8) and Refs.
4 and 5.

Using the DMFT(QMC) approach we computed occupan-
cies (n;;), (n;) and double occupancies (n;n; ) required to
calculate the pseudogap amplitude A of Eq. (B6). In Fig. 12
the corresponding values of A are presented. One can see
that A grows when the filling goes to n=1. While U ap-
proaches 8¢ (the value of the bandwidth for a square lattice)

io+u—e(p+Q) +illvy, ol +vp,ol) k sign »

(B4)

A as a function of n grows monotonically. When U becomes
larger than W=8¢ (when a metal-insulator transition occurs)
one can see a local minimum for n=0.9, which becomes
more pronounced with further increase of U. For t'/t=-0.4
and both temperatures, the scatter of A values is smaller than
for the case of t'=0. Also A has a rather weak temperature
dependence. All values of A lie in the interval ~0.757+2¢.
Therefore, for our computations we took only two character-
istic values of A=¢ and A=2t.

2I'I'I'I'I'I'I'I'I'II

t T=0.1t, t'/t=-0.4

& T=0.1t, t'=0

A (units of t)

T=04t, '/t=-04 |

T=0.4t, '=0
05|.|.|.|.|.|.|.|.|.|.
0506070809 1 0.6 0.7 0.8 09 1

Occupancy (n=1 half-filling)
FIG. 12. (Color online) Filling dependence of the pseudogap
potential A calculated with the DMFT(QMC) for the varying Cou-

lomb interaction (U) and the temperature (7) on a two-dimensional
square lattice with two sets of (7,1').
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1. INTRODUCTION

Pseudogap formation in the electronic spectrum
of underdoped copper oxides is an especially striking
anomaly of the normal state of high-temperature
superconductors [1]. Discussions on the nature of the
pseudogap state continue within two main scenar-
ios—of superconducting fluctuations, leading to
Cooper pair formation above 7, or of other order-
parameter fluctuations, in fact competing with super-
conductivity.

We believe that the preferable scenario for
pseudogap formation is most likely based on the
model of strong scattering of the charge carriers by
short-range antiferromagnetic (AFM, SDW) spin fluc-
tuations [1]. In the momentum representation, this
scattering transfers momenta of the order of Q = (n/a,
m/a) (where a is the lattice constant of a two-dimen-
sional lattice). This leads to the formation of struc-
tures in the one-particle spectrum that are precursors
of the changes in the spectra due to a long-range AFM
order (period doubling).

Within this spin-fluctuation scenario, a simplified
model of the pseudogap state was studied [1-3]
under the assumption that the scattering by dynamic
spin fluctuations can be reduced for high enough
temperatures to a static Gaussian random field
(quenched disorder) of pseudogap fluctuations.

1 The text was submitted by the authors in English.

These fluctuations are defined by a characteristic
scattering vector from the vicinity of Q, with a width
determined by the inverse correlation length of the
short-range order, k¥ = &', Actually, a similar model
(formalism) can also be applied to the case of
pseudogaps of a superconducting nature [3].

These models originated from the earlier one-
dimensional model of pseudogap behavior [4, 5], the
so-called fluctuating gap model (FGM), which is
exactly solvable in the asymptotic limit of large cor-
relation lengths of pseudogap fluctuations, k¥ =
&' — 0 [4], and nearly exactly solvable in the case
of finite K, where we can take all Feynman diagrams
of perturbation series into account, albeit using an
approximate ansatz for higher-order contributions [5].

Non-Fermi-liquid behavior of the FGM model
has already been discussed in one [4, 6-8] and two
dimensions [1-3]. However, some interesting
aspects of this model are still under discussion [9].
Below, we analyze different aspects of this anoma-
lous behavior in both one-and two-dimensional ver-
sions, mainly in the case of AFM (SDW) or CDW
pseudgap fluctuations, and also, more briefly, in the
case of superconducting fluctuations, demonstrating
a kind of marginal Fermi-liquid behavior and the
qualitative picture of Fermi surface destruction and
formation of Fermi arcs in two dimensions, similar
to those observed in ARPES experiments on copper
oxides.

415



416

2. POSSIBLE TYPES OF GREEN FUNCTI
ON RENORMALIZATION

We start with a qualitative discussion of possible
manifestations of NFL behavior. The Green function of
the interacting system of electrons is expressed via the
Dyson equation (in the Matsubara representation, with
g,=Q2n+ DrTand §, = vi(p — pr) as!

1

. 1
gn_gp_z(gm ip) ( )

Glent,) = ;

In what follows, we use a rather unusual definition of
the renormalization (residue) Z-factor, introducing it
as [9]:

Z
G(e,, ép) = Z(g, &p)GO(Sm &p) = li(_:gnf’zp) ()
n~ Sp
or
_ ign_gp
0 S = e TE TR (e E) )

= (isn - ép)G(am &p)

We note that Z(e,, §,) is in general complex and actually
determines the full renormalization of the free-electron
Green function G(g,, §,) due to interactions. At the
same time, it is in some sense similar to the standard
residue renormalization factor used in the Fermi-liquid
theory.

We consider possible alternatives for the Z(g,, §,)
behavior.

2.1. Fermi-Liquid Behavior

In a normal Fermi liquid, we can perform the usual
expansion (close to the Fermi level and in obvious nota-
tion) assuming the absence of any singularities in

(e, )

£,)=5(0,0) + ie, 02 (& 5,)

>
(e a(ig,)

n’

0

“)
+on
0

g e
P

In the absence of the static impurity scattering, 2(0, 0)
is real and just renormalizes the chemical potential. We

! Despite our use of the Matsubara representation, we treat €,asa
continuous variable below.
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can then rewrite (1) as

where we have introduced the usual renormalized resi-
due at the pole,

1 Z1__ 0%

Z = e, - 9= |, 6
1- 9% a(ie,)|, ©
d(ie,) |,
and the spectrum of quasiparticles
g 5 82)
=Z| 1+~ . @
&I’ ( a&p ng

The usual analytic continuation to real frequencies now
yields the standard expressions of the normal Fermi-

liquid theory [10, 11] with real 0 < Z <1, conserving
the quasiparticle pole of the Green function.

In the special case where &F = 0, i.e., at the Fermi
surface, which is not renormalized by interactions in
accordance with the Landau hypothesis and Luttinger
theorem, we have

G(Sn! ip) = l—— (8)

Z
€,
i.e., Z coincides with the limit of Z(e, —» 0, € =0)
defined by (2) and (3), and we have the usual pole as
g, — 0. Similarly, for ¢, = 0, we have Z(g, = 0,
& —0~Z.

In general, this behavior is preserved not only in the
case of X(g,, §,) possessing a regular expansion at small

g, and &, but also for X(g,, &,) ~ max(e, , &) with any
o=1.

2.2. Impure Fermi Liquid

In the case of low concentration of random static
impurities, we have X(g, — 0, £, — 0) — const,
with ReZ(0, 0) again giving a shift of the chemical
potential, while Im2(0, 0) ~ vy, where 7 is the impurity
scattering rate. For the Green function, we have

G, &) = — 2 ©)

. s . €

i€, —&p+ zy|—8-”—|
n
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and hence the renormalization factor defined by (3) is
given by

- g, -
2(e,§,) = Z—— S . (10)
ign_gp + l'Y|—£-n—|
For £, =0, we have
~ i€,
e, &, =0) = Z— "
1€, + IYH (11)
€
~ua 0 as |g,| —0
and for g, | < [E,|,
— 7 Eép
Z(8n4>07 ép) =Z €
TR (12)

~%”sgni—:n ~—>0a §,—0,

i.e., impurity scattering leads to a Z-factor vanishing at
the Fermi surface, just removing the usual Fermi-liquid
pole singularity and producing a finite discontinuity of
the Green function at €, = 0. This behavior is due to the
loss of translational invariance of the Fermi liquid the-
ory (momentum conservation) because of impurities. In
fact, Green function (9) is obtained after averaging over
the impurity position, which formally restores transla-
tional invariance, leading to a kind of (trivial) non-
Fermi-liquid (NFL) behavior. We note that this behav-
ior is observed for [g,[, |€,| < 7y, while in the opposite

limit we obviously have a finite Z(g, §,) ~ Z.

2.3. Superconductors and Peierls
and Excitonic Insulators

We now consider the case of an s-wave supercon-
ductor. The normal Gorkov Green function is given by

ie, +§,

. 2 2 27
(ig,) =&, — Al
where A is the superconducting gap. The normal Green
function also takes this form in an excitonic or Peierls

insulator, where A denotes the appropriate insulating
gap in the spectrum [11]. Then

(ie,)’ = (&,)’
(ie,) - &, - A

G(e,§,) = 13)

Z(Em ip) =
(14)
_max (g, &)

—0 for ¢,&, — 0;
|A|2 14
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i.e., we have NFL behavior with the pole of the Green
function at the Fermi surface replaced by a zero, due to
the Fermi surface being closed by the superconducting
(or insulating) gap.

Again, Fermi-liquid-type behavior with a finite
Z-factor is restored for [¢,], [, > |Al.

But the complete description of the superconducting
(excitonic, Peierls) phase is achieved only after the
introduction of the anomalous Gorkov function. The
excitation spectrum on both sides of the phase transi-
tion is determined by different Green functions with
different topological properties [9].

2.4. Non-Fermi-Liquid Behavior Due to Interactions

Non-Fermi-liquid behavior of the Green function
due to interactions may also occur in the case of the sin-
gular behavior X(g,, §,) — o as g, — 0 and
€, —= 0, e.g., a power-like divelrgence2 of X(g,, §,) ~
max(g,”, &;a) with o > 0. Obviously, Z(e, — 0,
€, — 0) —= 0 in this case and we again have a zero
of the Green function at the Fermi surface.

Another possibility is a singular behavior of deriva-
tives of self-energy in (4), e.g., in the case where
(g, &,) ~ max(g, , &) with 0 < o < 1, leading to the
pole singularity of the Green function at the Fermi sur-
face being weaker than usual.

Both types of behavior are realized within the
Tomonaga-Luttinger model in one dimension [12],
where the asymptotic behavior of G(ie,, &,) in the
region of small §, ~ €, can be expressed as

1
G(8n~§p)~w (15)
with o' < 1/2. For o' > 1/2,
G(e,~&,)~A+Be)” . (16)
For32>o'>1,
20" -1
G(e,~&,)~A+Be,+Ce, 17

etc., with the value of o' determined by the interaction
strength.

A special case is given by the so-called marginal
Fermi-liquid behavior assumed [13] for the interpreta-
tion of the electronic properties of CuQO, planes of cop-
per oxides. It is given by

max (g,, §,)

c

E(gm ép) - 7\.1.8"111 (18)

2 An additional logarithmic divergence can also be present here!
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where A is some dimensionless interaction constant and
®, is a characteristic cutoff frequency. If we formally
use (6) at finite €,, we obtain

1
max(g,, §,)’

c

Z(e, E,) ~ (19)

1 -Aln

In this case, the residue at the pole of the Green func-
tion (Z—factor)3 tends to zero at the Fermi surface itself,
and, again, quasiparticles are simply not defined there
at all! However, everywhere outside a narrow (logarith-
mic) region close to the Fermi surface, we have a more
or less usual quasiparticle contribution: quasiparticles
(close to the Fermi surface) are just marginally defined.
At present, there are no generally accepted microscopic
models of the marginal Fermi-liquid behavior in two
dimensions.

3. FLUCTUATING GAP MODEL

The physical nature of the FGM was extensively
discussed in the literature [1-8, 11]. The model based
on the picture of an electron propagating in the (static!)
Gaussian random field of (pseudogap) fluctuations,
leading to scattering with the characteristic momentum
transfer from a close vicinity of some fixed scattering
vector Q. These fluctuations are described by two basic
parameters: the amplitude A and the correlation length
(of short-range order) &', determining the effective
width K = ! of the scattering vector distribution.

In one dimension, the typical choice of the scatter-
ing vector is Q = 2p, (the fluctuation region of the
Peierls transition) [4, 5], while in two dimensions, we
usually mean the so-called hot spot model with Q =
(m/a, m/a) [2, 3]. These models assume the dielectric
(CDW, SDW) nature of pseudogap fluctuations, but
essentially the same formalism can be used in the case
of superconducting fluctuations [3].

The case of superconducting (s-wave) pseudogap
fluctuations in higher dimensions is actually described by
the same one-dimensional version of the FGM [3, 4, 9].

An attractive property of the models under discus-
sion is the possibility of an exact solution achieved by
the complete summation of the whole Feynman dia-
gram series in the asymptotic limit of large correlation
lengths § —» o [4, 6]. In the case of finite correlation
lengths, we can also perform summation of all Feyn-
man diagrams for the single-electron Green function,

3 We note that (19), strictly speaking, cannot give a correct defini-
tion of the residue, because standard expression (6) is defined
only at the Fermi surface itself, where (19) simply does not exist.
In what follows, we therefore prefer the rather unusual definition
in (2).
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using an approximate ansatz for higher-order contribu-
tions in both one [5] and two dimensions [2, 3]. Similar
methods of diagram summation can also be applied in
calculations of the two-particle Green functions (vertex
parts) [2-4, 7, 11, 14].

Our aim is to demonstrate that nearly all aspects of
the NFL behavior discussed above can be nicely
described within different variants of the FGM.

3.1. One Dimension

We limit ourselves here only to the case of incom-
mensurate pseudogap (CDW) fluctuations [4, 5]. The
commensurate case [6, 5] can be analyzed similarly. We
note that the same expressions also apply in the case of
superconducting (s-wave) fluctuations in all dimen-
sions.

In the limit of the infinite correlation length of
pseudogap fluctuations, we have the exact solution for
a single-electron Green function [4, 11] given by

i€, +§,
(ie,)’ — & — (A’

RN A Rl
= S—exp — |Ei 5
A A A

Ge,,) = [dge™
0

(20)

as €,—0, §,—0,

where Ei(—x) denotes the integral exponential function
and we use the asymptotic behavior Ei(—x) ~ In(yx) as

x — 0 (Iny =0.577 is the Euler constant). Then, using
(3), we immediately obtain

82 + §2 82 + §2
— n P v_n )4
Z(e, E,) = |y 2 | 0

E,— 0.

2y

as €,— 0,
Precisely the same result is obtained if, for finite €, and
€, we define

1
|92, §))
d(ig,)

Z(g,,€,) = 22)

similarly to (6). We note that because |¢,|] < A and
€, < A, we obviously have Z > 0, but the usual pole of
the Green function at the Fermi surface (point) of the
normal system is here transformed into a zero due to
pseudogap fluctuations. Because of the topological sta-
bility [9], the singularity of the Green function at the
Vol. 103
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Fermi surface is not destroyed: the zero is also a singu-
larity (with the same topological charge) as the pole.
But the FGM actually gives an explicit example of a
kind of Luttinger or marginal Fermi liquid with a very
strong renormalization of the singularity at the Fermi
surface.

We consider the self-energy corresponding to Green
functions (20):

Z(Sm &p) = ign_gp

- [}d@e{ izgn +2&p 2}
o et -

-1

(23)
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Taking &, = 0 for simplicity and €, — 0, we obtain

- Al ]

1 (24)

Z:(an - O’ ép =

i.e., divergence of the type discussed above.

In the case of finite correlation lengths & = k! of
pseudogap fluctuations, we use the continuous-fraction rep-
resentation of the single-electron Green function derived
n [5] to obtain the renormalization factor as (g, > 0)

ie, - &,

Z(e,€,) =

v , (25)

ien - &p -

A2

i€, +&, +ivyK—

ig,— &, +2ivyK -

which can be studied numerically.

In Fig. 1, we show typical dependences of the renor-
malization factor Z(g,, §,). In all cases, it tends to zero
at the (bare) Fermi surface and the pole of the Green
function disappears. Essentially, this strong renormal-
ization starts on the scale of the pseudogap width; i.e.,
for |e,] < A and [€,| < A, reflecting a non-Fermi-liquid
behavior due to pseudogap fluctuations.

However, the role of finite correlation lengths &
(finite ) is qualitatively similar to static impurity scat-
tering,4 and a more detailed calculation shows that the
Z-factor behaves at small €, < vyK and |E_,p| < vpK (with
g,>0)as

2, E)) = a(l’z‘—“j(e—-%@-j .0

as g,—0, §,—0,

(26)

with o(vyK/A) — 0 as k. — 0, as seen from Fig. 2.
In terms of the Green function, this behavior corre-
sponds to

G(e, Ep) = i“(%{)%% (27)
- il

4 This is due to our approximation of the static nature of pseudogap
fluctuations.
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2A
ie, +&,+3ivek— ...

Therefore, for finite k, the Green function has no zero
at €, =0 and §, = 0 and remains finite as in an impure
system.

The vanishing of the renormalization factor Z(g,, &)
at the bare Fermi surface is in correspondence with the
general topological stability arguments [9]: in the
absence of static impurity-like scattering, the pole sin-
gularity of the Green function is replaced by a zero. In

z
07 ; T . T T T
—x=0.01 4
0.6 H —01 406
-1 . N
05H¢e=0 // 104 2 _
04tF S 102 .
| , c ——ReZ(e) |
03 04  o0s L - Im Z (¢)
02 L £ VPR _ 01 — ReZ(®) _
A —— ImZ )
01F A .
. ]
| | | |
0 0.2 0.4 0.6 0.8 1.0
& &

Fig. 1. Typical dependences of the Z(g,, ﬁp) factor in the
one-dimensional FGM with finite correlation lengths:
dependences of Z(g,, = 0, &) and Z(g,,, §, = 0) on g, and §,
for vpk/A = 0.1. Inset: Dependences of ReZ(g,, =0, ﬁp) on
ﬁp for different values of «k (in units of A/vy). Both €, and
&, are given in units of A.
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Fig. 2. Dependence of a(vgi/A) on the inverse correlation
length.

Fig. 3. Fermi surface in the Brillouin zone and the hot spot
model. The magnetic zone appears, e.g., in the presence of
antiferromagnetic long-range order. Hot spots correspond
to intersections of the magnetic zone borders with the Fermi
surface and are connected by a scattering vector on the order
of Q = (n/a, w/a).

the presence of this additional scattering, this zero is
replaced by a finite discontinuity, and the singularity
therefore persists.

3.2. Hot Spot Model in Two Dimensions

In two dimensions, we introduce the so-called hot
spot model. We consider a typical Fermi surface of
electrons moving in the CuO, plane of copper oxides as
shown in Fig. 3. If we neglect fine details, the observed
(e.g., in ARPES experiments) Fermi surface (and also
the spectrum of elementary excitations) in the CuO,
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plane is in the first approximation described by the
usual tight-binding model,

€(p) = —2t(cosp.a+ cosp,a)
p p Py 28)
—4t'cosp,acosp,a,

where ¢ is the nearest-neighbor transfer integral, ¢' is the
transfer integral between second-nearest neighbors,
and a is the square lattice constant.

Phase transition to the antiferromagnetic state
induces lattice period doubling and leads to the appear-
ance of an antiferromagnetic Brillouin zone in inverse
space, as is also shown in Fig. 3. If the spectrum of car-
riers is given by (28) with ' = 0 and we consider the
half-filled case, the Fermi surface becomes just a square
coinciding with the borders of the antiferromagnetic
zone and we have a complete nesting: flat parts of the
Fermi surface match each other after the translation by
the vector of antiferromagnetic ordering Q = (x7/a,
tm/a). In this case and for 7= 0, the electron spectrum
is unstable, the energy gap appears everywhere on the
Fermi surface, and the system becomes an insulator due
to the formation of an antiferromagnetic spin density
wave (SDW).5 In the case of the Fermi surface shown
in Fig. 3, the appearance of the antiferromagnetic long-
range order, in accordance with the general rules of
band theory, leads to the appearance of discontinuities
of isoenergetic surfaces (e.g., the Fermi surface) at
crossing points with boundaries of a new (magnetic)
Brillouin zone due to a gap opening at points connected
by the vector Q.

In the most part of the underdoped region of the
cuprate phase diagram, the antiferromagnetic long-
range order is absent, but a number of experiments sup-
port the existence of well-developed fluctuations of the
antiferromagnetic short-range order that scatter elec-
trons with the characteristic momentum transfer of the
order of Q. Similar effects may appear due to CDW
fluctuations. These pseudogap fluctuations are again
considered to be static and Gaussian, and characterized
by two parameters: the amplitude A and correlation
length § = ! [1]. In this case, we can obtain a rather
complete solution for the single-electron Green func-
tion via summation of all Feynman diagrams of the per-
turbation series describing scattering by these fluctua-
tions [1-3]. This solution is again exact in the limit as
& —» oo [2] and apparently very close to the exact solu-
tion in case of finite § [15]. Generalizations of this
approach to two-particle properties (vertex parts) are
also quite feasible.

We start again with an exact solution for § — o (or
K =0) [2]. We first introduce the (normal) Green func-

> Analogous dielectrization is also realized in the case of the for-
mation of the similar charge density wave (CDW).
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tion for the SDW (CDW) state with long-range order
(see, e.g., [11]):

i, — &, _
G . — n P-Q ,
(8 ap) ign_ép)(ign_ép—Q)_‘/V2

(29)

where W denotes the amplitude of the SDW (CDW)
periodic potential and &, = &(p) — 1. Then we can write
the appropriate Z factor as

ie, —&))(ig, - &,)

Z(E}'U ip) = 9
(ie, — &) (ig, &) — W’

(30)

where we set §, =&, and §, o = &, for brevity. In what
follows, we are mainly interested in the limit as €, —
Oand &, —= 0, i.e., in the vicinity of the bare Fermi sur-
face. We note that &, = 0 defines the so-called shadow
Fermi surface. We have &, = &, = 0 precisely at the hot
spots. It is convenient to introduce the complex variable

= (ian - gl)(ien - E.&Z)’

€29

which becomes small as €, §;, §, — 0.

3.2.1. Incommensurate combinatorics. In the case
of incommensurate (CDW) pseudogap fluctuations, an
exact solution for the Green function of the FGM in the
limit as § —» oo takes a form similar to (20) [1, 2], and
we obtain (averaging (30) with the Rayleigh distribu-
tion for W)

Z()—deZW 4 .
A’ z—-W
(32)
_ J'd_%e—émz z zzefzm El(%)
A -8 A A
Then, as z — 0 we obtain
Z(z —»0) =~ A%[ln(y'fz) - in] 33)

At the bare Fermi surface, we have &, = 0, and we limit
ourselves to €, > 0 in what follows. From (33), we can
then easily find the limit behavior of Z(z). Some of the
results are as follows.

(1) For g, < |§,|, we have

z7_t8n|§2|
2 A

ReZ(e, <[y, =0 (34)

i.e., the impure-like linear behavior in €,.
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(2) For ¢, > [&,| (i.e., also at the hot spot, where
&, =0), we have

Rez(en > |§2|a &1 = 0)

& (&) 16
=— —1 Y+ 55
A’ A°) 2A
i.e., for &, = 0, NFL behavior similar to the one-dimen-
sional case.

(35)

We note that we always have InZ=0at&, =0, i.e.,
at the shadow Fermi surface and in particular at the hot
spot itself.

3.2.2. Spin-fermion combinatorics. We now con-
sider the spin-fermion (Heisenberg) model for
pseudogap (SDW) fluctuations [2]. In this case, we
again obtain the FGM, but with the gap distribution dif-
ferent from the Rayleigh distribution; instead of (32),
we have

Z(z) = ﬂJdW v
(5)
w’ Z
X exp| —
(5
e ¢ |8
g exp (36)
«/_J‘ 32 2 _C
"5 L))
_Tem )" z
J2m (A2 2
"5 L5
wrl Ltz
2’ 2|
(3
Hence, as z — 0, we obtain
Z(z) = 21“}/;/2)
312
(37)
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On the bare Fermi surface (§, = 0), we then have
2I°(3/2)

Jn

Z(g, — 0, &2’ Cl =0) =

3/2
| -t iE) 1) et ic e

2 2 2
3) 5)
3 3
In particular, for &, = 0, we have ImZ = 0 and
Z(en — 0, E.'Z = E.'l =0)

2
= ReZ(g, —» 0,6, =, =0) = 1%2—)(—27) (39)
3

and we thus obtain the quadratic NFL behavior of the Z
factor. We again present some results on the limit
behavior.

(1) For g, < |,|, we have

2T(312)

Jr

3/2

8rz 27'5 8n|a22|

A
(=2
5)
i.e., the NFL zero behavior.

(2) For ¢, > [§,| (i.e., also at the hot spot, where
&, =0) we have

ReZ(e, <[5, &, =0) =

(40)

2
ReZ(e, > &, &, = 0) = LC/2) &

3

(41)

which is again the NFL zero behavior.

In the general case of finite correlation lengths & =
k!, we have to perform numerical analysis using the
recursive relations proposed in [2, 3]. We again use the
basic definition of the Z factor in (3). To calculate the
self-energy X(g,, §,) of an electron moving in the
quenched random field of (static) Gaussian spin fluctu-
ations with dominant scattering momentum transfers
from the vicinity of the characteristic vector Q, we use
the recursive procedure [2, 3], in which all Feynman
diagrams describing the scattering of electrons by this
random field are taken into account. The sought self-
energy is given by

E(Em &p) = Ek = l(em gp) (42)
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with £, = e(p) — p (cf. (28)) and

zk(gm &p)
2 s(k)
ign +U- Ek(p) + inka - Z:k+ l(sm &p)

(43)

The quantity A again characterizes the energy scale of
pseudogap fluctuations, and x = ! is the inverse corre-
lation length of short-range SDW fluctuations, €,(p) =

e(p + Q) and v = |vi, o +|vi.g for odd k, while

&(p) =&(p) and v; = |V;| + |vly,| for even k. The veloc-

ity projections v, and v, are determined by the usual

momentum derivatives of the bare electron energy dis-
persion €(p) given by (28). Finally, s(k) is a combinato-
rial factor, with

s(k) =k (44)

for commensurate charge (CDW type) fluctuations with
Q = (n/a, w/a) [5]. For incommensurate CDW fluctua-
tions [5], we find

1%1 for odd k
s(k) =

> for even k.

(45)

For the spin-fermion model in [2], the combinatorics of
diagrams becomes more complicated. Spin-conserving
scattering processes obey commensurate combinato-
rics, while spin-flip scattering is described by diagrams
of the incommensurate type (charged random field in
terms of [2]). In this model, the recursive relation for
the single-particle Green function is again given
by (43), but the combinatorial factor s(n) acquires the
form [2]

]%2 for odd &
s(k) =

3 for even k.

(46)

Below, we only present our results for the spin-fermion
combinatorics, because in other cases, we obtain more
or less similar behavior of the renormalization factors.

In Fig. 4, we show the results of numerical calcula-
tion of ReZ(e,, €, = 0) at different points taken at the
bare Fermi surface, shown in the inset. For comparison,
we show the data obtained in the limit of the infinite
correlation length & — o (or k¥ = 0, which is an
exactly solvable case) and for finite ka = 0.01 (i.e., § =
100a). It is clearly seen that in both cases, ReZ ~ 1 at
the nodal point D, except at very small values of €,
while in the vicinity of the hot spot (points A and C) and
Vol. 103
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also at the hot spot itself (point B), ReZ becomes small
in a rather wide interval of €, < A. This corresponds to
an approximately Fermi-liquid behavior in the nodal
region (the vicinity of the Brillouin zone diagonal),
with a kind of marginal Fermi-liquid or Luttinger-liq-
uid (NFL) behavior as we move to the vicinity of the
hot spot.

For completeness, in Fig. 5, we show a similar com-
parison of the dependences of ImZ on ¢, at the same
characteristic points on the Fermi surface and for the
same parameters as in Fig. 4. It is only important to
stress once again that we have ImZ = 0 only at the hot
spot itself (point B), and therefore Z becomes real and
shows a dependence on €, more or less equivalent to
that proposed for marginal Fermi liquids (or Luttinger
liquids).

In all cases, we observe the vanishing of the renor-
malization factor Z(e,, §,) at the bare Fermi surface. In
the absence of static impurity-like scattering due to
finite values of the correlation length § = k!, the pole
singularity of the Green function is replaced by a zero,
reflecting the topological stability of the bare Fermi
surface (the Luttinger theorem) [9]. In the presence of
this scattering, the singularity of the Green function at
the topologically stable bare Fermi surface remains in
the form of a finite discontinuity.

3.3. Spectral Density and Fermi Surface Destruction
in the Hot Spot Model

We return to (29) and perform the usual analytic
continuation to real frequencies, i€, — € + id. We
then obtain

e-¢&,
(e+i86-8)(e—E,+id) - W’
_ e-§,
(E—E.yl)(e—‘:z)— W2+ ia(zg_gl _iz)

G*(e, &) =
(47)

and therefore the spectral density in the case of a long-
range (CDW, SDW) order is given by

An(e.ly) = oG8y

= (e-&,)8[(e-E)(e-&,)) - Wsgn(2e - &, -&)).

Accordingly, for the FGM with the correlation length
§ —» oo, we have

Ae.&y) = [dWPyAy(e.5y), (49)
0
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Fig. 4. Dependence of ReZ on ¢, (in units of ¢) at different
points of the Fermi surface (corresponding to ¢' = —0.4¢ and
W =-1.37) in the hot spot model (the spin-fermion combina-
torics of diagrams) with correlation lengths of § — oo
(x=0) and §_la = xa = 0.01. The pseudogap amplitude is
A =0.1z. Inset: The bare Fermi surface and the points where
the calculations were performed.

ImZ

A
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-047T ko = 0.01
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€

Fig. 5. Dependence of ImZ on ¢, (in units of the transfer

integral 7) at different points of the Fermi surface (corre-
sponding to ¢' = —0.4¢ and p = —1.3¢) in the hot spot model

with the finite correlation length &‘1(1 =Ka =0.01 (the spin-
fermion combinatorics of diagrams). The pseudogap ampli-
tude is A = 0.1#. Inset: the bare Fermi surface and the points
where the calculations were performed.

where Py, is the distribution function of gap fluctua-
tions, depending on the combinatorics of diagrams and
leading to the following separate cases, already consid-
ered (or mentioned) above.

3.3.1. Incommensurate combinatorics. In the case
of incommensurate CDW-like pseudogap fluctuations,
we have

_2W W’
TP

2006

Py (50)
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which is the Rayleigh distribution [4, 11]. From (49),
we then obtain

Ae, &) = egzézexlo( (8_&;(28_&2)) 51)

x0[(e-&))(e-&,)]sgn(2e -, - &»).

For € =0, we have

A(e=0,E,)
’ (52)
= i—zexp(—i—éz)e[ip Erlsgn (€, +&,).
For &, —= 10, we obtain
A(e=0,8,—10,&,) = i‘i—ée(iéz), (53)

and therefore A(e = 0, ép) is nonzero within the Bril-
louin zone only in the space between the bare Fermi
surface and the shadow Fermi surface. This qualitative
result is confirmed below, for all other combinatorics,
in the case of the pure FGM with &' =k =0.

3.3.2. Commensurate combinatorics. In the case
of commensurate CDW-like pseudogap fluctuations,
we have [6]

Py = (54)

1 exp( Wz)
J2mA 2AY)

which is the Gaussian distribution. From (49), we then
obtain

1 e-&,
A(e, &) =
(e ép) «/ECA (e-E)(E-&)y)
Xexp( (E—élz)A(f—éz)) (55)

x0[(e-&))(e-&,)]sgn(2e -, - &)),

with the same qualitative conclusions as in the incom-
mensurate case.

3.3.3. Spin-fermion combinatorics. In the case of
SDW-like pseudogap fluctuations of the (Heisenberg)
spin-fermion model [2], we have the gap distribution

exp . (56)
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From (49), we then obtain

1 J(Ee-E)(Ee-&)

Ace, gp) = N AN
3)
(57)
xem)(g‘QZf‘é)ene—éxe—@n
2(3)

X sgn(2e-E, - &),

again with the same qualitative conclusions as in the
incommensurate case.

In the general case of finite correlation lengths & =
k!, spectral densities can be directly computed using
analytic continuation of recursive relations (42) and
(43) to real frequencies [2, 3].

Actually, two-dimensional contour plots of A(e =0,
€,) (which directly correspond to ARPES intensity
plots) can be used for a practical definition of the renor-
malized Fermi surface and provide a qualitative picture
of its evolution in the FGM with changed model param-
eters.

In Fig. 6, we show typical intensity plots of the spec-
tral density A(e =0, ép) in the Brillouin zone for the hot
spot model both in the case of the infinite correlation
length &' = k¥ = 0 and for a finite (large!) correlation
length &'a = xa = 0.01 (for the spin-fermion combina-
torics of diagrams; in other cases, the behavior is quite
similar) and for different values of the pseudogap
amplitude A. We see that these spectral density plots
give a rather beautiful qualitative picture of the destruc-
tion of the Fermi surface in the vicinity of hot spots for
small values of A, with formation of typical Fermi arcs
as A increases, which qualitatively resembles typical
ARPES data for copper oxides [16, 17].

3.4. Superconducting d-Wave Fluctuations

As noted above, the case of superconducting s-wave
pseudogap fluctuations simply reduces to the one-
dimensional FGM. Much more interesting is the case of
superconducting d-wave fluctuations in two dimen-
sions.

To obtain exact results in the case of the infinite cor-
relation length ! = k= 0, we have only to make simple
replacements in the above expressions for the hot spot
model with incommensurate combinatorics: &, —» &, =

6 We note that for free electrons, A(e = 0, §p) = S(F,p), and therefore

the appropriate intensity plot directly reproduces the bare Fermi
surface.
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Fig. 6. Intensity plots of the spectral density A(e = 0, E_,p) in the Brillouin zone for the hot spots model (' = —0.4¢ and W = —1.3¢) in

the case of infinite correlation length F,’l =K = 0 and for a finite correlation length of E’la =Ka = 0.01 (the spin-fermion combina-
torics of diagrams) with different values of the pseudogap amplitude. The bare Fermi surface is shown by the dashed line.

—Em and A —» A,,, where A, defines the amplitude of
fluctuations with the d-wave symmetry:

A, = %A[cos(pxa)—cos(pya)], (58)

where A now characterizes the energy scale of
pseudogap fluctuations.

Equation (31) then reduces to z = —( ei + &f, ) and we

immediately obtain an expression for the Z factor, sim-
ilar to (21):

2 2 2 2
+
T e

2
P AP
2 2 2 2
in[ En +2§P] ~ o +f-"’ (59)
AP AP
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Xln['y'—n?&l}]HO as gn—>0, E_}p—»O,

Y

again replacing the pole singularity by a zero at the bare
Fermi surface, except for the nodal point at the diagonal
of the Brillouin zone, where A, = 0 (cf. (58)). Instead
of (51), we obtain the spectral density as

e+& e’ -&
A(g, &) = Af, pexp( e p]

P

(60)

x0(e” - ﬁlz,) sgne,

which is nonzero only for [§,| < &. As a result, at € = 0,
we have A(e =0, §,) = 0 for A, # 0, and it is different
from zero only at the intersection of the Brillouin zone
Vol. 103
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ReZ based on the recursive relations introduced for this
1.0 ' ' ' ' D problem in [3], using the basic definition of the Z factor
A=011 in (3). To calculate the self-energy X(g,, §,) of an elec-
08l xa=0.01 tron scattered by static fluctuations of the supercon-
T ) ducting order parameter with the d-wave symmetry, we
use the following relation (similar to (43)) slightly gen-
0.6+ A eralizing relations derived in [3]:
04+ 1.0 A ' o Ek(gm E_,p)
0 <o \_ b _ Aps (k) (62)
a o ie, — (-1)'E, + ikx(|vy] +[v)) 211 (e €)
. . . 0 p, 05 10 ' .
0 002 004 006 008 010 ¢ where s(k) is defined in (43).

Fig. 7. The dependences of ReZ on ¢, (in units of ¢) at dif-
ferent points of the Fermi surface (corresponding to ¢' =
—0.47 and 1 = -1.3¢) in the model of superconducting
(d-wave) pseudpgap fluctuations with the correlation length

?’;’la = Ka = 0.01. The pseudogap amplitude is A = 0.1z.
Inset: The bare Fermi surface and the points where the cal-
culations were performed.

diagonal with the bare Fermi surface, where A, given
by (58) is zero. At the Fermi surface itself, we have

el g’
T AP
P P

with two maxima at € = £A,/ ﬁ .

Considering the general case of finite correlation
lengths & = k!, we again perform numerical analysis

A(g,§,=0) (61)

In Fig. 7, we show the results for ReZ(e,, ép =0),
again taken at different points of the bare Fermi surface,
shown in the inset. The correlation length is & = 100a
(Ka =0.01) and A = 0.1¢. It is clearly seen that ReZ =1
precisely at the nodal point D (where A, = 0), but at
other points on the bare Fermi surface, ReZ is strongly
renormalized in a rather wide intervals of g, < |A,],
tending to zero as €, —= 0. Thus we again obtain a kind
of marginal Fermi liquid or Luttinger liquid (NFL), but
qualitatively different from the case of hot spot model.

In Fig. 8, we also show typical intensity plots of the
spectral density A(e = 0, §,) in the Brillouin zone in the
case of superconducting (d-wave) pseudogap fluctua-
tions with the correlation length &'a = xa = 0.1 and two
different values of A. We see that these spectral density
plots give a totally different picture of the destruction of
the Fermi surface than the one given by the hot spot
model, which also, in our opinion, differs significantly
from most results of the ARPES measurements on cop-

py py
1.0 1.0 0
A=031 A=t !
0.8- 1 xa=0.1 0.8- xa=0.1 5
3
0.6- 0.6-
4
0.4 0.4 \ 5
0.2- 0.2-
T T T T T T T T
0 02 04 06 08 1.0 0 02 04 06 08 1.0
Dy Px

Fig. 8. Intensity plots of the spectral density A(e =0, E_,P) in the Brillouin zone (¢' =—-0.4f and 1 = —1.3¢) in the case of superconducting

(d-wave) pseudogap fluctuations. The correlation length is é’la = ka = 0.1 (with the spin-fermion combinatorics of diagrams) for
two different values of the pseudogap amplitude A = 0.3rand A=1.
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per oxides. The Fermi surface is sharply defined only at
one point (at the diagonal of the Brillouin zone), where
A, given by (58) is precisely zero, and there are no
sharply defined Fermi arcs formed close to this point.
We observe only some more or less wide “dragonfly
wings” formed around this point. We also note the
absence of any signs of the shadow Fermi surface.

4. CONCLUSIONS

We analyzed the rather unusual (NFL) behavior of
the fluctuating gap model of pseudogap behavior in
both one and two dimensions. We studied the quasipar-
ticle renormalization (Z factor) of the single-electron
Green function, demonstrating a kind of marginal
Fermi-liquid or Luttinger-liquid behavior (i.e., the
absence of well-defined quasiparticles close to the
Fermi surface) and also the topological stability of the
bare Fermi surface (the Luttinger theorem). This
reflects strong renormalization effects leading to the
replacement of the usual pole singularity of the Green
function in a Fermi liquid by a zero, thus effectively
replacing the Fermi surface of poles by the Luttinger
surface of zeroes [20]. In the presence of static impu-
rity-like scattering due to the effects of finite correlation
lengths of pseudogap fluctuations, this singularity is
replaced by a finite discontinuity.

In the two-dimensional case, we discussed the effec-
tive picture of destruction of the Fermi surface both in
the hot spot model of dielectric (AFM, CDW)
pseudogap fluctuations and in the qualitatively different
case of superconducting d-wave fluctuations, reflecting
the NFL spectral density behavior and similar to that
observed in ARPES experiments on copper oxides.

Intensity plots obtained in the case of AFM (CDW)
fluctuations, in our opinion, are more similar to the
ARPES intensity data obtained in experiments on cop-
per oxides. We note that this effective picture was also
directly generalized to the case of strongly correlated
metals or doped Mott insulators [18] using the so-called
DMEFT + %, approach in [19].
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Pseudogaps in strongly correlated metals: Optical conductivity within the generalized
dynamical mean-field theory approach
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The optical conductivity of the weakly doped two-dimensional repulsive Hubbard model on the square
lattice with the nearest and next-nearest hoppings is calculated within the generalized dynamical mean-field
(DMFT+Z,) approach, which includes correlation length scale ¢ into the standard DMFT equations via the
momentum dependent self-energy X, with a full account of appropriate vertex corrections. This approach
takes into consideration the nonlocal dynamical correlations induced, e.g., by short-ranged collective spin-
density-wavelike antiferromagnetic spin fluctuations, which (at high enough temperatures) can be viewed as a
quenched Gaussian random field with finite correlation length & The DMFT effective single-impurity problem
is solved by numerical renormalization group. We consider both the case of correlated metal with the band-
width W= U and that of doped Mott insulator with U> W (U—the value of local Hubbard interaction). The
optical conductivity calculated within DMFT+Z2, demonstrates typical pseudogap behavior within the quasi-
particle band, in qualitative agreement with experiments in copper oxide superconductors. For large values of

U, pseudogap anomalies are effectively suppressed.

DOI: 10.1103/PhysRevB.75.115102

I. INTRODUCTION

Pseudogap state is a major anomaly of the electronic
properties of underdoped copper oxides'?>. We believe that
the preferable “scenario” for its formation is most likely
based on the model of strong scattering of electrons by short-
ranged antiferromagnetic (AFM), spin-density-wave (SDW)
spin fluctuations.? This scattering mainly transfers momenta
of the order of Q=(f,’a—7) (a—the lattice constant of a two-
dimensional lattice), leading to the formation of structures in
the one-particle spectrum, which are precursors of the
changes in the spectra due to long-range AFM order (period
doubling) with non-Fermi-liquid-like behavior of the spectral
density in the vicinity of the so-called hot spots on the Fermi
surface, appearing at the intersections of the Fermi surface
with antiferromagnetic Brillouin-zone boundary (umklapp
surface).?

In recent years, a simplified model of the pseudogap state
was studied> under the assumption that the scattering by
dynamic spin fluctuations can be reduced for high enough
temperatures to a static Gaussian random field (quenched
disorder) of pseudogap fluctuations. These fluctuations are
defined by characteristic scattering vectors of the order of Q,
with distribution width determined by the inverse correlation
length of short-range order k=£"! and by appropriate energy
scale A (typically of the order of the crossover temperature
T" to the pseudogap state?).

It is also well known that undoped cuprates are antiferro-
magnetic Mott insulators with U>W (U—the value of the
local Hubbard interaction, W—the bandwidth of noninteract-
ing band), so that correlation effects are very important and
underdoped (and probably also optimally doped) cuprates are
actually typical strongly correlated metals.

The cornerstone of the modern theory of strongly corre-
lated systems is the dynamical mean-field theory (DMFT).>"
At the same time, standard DMFT is not appropriate for the
“antiferromagnetic” scenario of pseudogap formation in

1098-0121/2007/75(11)/115102(11)
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strongly correlated metals due to the basic approximation of
the DMFT, which completely neglects nonlocal dynamical
correlation effects.

Different extensions of DMFT were proposed in recent
years to cure this deficiency, such as extended DMFT
(EDMFT),!%!! which locally includes coupling to nonlocal
dynamical fluctuations, and, most importantly, different ver-
sions of the so-called cluster mean-field theories, such as the
dynamical cluster approximation'> and cellular DMFT.!?
However, these approaches have certain drawbacks. First of
all, the effective quantum single impurity problem becomes
rather complex. Thus, majority of computational tools avail-
able for the DMFT can be used only for small enough
clusters,'” which include mostly nearest-neighbor fluctua-
tions. It is especially difficult to apply these methods to the
calculations of two-particle properties, e.g., optical conduc-
tivity.

Recently, we have proposed a generalized DMFT+X,
approach.'*-1¢ This approach, on the one hand, retains the
single-impurity description of the DMFT, which properly ac-
counts for local correlations, and the possibility to use impu-
rity solvers such as numerical renormalization group
(NRG).?>%6 On the other hand, this approach includes non-
local correlations on a nonperturbative model basis, which
allows us to control the characteristic scales and also the
types of nonlocal fluctuations. This latter point allows us to
systematically study the influence of nonlocal fluctuations on
the electronic properties and, in particular, provides valuable
hints on the physical origin and possible interpretation of the
results. Within this approach, we have studied single-particle
properties, such as pseudogap formation in the density of
states of the quasiparticle band for both correlated metal and
doped Mott insulator, evolution of the non-Fermi-liquid-like
spectral density and angle-resolved photoemission spectra, '3
“destruction” of Fermi surfaces and formation of Fermi
“arcs,”'* as well as impurity scattering effects.'® This formal-
ism was also combined with modern local-density approxi-

©2007 The American Physical Society
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mation (LDA)+DMFT calculations of the electronic struc-
ture of “realistic” correlated systems to formulate the LDA
+DMFT+X,, approach, which was applied for the descrip-
tion of pseudogap behavior in Bi,Ca,SrCu,0g.!"

In this paper, we develop our DMFT +2,, approach for the
calculations of two-particle properties, such as (dynamic) op-
tical conductivity, which is conveniently calculated within
the standard DMFT.”® We show that inclusion of nonlocal
correlations (pseudogap fluctuations) with characteristic
length scale & allows us to describe the pseudogap effects in
longitudinal conductivity of the two-dimensional Hubbard
plane.

The paper is organized as follows. In Sec. II we present a
short description of our DMFT+2,, approach. In Sec. III we
derive the basic DMFT+X, expressions for dynamic (opti-
cal) conductivity, as well as formulate recurrence equations
to calculate the p-dependent self-energy and appropriate ver-
tex part, which take into account all the relevant Feynaman
digrams of perturnbation series over pseudogap fluctuations.
The computational details and basic results for optical con-
ductivity are given in Sec. IV. We also compare our results
with that of the standard DMFT. The paper ends with a sum-
mary, Sec. V, including a short overview of related experi-
mental results.

II. BASICS OF THE DMFT+X, APPROACH

As noted above, the basic shortcoming of the traditional
DMFT approach> is the neglect of momentum dependence
of the electron self-energy. To include nonlocal effects while
remaining within the usual “single-impurity analogy,” we
have proposed'4~' the following (DMFT+X,) approach.
First of all, the Matsubara “time” Fourier-transformed single-
particle Green’s function of the Hubbard model is written in
obvious notations as

1
ie + u—e&(p) - X(ie) — 2, (ie) ’

G(ie,p) =

e=7wT(2n+1), (1)

where 2(ig) is the local contribution to the self-energy of
DMEFT type (surviving in the limit of spatial dimensionality
d— ) while 2 ,(ig) is some momentum dependent part. This
last contribution can be due either to electron interactions
with some “additional” collective modes or to order param-
eter fluctuations or may be induced by similar nonlocal con-
tributions within the Hubbard model itself. No double-
counting problem arises in this approach, as discussed in
detail in Ref. 15. At the same time, our procedure does not
represent any systematic 1/d expansion, as stressed in Refs.
14-16. The basic assumption here is the neglect of all inter-
ference processes of the local Hubbard interaction and non-
local contributions owing to these additional scatterings
(noncrossing approximation for appropriate diagrams),' as
illustrated by the diagrams in Fig. 1.

The self-consistency equations of the generalized DMFT
+X, approach are formulated as follows:'*!>
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(a) (b)

+ o b +

(o) = (i)

FIG. 1. Typical “skeleton” diagrams for the self-energy in the
DMFT+§‘,p approach. The first two terms are examples of the
DMFT self-energy diagrams, the middle two diagrams show some
contributions to the nonlocal part of the self-energy (e.g., from spin
fluctuations) represented as dashed lines, and the last diagram (b) is
an example of the neglected diagrams leading to interference be-
tween the local and nonlocal parts.

(1) Start with some initial guess of local self-energy
2(ie), e.g., 2(ie)=0.

(2) Construct X,(ie) within some (approximate) scheme,
taking into account the interactions with collective modes or
order parameter fluctuations, which, in general, can depend
on Z(iw) and u.

(3) Calculate the local Green’s function,

N 1
G(ie) = N% o+ o= o(p) ~ S (i) — Sy(ie)
(4) Define the “Weiss field”
Go'(ie) =S (ie) + G \(ie). 3)

(5) Using some “impurity solver,” calculate the single-
particle Green’s function G,(ie) for the effective Anderson
impurity problem, placed at lattice site i and defined by the
effective action which is written, in obvious notations, as

2)

B B
Seff=— J dTlJ dry ¢io(1)Gy (71 = o) (1)
0 0

B
+ f dr Un;y(1)n; (7). 4)

0
(6) Define a new local self-energy,
S(iw) = Gy'(iw) - G;'(iw). (5)

(7) Using this self-energy as the “initial” one in step (1),
continue the procedure until (and if) convergency is reached
to obtain

Gilie) =G (ig). (6)

Eventually, we get the desired Green’s function in the form
of Eq. (1), where Z(ig) and X (ie) are those appearing at the
end of our iteration procedure.

III. OPTICAL CONDUCTIVITY IN DMFT+Z2,

A. Basic expressions for optical conductivity

To calculate dynamic conductivity, we use the general ex-
pression relating it to the retarded density-density correlation
function ¥®(w,q) as follows:'$!?
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. )
Rle, Rle,

(@~

(b)
FIG. 2. Full polarization loop (a) with vertex part, which in-

cludes free-electron contribution in addition to the standard vertex,

containing all interactions (b). Here, p,=p+$ and e, =e+5.

. 2
o(w) =~ lim ’Z—zwx%,q), (7)

where e is the electronic charge.

Consider the full polarization loop graph in the Matsubara
representation, as shown in Fig. 2(a), which is conveniently
(with explicit frequency summation) written as

CD(lw,(I) = 2 (I)isis’(iw9q) = 2 (I)is(iwsq)9 (8)

EE

and contains all possible interactions of our model, described
by the full vertex part of Fig. 2(b). Note that we use a
slightly unusual definition of the vertex part to include the
loop contribution without vertex corrections, which shortens
further diagrammatic expressions. Retarded density-density
correlation function is determined by appropriate analytic
continuation of this loop and can be written as

X (w,q) = J %{[f(m) - f(e )10 (q,0)

+fle )P (q,0) - fle,) P (q, @)},  (9)

where f(e) is the Fermi distribution, sizsif, and the two-
particle loops @fA(q,w), (I)fR(q,w), CID’;‘A(q,w) are deter-
mined by appropriate analytic continuations (ie+iw— &+ ®
+i6, ie—e+id, and 56— +0) in Eq. (8). Then we can con-
veniently write the dynamic conductivity as

ol(w) = nm(— ez"’z) f " de{lf(e,) - £l ) [P (q,0)
2mq”) )

q—0
- D0, 0)]+ f(e [P (g, 0) - D(0,0)] - fle.)
X[ @3 (q,0) = P20, )]}, (10)

where the total contribution of the additional terms with zero
g can be shown (with the use of the general Ward
identities?’) to be zero.

To calculate ®,,;./(iw,q) entering the sum over the Mat-
subara frequencies in Eq. (8) in the DMFT+2,, approxima-
tion, which neglects the interference between local Hubbard
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dD-dD-
DD

+ (U] U +...=

A D-dDeD

FIG. 3. Bethe-Salpeter equation for the polarization loop in the
DMFT+ZX, approach. The circles represent irreducible vertex part
of DMFT, which contains only local interactions, surviving in the
limit of d — . The unshaded rectangular vertex represents nonlocal

interactions, e.g., with SDW (pseudogap) fluctuations, which is
similarly defined to Fig. 2(b).

interaction and nonlocal contributions due to additional scat-
terings, e.g., by SDW pseudogap fluctuations,'> we can write
down the Bethe-Salpeter equation, as shown diagrammati-
cally in Fig. 3, where we have introduced the irreducible
(local) vertex U,,;,/(iw) of DMFT and “rectangular” vertex,
defined as in Fig. 2(b) and containing all interactions with
fluctuations. Analytically, this equation can be written as

(I)isis’(iw’ q) = (I)?g(lw’ q) 588’

+ q)?s(iw’ Q)E Uisis"(iw)q)ia”ia’(iwa ‘I) 5

"
€

(1)

where @ (iw,q) is the desired function calculated neglect-
ing vertex corrections due to the Hubbard interaction (but
taking into account all nonlocal interactions with fluctuations
considered here to be static). Note that all ¢ dependence here
is determined by @, (iw,q), as the vertex U,,;, (i) is local
and ¢ independent.

As clearly seen from Eq. (10), to calculate the conductiv-
ity, we need only to find the ¢ contribution to ®(iw,q)
defined in Eq. (8). This can be done in the following way.
First of all, note that all the loops in Eq. (11) contain the g
dependence starting from terms of the order of ¢%. Then, we
can take an arbitrary loop (cross section) in the expansion of
Eq. (11) (see Fig. 3), calculating it up to terms of the order of
qz, and make a resummation of all the contributions to the
right and to the left of this cross section (using the obvious
left-right symmetry of diagram summation in the Bethe-
Salpeter equation), putting q=0 in all these graphs. This is
equivalent to the simple ¢ differentiation of the expanded
version of Eq. (11). This procedure immediately leads to the
following relation for ¢ contribution to Eq. (8):

Hiw) = limCD(iw,q) —ZCD(iw,O)
q—0 q

=2 Yolio,q=0)¢).(iw),
(12)

where
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”{w(iquo) = 1+ u *

FIG. 4. Effective vertex vy;,(iw,q=0) used in the calculations of
conductivity.

. . (D?g(lw’ q) - (I)?g(lw’ 0)
¢?g(lw) = 61]1_{1‘(1) q2 )

(13)

with @ (iw,q) containing the vertex corrections only due to
nonlocal (pseudogap) fluctuations, while the one-particle
Green’s functions in it are taken with self-energies due to
both these fluctuations and local DMFT-like interaction, as in
Eq. (1). The vertex y;.(iw,q=0) is determined diagrammati-
cally as shown in Fig. 4, or analytically,

7ia(iw7q = O) =1+ 2 Uiais”(iw)cbis"is’(iw7q = O)

N
e €

(14)

Now, using the Bethe-Salpeter equation (11), we can explic-
itly write

iais’(iw’q = O) - (D?g(iw,q = 0)
) (iw,q=0)

)
yis(iw’q = 0) =1+ 2

&

E q)isis’(iw’q = 0)

&

D) (iw,q=0) (13)

For q=0, we have the following Ward identity, which can be
obtained by a direct generalization of the proof given in
Refs. 18 and 20 (see the Appendix):

(—iw) P, (iw,q=0)= (- iw) >, D,y (iw,q=0)

= Glie +iw,p) - 2, Glie,p).
P P
(16)

The denominator of Eq. (15) contains vertex corrections only
from nonlocal correlations (e.g., pseudogap fluctuations),
while Green’s functions here are “dressed” both by these
correlations and the local (DMFT) Hubbard interaction.
Thus, we may consider the loop entering the denominator as
dressed by (pseudogap) fluctuations only, but with “bare”
Green’s functions:

PHYSICAL REVIEW B 75, 115102 (2007)

1
ie+u—e(p)-2(ie)’

Gylie,p) = (17)

where 2(ig) is the local contribution to the self-energy from
DMEFT. For this problem, we have the following Ward iden-
tity, similar to Eq. (16) (see the Appendix):

> Glie +iw,p) - 2, Glie,p)
P P

= @) (i0,q=0)[2(ie +iw) - Z(ie) - iw]
= 0 (iw,q=0)[A3(iw) - iw], (18)
where we have introduced

Ad(iw) =2 (ie + iw) — 2(ie). (19)

Thus, using Egs. (16) and (18) in Eq. (15), we get the final
expression for vy, (iw,q=0) as follows:

yalioq=0)= 1 - 2202 (20)
110}
Then, Eq. (12) reduces to
. 2
Pliw) = 2¢§L(z‘w>[1 - AEZ.Z‘")] : (1)

The analytic continuation to real frequencies is obvious, and
using Egs. (12) and (21) in Eq. (10), we can write the final
expression for the real part of dynamic conductivity as

2(() o0
Re o(w) =" J delf(s_) - f(e.)Re

X{ ¢0RA(w){1 _3Ke) -3 ]2

€ ®
R R 2
_¢2RR(M)[1_M:| } (22)

Thus we have achieved a great simplification of our problem.
To calculate the optical conductivity in DMFT+Z2,, we only
have to solve the single-particle problem as described by the
DMFT+Z2, procedure above to determine the self-consistent
values of the local self-energies >(&,), while the nontrivial
contribution of nonlocal correlations is to be included via Eq.
(13), which is to be calculated in some approximation, taking
into account only the interaction with nonlocal (e.g.,
pseudogap) fluctuations, but using the bare Green’s functions
of the form Eq. (17), which include local self-energies al-
ready determined in the general DMFT+X, procedure. Ac-
tually, Eq. (22) also provides an effective algorithm to cal-
culate the dynamic conductivity in standard DMFT
(neglecting any nonlocal correlations), as Eq. (13) is then
easily calculated from a simple loop diagram, determined by
two Green’s functions and free scalar vertices. As usual,
there is no need to calculate the vertex corrections within the
DMEFT itself, as was proven first by considering the loop
with vector vertices.”3
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B. Recurrence relations for self-energy and vertex parts

As we are mainly interested in the pseudogap state of
copper oxides, we shall further concentrate on the effects of
scattering of electrons from collective short-range SDW-like
antiferromagnetic spin fluctuations. In a kind of simplified
approach, valid only for high enough temperatures,>* we
shall calculate X,(iw) for an electron moving in the
quenched random field of (static) Gaussian spin fluctuations,
with dominant scattering momentum transfers from the
vicinity of some characteristic vector Q (hot-spot model?),
using (as we have done in Refs. 14-16) a slightly general-
ized version of the recurrence procedure proposed in Refs. 3,
4, and 21 (see also Ref. 19), which takes into account all
Feynman diagrams describing the scattering of electrons by
this random field. In general, the neglect of fluctuation dy-
namics overestimates pseudogap effects. Referring the reader
to earlier papers for details,>*!#~16 here we just start with
the main recurrence relation determining the self-energy as
follows:

s(k)
ie + pu—2(ie) — g,(p) + invyk — 2, (ie,p)
(23)

Ek(is,p) = Az

Usually, one takes the value of =, for large enough & equal
to zero, and doing the recurrence backwards to k=1, we get
the desired physical self-energy (ie,p)=2,(ie,p).»1%*!

In Eq. (23), A characterizes the energy scale and k=& is
the inverse correlation length of short-range SDW fluctua-
tions; &,(p)=e(p+Q) and v;=|vy, o +[v},ol for odd k while
ei(p)=&(p) and vy=|vy|+[v}| for even k. The velocity pro-
jections vf, and vly) are determined by the usual momentum
derivatives of the bare electronic energy dispersion e(p). Fi-
nally, s(k) represents a combinatorial factor, which is always
assumed here to be that corresponding to the case of Heisen-
berg spin fluctuations in the “nearly antiferromagnetic Fermi
liquid” (spin-fermion model of Ref. 3, SDW-type fluctua-
tions):

k+2

for odd £,
s(k) = (24)

for even k.

W x> W

As was stressed in Refs. 15 and 16 this procedure introduces
an important length scale & not present in standard DMFT,
which mimics the effect of short-range (SDW) correlations
within fermionic “bath” surrounding the DMFT effective
single Anderson impurity.

An important aspect of the theory is that both parameters
A and ¢ can, in principle, be calculated from the microscopic
model at hand,'> but here we consider these as phenomeno-
logical parameters of the theory (i.e., to be determined from
experiments).

Now, to calculate the optical conductivity, we need the
knowledge of the basic block Q?S(iw,q) entering Eq. (13),
or, more precisely, appropriate functions analytically contin-
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€y Pu
R
0RA
t Qo) =
A
€. P-
€y P+
R
ORR S
t (@Qo) =
R
E_ po

FIG. 5. Diagrammatic representation of CDSRA(w,q).

ued to real frequencies, CIDSRA(w,q) and CDSRR(w,q), which in
turn define (l)gRA(w) and qﬁgRR(w) entering Eq. (22) and are
defined by obvious relations similar to Eq. (13):

(DORA , _ q)ORA ’0
¢2RA(0)) — lll’T(l) e (w q)q2 € (w )’ (25)
q—)

(DORR ) —CI)ORR ,O
$F() = lim T @D =P (@0) )
q—0 q

By definition, we have

(I)SRA(‘U’ q) = 2 GR(8+’ p+)GA(8—,p—)FRA(8—a p—;8+’p+),
p

PR (w,q) = X, GF(e,,p,)GR(e_,p )T R(e_,p_;e,.p.).
P

(27)

which are shown diagrammatically in Fig. 5. Here, Green’s
functions GR(e,,p,) and G*(e_,p_) are defined by an
analytic continuation (ie—e&=id) of the Matsubara
Green’s functions (1) determined by the recurrence proce-
dure [Eq. (23)], while vertices I'™(e_,p_;e,,p,) and
I'®R(e_,p_;e,,p,) containing all vertex corrections due to
pseudogap fluctuations are given by the recurrence proce-
dure, derived first (for one-dimensional case) in Ref. 22 (see
also Ref. 19) and generalized for the two-dimensional prob-
lem in Ref. 23 (see also Ref. 3). The basic idea used here is
that an arbitrary diagram for the vertex part can be obtained
by an insertion of an “external field” line into the appropriate
diagram for the self-energy.?>* In our model, we can limit
ourselves only to diagrams with nonintersecting interaction
lines with additional combinatorial factors s(k) in initial in-
teraction vertices.>*?! Thus, all diagrams for the vertex part
are, in fact, generated by simple ladder diagrams with addi-
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tional s(k) factors associated with interaction lines?>%> (see
also Ref. 19). Then we obtain the system of recurrence rela-
tions for the vertex part I'*®(s_,p_:&,,p,), as shown by the

™ (e_,p_se,.py) = 1 + A2s(K)Gi(e_,p_)GX(e,.p.)

2ikak

PHYSICAL REVIEW B 75, 115102 (2007)

diagrams of Fig. 6. Analytically, it has the following form,>
where we now also included the contributions due to local
(DMFT) self-energies, originating from the DMFT+X, loop:

X1+

o= e(p,) + e (p) = 2R(e,) + 34(e)) - 3, (.,p,) + 3y (ep0)

and

1
&y — Sk(px) * ikvik - ER‘A(S:) - Ef—;-A[(si?pt) .
(29)

Gf’A(ei, p.) =

The “physical” vertex I'*(e_,p_;e,,p,) is determined as
I'f(e_,p_;e,,p,). The recurrence procedure [Eq. (28)]
takes into account all perturbation theory diagrams for the
vertex part. For k—0 (§— ), Eq. (28) reduces to the series
studied in Ref. 24 (cf. also Ref. 3); which can be summed
exactly in an analytic form. The standard “ladder” approxi-
mation in our scheme corresponds to the case of combinato-
rial factors s(k) in Eq. (28) being equal to 1.2

The recurrence procedure for I'**(e_,p,;e,,p,) differs
from Eq. (28) only by obvious replacements A— R and the
whole expression in figure brackets in the right-hand side of
Eq. (28) just replaced by 1:

k

FIG. 6. Recurrence relations for the vertex part. Dashed lines
denote A”.

}Tf"(e_,p_;8+,p+),

(28)

I (e psesp.)
=1+ Azs(k)Gf(s_,p_)G,’:(8+,p+)FfR(s_,p;s+,p+).
(30)

Note that the DMFT (Hubbard) interaction enters these equa-
tions only via local self-energies =%4(e,) calculated self-
consistently according to our DMFT+X, procedure.

Equations (1), (23), (28), and (30), together with Egs.
(22), (25), and (26), provide us with the complete self-
consistent procedure to calculate the optical conductivity of
our model using the DMFT +Z2, approach.

IV. RESULTS AND DISCUSSION
A. Generalities

In the following, we shall discuss our results for a stan-
dard one-band Hubbard model on a square lattice. The bare
electronic dispersion in tight-binding approximation, with
the account of the nearest- () and next-nearest- (¢') neighbor
hoppings, is given by

&(p) = —2t(cos p,a + cos p,a) — 4t' cos p,a cos p,a,
(31

where a is the lattice constant. To be concrete, below we
present the results for r=0.25 eV (more or less typical for
cuprates) and ¢’ /t=-0.4 (which gives Fermi surface similar
to those observed in many cuprates).

For the square lattice, the bare bandwidth is W=38¢. To
study strongly correlated metallic state obtained as doped
Mott insulator, we have used the value for the Hubbard in-
teraction U=40¢ and filling factors n=1.0 (half-filling) and
n=0.8 (hole doping). For correlated metal with W= U, we
have taken typical values such as U=4t, U=6t, and U=10¢
for U= W. Calculations were performed for different fillings:
half-filling (n=1.0) and for hole doping (n=0.8,0.9). For the
typical values for A, we have chosen A=7 and A=2¢ and for
correlation length £€=2a and é=10a (motivated mainly by
the experimental data for cuprates®?).

To solve an effective Anderson impurity problem of
DMFT, we applied a reliable numerically exact method of
numerical renormalization group (NRG),?2® which, actually,
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FIG. 7. Real part of the optical conductivity for correlated metal
(U=4t, t'=-0.4t, and r=0.25 eV) in the DMFT approximation for
two values of filling factor: n=1 and n=0.8. Temperature T
=0.088:.

allowed us to work with real frequencies from the very be-
ginning, overcoming possible difficulties of performing ana-
lytical continuation numerically. Calculations were per-
formed for two different temperatures: 7=0.088¢ and T
=0.356¢.

All necessary integrations were done directly, e.g., over
the whole Brillouin zone (with the account of obvious sym-
metries) or wide enough frequency range. Integration mo-
menta are made dimensionless in a natural way with the help
of the lattice constant a. The conductivity is measured in
units of the universal conductivity in two dimensions: oy

=£=25%107% Q.

B. Optical conductivity in standard DMFT

The optical conductivity was calculated for different com-
binations of the parameters of the model. Below, we present
only a fraction of our results, which are, probably, most rel-
evant for copper oxides. We shall start with presenting some
typical results, obtained within our formalism in conven-
tional DMFT approximation, neglecting pseudogap fluctua-
tions, just to introduce the basic physical picture and demon-
strate the effectiveness of our approach.

The characteristic feature of the strongly correlated metal-
lic state is the coexistence of lower and upper Hubbard bands
splitt by the value of ~U with a quasiparticle peak at the
Fermi level.”® For the case of a strongly correlated metal
with W= U, we observe almost no contribution from excita-
tions to the upper Hubbard model in the optical conductivity,
as can be seen in Fig. 7 [where we show the real part of
conductivity Re o(w)]. This contribution is almost com-
pletely masked by a typical Drude-like frequency behavior,
with only slightly nonmonotonous behavior for w~ U, which
completely disappears as we increase the temperature.

The situation is different in doped Mott insulator with U
> W. In Fig. 8, we clearly observe an additional maximum of
optical absorption for w~ U; however, at smaller frequen-
cies, we again observe a typical Drude-like behavior, slightly
nonmonotonous for small frequencies due to quasiparticle
band formation (see the inset in Fig. 8).
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FIG. 8. Real part of the optical conductivity for doped Mott
insulator (U=40¢, t'=—0.4t, and r=0.25 eV) in the DMFT approxi-
mation. Filling factors are n=0.8 and n=0.9, and temperature T
=0.088z. Small frequency behavior is shown in more detail in the
inset.

These and similar results are more or less well known
from the previous studies’® and are quoted here only to dem-
onstrate the consistency of our formalism and to prepare the
reader for other results, showing pseudogap behavior.

C. Optical conductivity in DMFT+X,
1. Correlated metal

Let us start the discussion of the results obtained within
our generalized DMFT +Z2, approach for the case of W= U.

In Fig. 9, we show our DMFT +X,, results for the real part
of the optical conductivity for correlated metal (U=4r) for
two values of temperature, compared with similar data with-
out pseudogap fluctuations (pure DMFT). We clearly observe
the formation of typical pseudogap (absorption) anomaly on
the “shoulder” of the Drude-like peak, which is partially
“filled” with the growth of temperature. This behavior is
quite similar to “midinfrared feature” that is observed in the

0.3
SR A=0, T=0.088t
18 -« - A=0, T=0.356t
: —— A=t, xa=0.1, T=0.088t
0.2\ —— A=t, ka=0.1, T=0.356t
o .
< . t=0.25eV, t'=-0.1eV
e \ U=4t

wo(eV)

FIG. 9. (Color online) Real part of the optical conductivity for
correlated metal (U=4t, t'=-0.41, and r=0.25 e¢V) in the DMFT
+2, approximation for two different temperatures: 7=0.088¢ and
T=0.356¢t. Pseudogap amplitude A=t, correlation length &=10a,
and filling factor n=0.8 electrons per atom.
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0.2

— A=t, xa=0.1
----A=2t, xa=0.1

e t=0.25eV, t=-0.1eV
5 0.1
; U=4t
n=0_8
0.0 ' )
0 3

o(eV)

FIG. 10. (Color online) Real part of the optical conductivity for
correlated metal (U=4¢, t'=-0.4¢, and r=0.25 e¢V) in the DMFT
+2, approximation—A dependence. Parameters are the same as in
Fig. 9, but the data are for different values of A=0, A=¢, and A
=2¢, and temperature 7=0.088t.

optical conductivity of cuprate superconductors.”’?® In Fig.
10, we show the behavior of Re o(w) for different values of
the pseudogap amplitude A. We see that the pseudogap
anomaly naturally grows with the growth of A. Figure 11
illustrates the dependence of Re o(w) on the correlation
length of pseudogap (AFM, SDW) fluctuations. Again, we
observe the natural behavior—pseudogap anomaly is filled
for shorter correlation lengths, i.e., as fluctuations become
more short ranged. At last, in Fig. 12, we demonstrate the
dependence of the pseudogap anomaly in the optical conduc-
tivity on the correlation strength, i.e., on the Hubbard inter-
action U. It is seen that the frequency range, where
pseudogap anomaly is observed, becomes narrower as the
correlation strength grows. This correlates with the general
narrowing of the pseudogap anomaly and spectral densities
with the growth of correlations, as observed in our previous
work.!>!® For large values of U, the pseudogap anomaly is
practically suppressed. This is the main qualitative difference

0.2

------ A=0
—— A=t, ka=0.1
---- A=t, ka=0.5

& t=0.25eV, t=-0.1eV
¢ 01 U=4t
§ n=0.8
0.0 ' R 3
0 ! 2 3

woeV)

FIG. 11. (Color online) Real part of the optical conductivity for
correlated metal (U=4¢, t'=-0.4¢, and r=0.25 eV) in the DMFT
+2, approximation—dependence on the correlation length. Param-
eters are the same as in Fig. 9, but in the data are for different
values of the inverse correlation length k=& ka=0.1 and ka
=0.5, and temperature 7=0.088:.
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FIG. 12. (Color online) Real part of the optical conductivity for
correlated metal in the DMFT+X, approximation—U dependence.
Parameters are the same as in Fig. 9, but the data are for different
values of U: U=0, U=4t, U=6t, U=10t, and U=40t. Temperature
T=0.088t.

of the results of the present approach compared to our earlier
work?® on the optical conductivity in the pseudogap state.
Comparing the data of the present work for U=0 with simi-
lar data of Ref. 23, it should be noted that in this earlier
work, we have performed calculations of dynamic conduc-
tivity only for T=0 and used simplified expressions, neglect-
ing RR- and AA-loop contributions to conductivity, as well as
small frequency expansion,'® just to speed up the calcula-
tions. These simplifications lead to some quantitative differ-
ences with the results of the present work, where all calcu-
lations are done exactly using the general expression (22),
though qualitatively the frequency behavior of conductivity
is the same.

2. Doped Mott insulator

Now, we shall discuss our results for the case of doped
Mott insulator with U> W. This case has no direct relevance
to copper oxides, but is interesting from the general point of
view and we present some of our results.

The real part of the optical conductivity for the case of
U=40¢ is shown in Figs. 13 and 14.

In Fig. 13, we show Re o(w) several values of the
pseudogap amplitude A for the doped Mott insulator in the
DMFT+Z2, approach. Obviously enough, pseudogap fluctua-
tions lead to significant changes of the optical conductivity
only for relatively small frequencies of the order of A, while
for high frequencies (e.g., of the order of U, where the upper
Hubbard band contributes), we do not observe pseudogap
effects (see the inset in Fig. 13). For small frequencies, we
observe pseudogap suppression of the Drude-like peak, with
only a shallow anomaly for w~ A, which just disappears for
smaller values of A or shorter correlation lengths.

In Fig. 14, we show similar data for the special case of
t'=0 and n=1, i.e., at half-filling (Mott insulator) for differ-
ent values of the inverse correlation length xk=¢&!. The con-
ductivity at small frequencies is determined only by thermal
excitations, and pseudogap fluctuations suppress it signifi-
cantly. Shorter correlation lengths obviously lead to larger
values of conductivity at small frequencies. Transitions to the
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B 00004 T
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""" =0 t=0.25eV
0.05% ——A=t, xa=0.1 t'=-0.1eV
Ve TTTT SN - - A2t ka=0.1  U=40t
K n=0.8
T=0.088t
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FIG. 13. (Color online) Real part of the optical conductivity for
doped Mott insulator (U=40z, t'=-0.4¢, and t=0.25 eV) in the
DMFT+X,, approximation for different values of A=0, A=¢, and
A=2¢, and temperature 7=0.088¢. Correlation length £=10a, and
filling factor n=0.8. Inset: conductivity in a wide frequency inter-
val, including transitions to the upper Hubbard band.

upper Hubbard band are not affected by these fluctuations at
all.

V. CONCLUSION

The present work is the direct continuation of our previ-
ous work,'#"1® where we have proposed a generalized
DMFT+X,, approach, which is meant to take into account
the important effects of nonlocal correlations (in principle, of
any type) in addition to the (essentially exact) treatment of
local dynamical correlations by DMFT. Here, we used a gen-
eralized DMFT+Z2, approach to calculate the dynamic (op-
tical) conductivity of the two-dimensional Hubbard model
with pseudogap fluctuations. Our results demonstrate that
pseudogap anomalies observed in optical conductivity of
copper oxides can, in principle, be explained by this model.
The main advantage in comparison to the previous work?? is
our ability now to study the role of strong electronic corre-

0.005—-:- ______ A=0
T —— A=t, xa=0.1
0.004 ----A=t, xa=0.5
00003]:  t=0.25eV, t=0
o : U=40t
& 1
/9] : n=1
& 0.0024 : T=0.356t
0.001 +
0-oooiﬁ.;“'l'|'|'|'|'|'|
0 2 4 6 8 10 12 14 16

o(eV)

FIG. 14. (Color online) Real part of the optical conductivity for
doped Mott insulator (U=40r, r=0.25¢eV, and t'=0) in the
DMFT+X, approximation for different values of the inverse corre-
lation length K=§_12 ka=0.1 and ka=0.5, temperature 7=0.356¢,
and filling n=1.
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lations, which are decisive in the formation of electronic
structure of systems such as copper oxides. In fact, we have
demonstrated an important suppression of pseudogap
anomaly in optical conductivity with the growth of correla-
tion strength.

As we already noted in Ref. 15, qualitatively similar re-
sults on pseudogap formation in single-particle characteris-
tics for the two-dimensional Hubbard model were also ob-
tained within cluster extensions of DMFT.'>!3 However,
these methods have generic restrictions concerning the size
of the cluster and up to now have not been not widely ap-
plied to calculations of two-particle properties, such as gen-
eral response functions, and, in particular, to calculations of
the dynamic (optical) conductivity.

Our approach is free of these limitations, though at the
price of introduction of additional (semi)phenomenological
parameters (correlation length ¢ and pseudogap amplitude
A). Tt is much less time consuming; thus its advantage for the
calculations of two-particle response functions is obvious. It
also opens the possibility of systematic comparison of differ-
ent types of nonlocal fluctuations and their effects on elec-
tronic properties, providing a more intuitive way to analyze
experiments or theoretical data obtained within more ad-
vanced schemes. Again, note that, in principle, both £ and A
can be calculated from the original model.'> Our scheme
works for any Coulomb interaction strength U, pseudogap
strength A, correlation length &, filling n, and bare electron
dispersion g(k).

The present formalism can be easily generalized in the
framework of our recently proposed LDA+DMFT+X, ap-
proach, which will allow us to perform calculations of
pseudogap anomalies of the optical conductivity for realistic
models. It can also be easily generalized to orbital degrees of
freedom, phonons, impurities, etc.
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VI. APPENDIX: WARD IDENTITIES

In this appendix, we present the derivation of Ward iden-
tities used in the main text. Let us start with the general
expression for the variation of the electron self-energy due to
an arbitrary variation of the complete Green’s function,
which is valid for any interacting Fermi system:>’
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AS, =2 U, (@)AG,, (A1)
p/

where Upp,(q) is an irreducible vertex in particle-hole chan-
nel, and we use four-dimensional notations p=(ie,p), ¢
=(iw,q), etc. In the following, we take

AEP = E+ - 2_ = 2(i3+’P+) - E(is—’p—)’ (AZ)
and (in the same notations)
AG,=G,-G_=(G,G),[A3,-AGyh,],  (A3)

where A(G;'),=Gy1—G;l, and the last expression was ob-
tained using the standard Dyson equation.

Note the similarity of Eq. (A1) to the Ward identity for
noninteracting electrons in the impure system derived in Ref.
18.

Now, substituting the last expression in Eq. (A3), we get

AS, = U,(@)(G,G),[AS, - AGyY), | (A4)
p'

Iterating this equation, we obtain

Azp = 2 Upp’(G+G—)p’[_ A(Gal)p’]
»'

+ 2 Upp”(G+G—)p"Up”p/(G+G—)p'[_ A(Gal)pl] + -

pp
(A5)

Multiplying both sides of Eq. (A5) by (G,G_), and adding

PHYSICAL REVIEW B 75, 115102 (2007)

> (G,G),8,,[- MGy, 1= (G,G.),[- A(Gyh), ],

p

we have
(6,6),[A%, -G, ]

=>1(6,6),8,, +(G,G),U,,(G,G.), +(G,G.),
p!

XE Upp//(G+G_)1)//U " /(G+G_)pl + - [— A(Gal):l
p"

pp

=2 D, (9[- AG), ], (A6)
P

where ®@,,/(¢g) is the complete two-particle Green’s function
determined by the following Bethe-Salpeter equation:?’

®,,(q)=(G,G),8,, +(G,G), 2 Upp®,,1(q).
pr
(A7)
Finally, we obtain

AG,= X @, (9)[- AGyh), 1,

P

(A8)

which is the general form of our Ward identity.

Summing both sides of Eq. (A8) over p and taking q=0,
we obtain the identity (16) used above. Similarly, taking the
bare Green’s function (17), we obtain Eq. (18).
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Abstract—The DOS, the dynamic (optical) conductivity, and the phase diagram of a strongly correlated and
strongly disordered paramagnetic Anderson—Hubbard model are analyzed within the generalized dynamical
mean field theory (DMFT + X approximation). Strong correlations are taken into account by the DMFT, and
disorder is taken into account via an appropriate generalization of the self-consistent theory of localization. The
DMEFT effective single-impurity problem is solved by a numerical renormalization group (NRG); we consider
the three-dimensional system with a semielliptic DOS. The correlated metal, Mott insulator, and correlated
Anderson insulator phases are identified via the evolution of the DOS and dynamic conductivity, demonstrating
both the Mott—Hubbard and Anderson metal—insulator transition and allowing the construction of the complete
zero-temperature phase diagram of the Anderson—-Hubbard model. Rather unusual is the possibility of a disor-

der-induced Mott insulator-to-metal transition.
PACS numbers: 71.10.Fd, 71.27.+a, 71.30.+h
DOI: 10.1134/S1063776108030187

1. INTRODUCTION

The importance of the electronic interaction and
randomness for the properties of condensed matter is
well known [1]. Both Coulomb correlations and disor-
der are driving forces of metal-insulator transitions
(MITs) connected with the localization and derealiza-
tion of particles. In particular, the Mott—Hubbard MIT
is caused by electronic repulsion [2], while the Ander-
son MIT is due to random scattering of noninteracting
particles [3]. Actually, disorder and interaction effects
are known to compete in many subtle ways [1, 4]; this
problem becomes much more complicated in the case
of strong electron correlations and strong disorder,
determining the physical mechanisms of the Mott—
Anderson MIT [1].

The cornerstone of the modern theory of strongly
correlated systems is the dynamic mean-field theory
(DMFT) [5-8], constituting a nonperturbative theoreti-
cal framework for the investigation of correlated lattice
electrons with a local interaction. In this approach, the
effect of local disorder can be taken into account
through the standard average density of states (DOS)
[9] in the absence of interactions, leading to the well-
known coherent potential approximation [10], which
does not describe the physics of Anderson localization.
To overcome this deficiency, Dobrosavljevi¢ and Kot-
liar [11] formulated a variant of the DMFT where the
geometrically averaged local DOS was computed from
solutions of the self-consistent stochastic DMFT equa-

! The text was submitted by the authors in English.
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tions. Subsequently, Dobrosavljevi¢ et al. [12] incorpo-
rated the geometrically averaged local DOS into the
self-consistency cycle and derived a mean-field theory
of Anderson localization that reproduced many of the
expected features of the disorder-driven MIT for nonin-
teracting electrons. This approach was extended in [13]
to include Hubbard correlations via DMFT, which led
to a highly nontrivial phase diagram of the Anderson—
Hubbard model with the correlated metal, Mott insula-
tor, and correlated Anderson insulator phases. The main
deficiency of these approaches, however, is the inability
to directly calculate measurable physical properties,
such as conductivity, which is of major importance and
defines the MIT itself.

At the same time, the well-developed approach of
the self-consistent theory of Anderson localization,
based on solving the equations for the generalized dif-
fusion coefficient, demonstrated its efficiency in the
noninteracting case a long time ago [14-19]; several
attempts to include interaction effects into this approach
were made with some promising results [17, 20]. How-
ever, until recently, there have been no attempts to
incorporate this approach into the modern theory of
strongly correlated electronic systems. Here, we under-
take such research, studying the Mott—Hubbard and
Anderson MITs via direct calculations of both the aver-
age DOS and the dynamic (optical) conductivity.

Our approach is based on the recently proposed gen-
eralized DMFT + X approximation [21-24], which, on
the one hand, retains the single-impurity description of
the DMFT, with a proper account for local Hubbard-
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Fig. 1. Typical “skeleton” diagrams for the self-energy in the
DMEFT + X approach. (a) The first two terms are examples of
DMEFT self-energy diagrams; the middle two diagrams show
contributions due to random impurity scattering, represented
by dashed lines. The last diagram (b) is an example of a
neglected diagram leading to interference between the local
Hubbard interaction and impurity scattering.

like correlations and the possibility of using impurity
solvers like NRG [25-27], and on the other hand,
allows including additional (either local or nonlocal)
interactions (fluctuations) on a nonperturbative model
basis.

Within this approach, we have already studied both
single- and two-particle properties of the two-dimen-
sional Hubbard model, concentrating mainly on the
problem of pseudogap formation in the DOS of the qua-
siparticle band in both correlated metals and doped
Mott insulators, in application to superconducting
cuprates. We analyzed the evolution of non-Fermi-lig-
uid-like spectral density and ARPES spectra [22],
“destruction” of Fermi surfaces and formation of Fermi
“arcs” [21], as well as pseudogap anomalies of optical
conductivity [24]. Briefly, we also considered impurity
scattering effects [23].

In this paper, we apply our DMFT + X approach for
calculations of the DOS, dynamic conductivity, and
phase diagram of the strongly correlated and strongly
disordered three-dimensional paramagnetic Anderson—
Hubbard model. Strong correlations are again taken
into account by DMFT, while disorder is taken into
account via the appropriate generalization of the self-
consistent theory of localization.

This paper is organized as follows. In Section 2, we
briefly describe our generalized DMFT + X approxima-
tion with application to the disordered Hubbard model.
In Section 3, we present basic DMFT + X expressions
for dynamic (optical) conductivity and formulate the
appropriate self-consistent equations for the general-
ized diffusion coefficient. Computational details and
results for the DOS and dynamic conductivity are given
in Section 4, where we also analyze the phase diagram
of the strongly disordered Hubbard model within our
approach. The paper ends with a short summary Sec-
tion 5 including a discussion of some related problems.

2. BASICS OF THE DMFT + X APPROACH

Our aim is to consider the nonmagnetic disordered
Anderson—Hubbard model (mainly) at half-filling for
arbitrary interaction and disorder strengths. The Mott—
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Hubbard and Anderson MITs are investigated on an
equal footing. The Hamiltonian of the model is written

as

H = —tZa;Gajo+26iniG+ UZ”iT”ii’ (1)
{ijyo ic i

where ¢ > 0 is the amplitude for hopping between near-

est neighbors, U is the on-site repulsion, ;5 = af(,ai(s is

the local electron number operator, a; (a,-ij ) is the anni-

hilation (creation) operator of an electron with spin G,
and the local ionic energies €; at different lattice sites
are considered independent random variables. To sim-
plify the diagrammatics in what follows, we assume the
Gaussian probability distribution for €;:

1 €
P(e,) = ) 2
(<) MACXP[ 2A2] ®

where the parameter A is a measure of the disorder
strength, and a Gaussian (white noise) random field of
energy level g, at lattice sites produces impurity scatter-
ing, leading to the standard diagram technique for cal-
culating the averaged Green functions [19].

The DMFT + X approach was initially proposed
[21-23] as a simple method to include nonlocal fluctu-
ations of essentially arbitrary nature into the standard
DMEFT. In fact, it can be used to include any additional
interaction into DMFT as follows. Working at finite
temperatures 7, we write the Matsubara-“time,” Fou-
rier-transformed, single-particle Green function of the
Hubbard model as

1
ie+u—e(p)—-Z(ie)-Z,(ie)  (3)
e =nT2n+1),

where €(p) is the single-particle spectrum correspond-
ing to the free part of (1); W is the chemical potential
fixed by the electron concentration; X(i€) is the local
contribution to self-energy due to the Hubbard interac-
tion, of DMFT type (surviving in the limit of spatial
dimensionality d —» oo); and X,(i€) is some additional
(in general, momentum-dependent) self-energy part.
This last contribution can be caused, e.g., by electron
interactions with certain “additional” collective modes
or order parameter fluctuations within the Hubbard
model itself. But it can actually be due to any other
interactions (fluctuations) outside the standard Hub-
bard model, e.g., due to phonons or random impurity
scattering, when it is in fact local (momentum indepen-
dent). The last interaction is the main subject of our
interest in the present paper. The basic assumption here
is the neglect of all interference processes of the local
Hubbard interaction and “external” contributions due
to these additional scatterings (noncrossing approxima-
tion for appropriate diagrams) [22], as illustrated by
diagrams in Fig. 1.

G(ie,p) =
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The self-consistency equations of the generalized
DMEFT + X approach are formulated as follows [21, 22].

(1) Start with some initial guess for the local self-
energy 2(i€), e.g., 2(ie) = 0.

(2) Construct X,(ie) within some (approximate)
scheme, accounting for interactions with an external
interaction (impurity scattering in our case), which can
in general depend on 2(i®) and .

(3) Calculate the local Green function

1 1
Gilie) = N2i8+u—e(p)—Z(ie)—Zp(ie)' @)
P
(4) Define the “Weiss field”
G, (ie) = Z(ie) + G (ig). 5)

(5) Using some “impurity solver,” calculate the sin-
gle-particle Green function G,(ie) for the effective
Anderson impurity problem, placed at a lattice site i
and defined by the effective action that in the obvious
notation is written as

B B
Serr = _jdtldeZCio(Tl)cgal(rl —Tz)cjc('fz)

0 0
A (©)

+ jdr Una(t)n,,(1).
0
In what follows, we use NRG [25-27] for the “impurity
solver,” which allows us to deal also with real frequen-

cies, thus avoiding the complicated problem of analytic
continuation from Matsubara frequencies.

(6) Define the new local self-energy
Y(iw) = (Qal(ico)—Ggl(im). @)

(7) Using this self-energy as the “initial” one in step 1,
continue the procedure until (and if) convergence is
reached, to obtain

Gi(ie) = G,(ie). ®)

Eventually, we obtain the desired Green function in
form (3), with X(i€) and Z,(i€) appearing at the end of
our iteration procedure.

For Z,(i¢) in the random impurity problem, we use
the simplest possible one-loop contribution, given by
the third diagram in Fig. 1a neglecting “crossing” dia-
grams like the fourth one in Fig. 1a, i.e., just the self-
consistent Born approximation [19], which in the case
of Gaussian disorder (2) leads to the usual expression

T, (ie) = A*Y Glig, p) =X,y (i€) ©)
p
which is actually p-independent (local).
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p.ig, pLiE,

p_ic_

Fig. 2. Full polarization loop with the vertex part describing
all interactions and impurity scatterings in the particle—hole
channel. The loop without vertex corrections is included
implicitly. Here, p, = p £ ¢/2 and £, = € = /2.

3. DYNAMIC CONDUCTIVITY
IN THE DMFT + X APPROACH

3.1. Basic Expressions for Optical Conductivity

Physically, it is clear that calculations of the
dynamic conductivity are the most direct way to study
MITs, because its frequency dependence along with the
static value at zero frequency of an external field makes
it possible to clearly distinguish between metallic and
insulating phases (at zero temperature 7 = 0).

To calculate the dynamic conductivity, we use the
general expression relating it to the retarded density-
density correlation function y*(w, q) [14, 19]:

.2
o() = ~lim“2x"(0, q). (10)
q—

q

where e is the electron charge.

We next outline the derivation presented in detail in
[24] for the pseudogap problem, with necessary modi-
fications for the present case. We consider the full
polarization loop graph in the Matsubara representation
shown in Fig. 2, which is conveniently (with explicit
frequency summation) written as

(i, q) = Y Do (0, q) =Y Pie(io, q) (1)

ee' €

and contains all possible interactions of our model,
described by the full shaded vertex part. Actually, we
implicitly assume here that the simple-loop contribu-
tion without vertex corrections is also included in
Fig. 2, which shortens further diagrammatic expres-
sions [24]. The retarded density—density correlation
function is determined by an appropriate analytic con-
tinuation of this loop and can be written as [14]

oo

R [ de RA
X (0, q) = 2—m{[f(8+)—f(8_)]<1>£ (q, ®)

—oo

+f(e)) D¢ (g, ) - f(e,)Pe"(q, ®) },

12)
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+ U
+ U U +
= + U

Fig. 3. Bethe—Salpeter equation for the polarization loop in the DMFT + X approach. A circle represents the irreducible vertex part
in the particle-hole channel of the DMFT approach, which contains only local Hubbard interactions. An unshaded rectangular ver-
tex represents corrections from impurity scattering only, implicitly including the case of free particle-hole propagation.

where f(€) is the Fermi distribution, €, =€ + %) , and two-
particle loops ®X* (q, ®), ®X" (q, ), and . (q, w) are
determined by the appropriate analytic continuations
(ie+i® —= €+ ®+i0, ie —= €% 0, and d — +0) in
(11). Then we can write the dynamic (optical) conductiv-
ity as

a0\ 27

. 820) F
(o) = lim( ) [ae(1(e) - f(e )]

x [®F(q, ®) - D0, ®)]

(13)
+f(e) [P (q, ©) - DL (0, ®)]

~f(e)[ D2 (g, ©) - (0, 0)]1,

where the total contribution of additional terms with
zero g can be shown (with the use of general Ward iden-
tities) to be zero.

In the DMFT + X approximation, which neglects
interference between the local Hubbard interaction and
impurity scattering, we calculate @, (i®, q) entering
the sum over Matsubara frequencies in (11) by writing
the Bethe—Salpeter equation, shown diagrammatically
in Fig. 3, where we introduce the irreducible (local)
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DMFT vertex U (i) and the “rectangular” vertex
containing all interactions with impurities. Analyti-
cally, this equation can be written as

q)isis'(i(’)7 q) = q)?s(i(’)’ q)8££'

0,. _ , (14)
+ q)is(lo‘)’ q)z Uisis"(lm)q)is"is'(lm7 (l)’

€

where dD?g (i, q) is the sought function calculated

neglecting vertex corrections due to the Hubbard inter-
action (but taking all interactions due to impurity scat-
tering into account). We note that all the g-dependence

is here determined by CI>?S (im, q) because the vertex
U,-(i®) is local and g-independent.

As we noted in [24], it is clear from (13) that calcu-
lation of the conductivity requires only the knowledge
of the g*-contribution to ®(iw, q). This can be easily
found as follows. First, we note that all the loops in (14)
contain a g-dependence starting from terms of the order
g*. Then we can take an arbitrary loop (cros section) in
the expansion of (14) (see Fig. 3), calculate it up to
terms of the order ¢2, and re-sum all contributions to the
right and to the left of this cross section, setting ¢ =0 in
all these graphs. This is equivalent to simple g>-differ-
entiation of the expanded version of Eq. (14). This pro-
Vol. 106
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cedure immediately leads to the following relation for
the g>-contribution to (11):

D(io, q) - D(iw, 0)

0(io) = lim ~
q—0
(15)
= ) Vie(io, q =0)0;(i®)
€
with
@, (i, q) - Py (i, 0
i) = 1im 2O D= Qli0.0)
q—>

q

0. . .
where @ (im, q) contains vertex corrections due only

to impurity scattering, while the one-particle Green
functions entering it are taken with self-energies due to
both impurity scattering and the local DMFT-like inter-
action, as in Eq. (3). The vertex V,(i®, q = 0) is deter-
mined diagrammatically as shown in Fig. 4, or analyti-
cally as

Yis(im7 q= 0)

. . a7
= 1+ ) Upeier (i0) Digoe (i, q = 0).

e'e"
Next, using Bethe—Salpeter Eq. (14), we can explicitly
write

Vie(i®, q = 0)

D, (i, q = 0) — D (i, q =0)
@) (im, q =0)

D @ (i3, q = 0)

.

(18)

= 1+Z
-

D (io, q =0)
At q = 0, we have the following Ward identity, which
can be obtained by direct generalization of the proof
given in [14, 28] (see the details in the Appendix of
[24]):

(-i0)D,e(i®, q =0) = (-i®)) Py (i0, g =0)

(19)
= Y G(ie+io,p) - Y. G(ie, p).

The denominator of (18) contains vertex corrections
only from impurity scattering, while the Green func-
tions here are dressed by both impurities and the local
(DMFT) Hubbard interaction. We can therefore regard
the loop entering the denominator as dressed by impu-
rities only, but with the “bare” Green functions:

1

Goliep) = (P -2(e)

ie+U- (20)
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Fig. 4. Effective vertex ;. (i®, q = 0) used in calculations of
conductivity.

where X(i€) is the local contribution to self-energy from
the DMFT. For this problem, we have a Ward identity
similar to (19) (see the Appendix in [24]),

ZG(ie+iw,p)—2G(i8,p)
P P

= CD?E(im, q=0)[Z(ie+im)-Z(ie)—imw] (21)
=0, (im,q =0)[AX(iw) — iw],
where we set
AZ(im) = Z(ie +im) — X(ie). (22)

Thus, using (19) and (21) in (18), we obtain the final
expression for y,.(io, q = 0) as

AZ(iw)

Vie(i0,q=0) = 1 -—¢ (23)
Then (15) reduces to
o(iw) = 2%( i) 1 AE("”)} (24)

Analytic continuation to real frequencies is obvious;
using (15) and (24) in (13), we can write the final
expression for the real part of dynamic (optical) con-
ductivity as

-
Reo(®) = ez—fc’ j del f(e)) - f(e,)]

zf(e,) —2A<e_>f

(O

0RR (e, -2 )7’
() )[1——————03————} }

Thus, we have greatly simplified our problem. To
calculate the dynamic conductivity in the DMFT + X
approximation, we only have to solve a single-particle

xRe{q)g“( )[1 - (25)
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€.P,
(g, ) =
ep-
&P+
(. ) =
eps
. . . ORA
Fig. 5. Diagram representation of ®. " (®, q) and
ORR
D, ().

problem as described by the DMFT + X procedure
above to determine self-consistent values of local self-
energies 2(€.), while the nontrivial contribution of
impurity scattering are to be included via (16), which is
to be calculated in some approximation, taking only
interaction with impurities (random scattering) into
account, but using the bare Green functions of form
(20), which include local self-energies that have
already been determined via the general DMFT + X
procedure. Actually, (25) also provides an effective
algorithm to calculate dynamic conductivity in the stan-
dard DMFT (neglecting impurity scattering), because
(16) is then easily calculated from a simple loop dia-
gram, determined by two Green functions and free sca-
lar vertices. As usual, there is no need to calculate ver-
tex corrections within the DMFT itself, as was first
proved considering the loop with vector vertices [7, 8].
Obviously, Eq. (25) effectively interpolates between
the case of strong correlations without disorder and the
case of pure disorder, without Hubbard correlations,
which is of major interest to us. In what follows, we see
that calculations based on Eq. (25) give a reasonable
overall picture of MIT in the Anderson—Hubbard
model.

3.2. Self-Consistent Equations for the Generalized
Diffusion Coefficient and Conductivity
To calculate the optical conductivity, we need to

know the basic block dJ?S (in, q) entering (16) or, more
precisely, the appropriate functions analytically contin-

ued to real frequencies: @2“ (o, q) and GDSRR (o, q),
which in turn define ¢2RA (w) and ¢2RR () entering (25)
and are defined by obvious relations similar to (16):
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ORA ORA

o - 0
0" (@) = lim = (0, q) O (o, )’ 26)
q—>0 q
(I)ORR _ (DORR 0
q)(g)RR((D) - lim —¢ (0, q) i e (O, )' @7
qg—0 q
By definition, we have (with p. = p + q/2)
@, (0,q) = Y G"(e,, p.)G" (e, p.)
P
xT* (e, p_; &, ),
(28)

@, (0,q) = Y G"(e,, p.)G"(e.,p.)

p

X FRR(g_, pP_: €, p+)’

shown diagrammatically in Fig. 5. Here, the Green
functions GR(e,, p,) and G*(¢_, p_) are defined by ana-
lytic continuation (ie —» € % id) of Matsubara Green
functions (3) determined via our DMFT + X algorithm
(4)-(9), while the vertices T"*(e_, p_; €,, p,) and
I'’R(e_, p_; €,, p,) contain all vertex corrections due to
impurity scattering.

The most important block Q)SRA (®, q) can be calcu-
lated using the basic approach of the self-consistent
theory of localization [14—19] with appropriate exten-
sions, taking the role of the local Hubbard interaction
into account using the DMFT + X approach. The only
important difference from the standard approach is that
the self-consistent theory equations are derived using

1

G*(e,p) =
e+U—e(p)-Z""(e) - X (€)

,» (29)

which contains DMFT contributions X*4(g) in addition
to the impurity scattering contained in

2:_R,A — A2 R, A
i (€) %G (e, p) 0)

= ReZ,,(¢e) tiy(e),

where Y(€) = TA?N(g) and N(g) is the DOS renormalized
by the Hubbard interaction, given in the DMFT + X
approach by the usual expression

N(g) = —%EImGR(e, p). (31)
P

Following all the usual steps of the standard deriva-
tion [14-19], we obtain the diffusion-like (at small ®

and ¢g) contribution to q)SRA (o, q) as

2MiN(e)

27

o (q, ®) = (32)

0 +iD(®)g
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where an important difference from the single-particle
case is contained in

®=c¢,-¢-3e,)+2e)
(33)
= 0-fE)+2 ) =0-AT"(w),

which replaces the usual ® term in the denominator of

the standard expression for <I)2RA (o, q). On general

grounds, it is clear that in the metallic phase as ® —
0, we have AZ* (0 = 0) = 2iImXZ(e) ~ max{T?, €},
reflecting the Fermi-liquid behavior of DMFT (con-
served by elastic impurity scattering). At finite 7, this
leads to the usual phase decoherence due to electron—
electron scattering [1, 4]. The generalized diffusion
coefficient D(®) should be determined by solving the
basic self-consistency equation introduced below.

Using (32) in (26), we easily obtain
ORA 2nN(e)D(m)
X AZRA((D 2°
=T
(O]
Then using (34) in (25) with ® — 0 and 7 = 0, we

obtain just the usual Einstein relation for the static con-
ductivity:

(34)

6(0) = ¢’N(0)D(0). (35)

All contributions form the Hubbard interaction are
reduced to renormalization of the DOS at the Fermi
level and of the diffusion coefficient D(0).

It follows that (25) reduces to

-
Reo(0) = 52 [ delf(e) - f(e,)]
- (36)
RR 2
XRe{2nN(8)2D((o) _¢2RR(O))[1 AT w(m)} }

®

where the second term can actually be neglected at

small ®, or just calculated from (27) with CDORR (o, q)
given by the usual “ladder” approximation (A.10).

We now formulate our basic self-consistent equa-
tion determining the generalized diffusion coefficient
D(m). We again follow all the usual steps of the self-
consistent theory of localization (for details see Appen-
dix A), taking into account the form of our single-parti-
cle Green function (29) and not restricting analysis to
the small-o limit. We can then write the generalized
diffusion coefficient as

d o+Mo)’

where d is the spatial dimensionality, the average veloc-
ity (v) is defined in (A.6) (to a good approximation, it
is just the Fermi velocity), and the relaxation kernel

D(w) = (37)
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M(w) satisfies the self-consistency equation, similar to
that derived in [14—19] using “maximally crossed” dia-
grams for the irreducible impurity scattering vertex
(built with Green functions (29)):

M(®) = -AZ{ (®)
(38)
A AG
i 2( 2 z'(D+1D((»)q
with
AG, = G"(e.,p)-G'(e., p), (39)

and AZ{ () = T (,) — Zh, (€) is due to impurity
scattering. It is important to stress once again that there
are no contributions to this equation due to vertex cor-
rections determined by the local Hubbard interaction.
Using definition (37), we can rewrite Eq. (38) as a self-
consistent equation for the generalized diffusion coeffi-
cient itself:

a2

D(w) = i {co AZi(®)

(40)
+A E(AG ) z

which should be solved in conjunction with our
DMEFT + X loop (3)—(9). Due to the limitations of dif-
fusion approximation, summation over g in (40) should
be restricted to

o+ zD(co)q

<k = min{l", py}, (1)
where [ = (v)/27(0) is the elastic mean-free path and py
is the Fermi momentum [17, 19].

Solving (40) for different sets of parameters of our
model and using it in (36) with regular contributions
from (A.10), we can calculate the dynamic (optical)
conductivity in different phases of the Anderson—Hub-
bard model.

4. RESULTS AND DISCUSSION

We performed extensive numerical calculations for
a simplified version of the three-dimensional Ander-
son—Hubbard model on a cubic lattice with the semiel-
liptic DOS of the bare band with a width of W =2D:

2 2 2
2D—e.

No(e) = (42)

The DOS is always given in units of the number of
states per energy interval, per lattice cell volume a® (a is
lattice spacing), and per spin. Some related technical
details are given in Appendix B.
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Nle

Fig. 6. Density of states of the half-filled Anderson—Hub-
bard model for different degrees of disorder A, and U =
2.5D, typical for a correlated metal.

We mostly concentrate on the half-filled case,
although some results for finite dopings are also pre-
sented. The Fermi level is always placed at zero energy.

As the impurity solver of DMFT, we used the reli-
able numerically exact method of a numerical renor-
malization group (NRG) [25-27]. Calculations were
performed for temperatures 7 ~ 0.001D, which effec-
tively makes temperature effects in the DOS and con-
ductivity negligible. The discretization parameter of the
NRG was always A = 2, the number of low energy
states after truncation was 1000, the cutoff was near the
Fermi energy [1-6], and the broadening parameter

We present only a fraction of the most typical results
in what follows.

4.1. Evolution of the DOS

Within the standard DMFT approach, the DOS of
the half-filled Hubbard model has a typical three-peak
structure: a narrow quasiparticle band (central peak)
develops at the Fermi level, with wider upper and lower
Hubbard bands forming at € ~ £U/2. The quasiparticle
band narrows further with an increase in U in the metal-
lic phase, vanishing at the critical value U, = 1.5W, sig-
nifying the Mott—Hubbard MIT with a gap opening at
the Fermi level [7, 8, 27].

In Fig. 6, we present our DMFT + X results for the
DOS, obtained for U =2.5D = 1.25W, typical for a cor-
related metal without disorder, for different degrees of
disorder A, including rather large values, actually trans-
forming the correlated metal to a correlated Anderson
insulator (see Section 4.2.). As may be expected, we
observe typical widening and damping of the DOS by
disorder.

More unexpected are the results obtained for values

of U typical for a Mott insulator without disorder, as
shown in Fig. 7 for U =4.5D = 2.25W. We see the res-
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Fig. 7. Density of states of the half-filled Anderson—Hub-
bard model for different degrees of disorder A and U =
4.5D, typical for a Mott insulator.

toration of the central peak (quasiparticle band) in the
DOS as disorder increases, transforming the Mott insu-
lator to either a correlated metal or a correlated Ander-
son insulator. Similar behavior of the DOS was recently
obtained in [13], but in our calculations the presence of
distinct Hubbard bands was already observed for rather
large values of disorder, with no signs of vanishing of
the Hubbard structure of the DOS, which was observed
in [13]. This is probably due to the very simple nature
of our approximation for the DOS under disordering,
although we must stress that this difference may also be
due to another model of disorder used in [13] (a flat dis-
tribution of €; in (1) instead of our Gaussian case (2)).
Although unimportant, in general, for the physics of the
Anderson transition, the type of disorder may be signif-
icant for the DOS behavior.

It is well known that the hysteresis behavior of the
DOS is obtained for the Mott—Hubbard transition if
DMFT calculations are performed with U decreasing
from the insulating phase [8, 27]. The Mott insulator
phase survives for values of U well inside the correlated
metal phase, obtained with an increase in U. The metal-
lic phase is restored at U,, = 1.0W. The values of U in
the interval U,, < U < U,, are usually considered as
belonging to the coexistence region of the metallic and
(Mott) insulating phases, with the metallic phase being
thermodynamically more stable [8, 27, 29].

In Fig. 8, we present our typical data for the DOS
with different disorder for the same value of U=2.5D =
1.25W as in Fig. 6, but for the hysteresis region,
obtained by decreasing U from the Mott insulator
phase. We again observe the restoration of the central
peak (quasiparticle band) in the DOS under disorder-
ing. We also note the peculiar form of the DOS around
the Fermi level during this transition: a narrow energy
gap is conserved until it is closed by disorder, and a
central peak is formed from two symmetrical maxima
in the DOS merging into the quasiparticle band. This
Vol. 106
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Fig. 8. Restoration of the quasiparticle band by disorder in
the coexistence (hysteresis) region for U = 2.5D, obtained
from a Mott insulator with decreasing U.

resembles similar behavior observed in the periodic
Anderson model [8]. This effect was apparently unno-
ticed in previous calculations of the DOS in the coexist-
ence region [27] (in the absence of disorder); in our
case, it was obtained mainly due to our use of a very
fine mesh of values of the disorder parameter A.

The physical reason for the rather unexpected resto-
ration of the central (quasiparticle) peak in the DOS is
in fact clear. The controlling parameter for its appear-
ance or disappearance in DMFT is actually the ratio of
the Hubbard interaction U and the bare bandwidth W =
2D. Under disordering, we obtain the new effective
bandwidth W, (in the absence of the Hubbard interac-
tion), which increases with disorder, while the semiel-
liptic form of the DOS, with well-defined band edges,
is preserved in self-consistent Born approximation (9).
This leads to a decrease in the ratio U/W,;, which
induces the reappearance of the quasiparticle band in
our model. This is illustrated in more detail in
Section 4.3, where our DOS calculations within the
DMEFT + X approach for a wide range of parameters are
used to study the phase diagram of the Anderson—Hub-
bard model.

4.2. Dynamic Conductivity: Mott—Hubbard
and Anderson Transitions

The real part of dynamic (optical) conductivity was
calculated for different combinations of the parameters
of our model directly from Egs. (36), (A.9), (A.10), and
(40) using the results of DMFT + X loop (3)—(9) as an
input. The conductivity values are given below in natu-
ral units of e*/fa (a is the lattice spacing).

In the absence of disorder, evidently, we reproduce
the results of the standard DMFT approach [7, 8] with
the dynamic conductivity characterized in general by
the usual (metallic) Drude-like peak at zero frequency
and a wide absorption maximum at ® ~ U, correspond-
ing to transitions to the upper Hubbard band. With an
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Fig. 9. Real part of dynamic conductivity for the half-filled
Anderson—Hubbard model for different degrees of disorder
A, and U = 2.5D, typical for a correlated metal. Lines / and
2 are for the metallic phase, line 3 corresponds to the mobil-
ity edge (Anderson transition), and lines 4 and 5 correspond
to a correlated Anderson insulator.

increase in U, the Drude peak decreases and vanishes at
the Mott transition, when only transitions through the
Mott—Hubbard gap contribute. Introduction of disorder
leads to qualitative changes in the frequency depen-
dence of conductivity. In what follows, we mainly show
the results obtained for the same values of U and A that
were used above to illustrate the DOS behavior.

In Fig. 9, we present the real part of dynamic (opti-
cal) conductivity for the half-filled Anderson—Hubbard
model for different degrees of disorder A, and U =
2.5D, typical for a correlated metal. Transitions to the
upper Hubbard band at @ ~ U are practically unobserv-
able in these data, but it can clearly be seen that the
metallic Drude peak at zero frequency is widened and
suppressed, gradually transformed into a peak at finite
frequencies due to effects of Anderson localization. The
Anderson transition occurs at A, = 0.74D = 0.37W
(which corresponds to curve 3 in all our graphs, includ-
ing those for DOS). We note that this value is actually
dependent on the value of cutoff (41), which is defined
up to a constant on the order of unity [17, 19]. Naive
expectations might lead to the conclusion that a narrow
quasiparticle band at the Fermi level, which forms in
the general case of a highly correlated metal, may be
localized much more easily than the typical conduction
band. We see, however, that these expectations are
wrong and that this band is localized only at strong
enough disorder A, ~ D, just as for the whole conduc-
tion band of the width ~W.

This is in accordance with the previous analysis of
localization in a two-band model [30].

More important is the fact that in the DMFT + X
approximation, the value of A, is independent of U
because all interaction effects enter Eq. (40) only via
AR (@) — 0 as ® — 0 (at T=0) and hence interac-
tion drops out at ® = 0. This is actually the main defi-
Vol. 106
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Fig. 10. Real part of dynamic conductivity of the half-filled
Anderson—Hubbard model for different degrees of disorder
A and U = 4.5D, typical for a Mott insulator. Lines / and 2
correspond to a Mott insulator, line 3 corresponds to the
mobility edge (Anderson transition), and lines 4 and 5 are
for a correlated Anderson insulator. Inset: the region of low
frequencies magnified.

ciency of our approximation, occurring because we
neglect interference effects between the interaction and
disorder scattering. An important role of these interfer-
ence effects has been known for a long time [1, 4].
However, despite the neglect of these effects, we are
able to produce a physically sound interpolation
between the two main limits of interest, the pure Ander-
son transition due to disorder and the Mott—Hubbard
transition due to strong correlations. We thus consider
it a reasonable first step to the future complete theory of
MIT in strongly correlated disordered systems.

In Fig. 10, we present the real part of dynamic (opti-
cal) conductivity for different degrees of disorder A,
and U = 4.5D typical for a Mott—Hubbard insulator. In
the inset, we show our data for small frequencies,
which allow clear distinction of different types of con-
ductivity behavior, especially close to the Anderson
transition or in the Mott insulator phase. In this figure,
we clearly see the contribution of transitions to the
upper Hubbard band at ® ~ U. More importantly, we
observe that an increase in disorder produces finite con-
ductivity within the frequency range of the Mott—Hub-
bard gap, which correlates to the appearance of the qua-
siparticle band (central peak) in the DOS within this
gap, as shown in Fig. 7. In the general case, this con-
ductivity is metallic (finite in the static limit w = 0) for
A < A.; for A > A,, at small frequencies, we obtain
Reo(w) ~ ®?, which is typical of an Anderson insulator
[14-19]. We note that due to a finite internal accuracy
of NRG numerics, small but finite spurious contribu-
tions to ImX*-4(e = 0) always appear [27] and formally
increase with U. These contributions are all but irrele-
vant in calculating the conductivity in the metallic state.
However, in an Anderson insulator, these spurious

terms contribute via ® in Eq. (40) and lead to unphys-
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Fig. 11. Real part of dynamic conductivity of the half-filled
Anderson—Hubbard model for different degrees of disorder
A and U = 1.5D, comparison of the self-consistent theory
(bold curves) with the ladder approximation (thin curves).

ical finite dephasing effects at ® = 0 (or 7' = 0), which
can simulate a small finite static conductivity. To
exclude these spurious effects, we had to make appro-
priate subtractions in our data for InX®4(g) at € = 0.

Rather unusual is the appearance of a low-frequency
peak in Rec(w) even in the metallic phase. It occurs
because of weak localization effects, as can be clearly
seen from Fig. 11, where we compare the real part of
dynamic conductivity for different degrees of disorder
A and U = 1.5D, obtained via our self-consistent
approach (taking localization effects into account via
“maximally crossed” diagrams) with that obtained

using the ladder approximation for CI)SRA (®, q) (similar

to (A.10)), which neglects all localization effects. It is
clearly seen that in this simple approximation, we just
obtain the usual Drude-like peak at ® = 0, while
accounting for localization effects produces a peak in
Reo(m) at low (finite) frequencies. The metallic state is
defined [2] by the finite value of zero temperature con-
ductivity at ® = 0.

Up to now, we have presented only conductivity
data obtained with an increase in U from the metallic to
the (Mott) insulating phase. As U decreases from the
Mott insulator phase, a hysteresis of conductivity is
observed in the coexistence region, defined (in the
absence of disorder, A = 0) by U,; < U < U,,. Typical
data are shown in Fig. 12, where we present the real
part of dynamic conductivity for different degrees of
disorder A and U = 2.5D, obtained from the Mott insu-
lator phase with decreasing U, which should be com-
pared with the data in Fig. 9. Transition to the metallic
state via the closure of a narrow gap, “inside” a much
wider Mott—Hubbard gap, is clearly seen, which corre-
lates with the DOS data in Fig. 8.
Vol. 106
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Fig. 12. Real part of dynamic conductivity of the half-filled
Anderson—Hubbard model for different degrees of disorder
A and U = 2.5D, obtained from a Mott insulator with
decreasing U.

4.3. Phase Diagram of the Half-Filled
Anderson—Hubbard Model

The phase diagram of a half-filled Anderson—Hub-
bard model was studied in [13] using the approach
based on direct DMFT calculations for a set of random
realizations of site energies €; in (1) with subsequent
averaging to obtain both the standard average DOS and
the geometrically averaged local DOS, which was used
to determine the transition to the Anderson insulator
phase. Here, we present our results for the zero-temper-
ature phase diagram of the half-filled paramagnetic
Anderson—Hubbard model, obtained from extensive
calculations of both the average DOS and dynamic
(optical) conductivity in the DMFT + X approximation.
We note that conductivity calculations are the most
direct way to distinguish between metallic and insulat-
ing phases [2].

Our phase diagram in the disorder—correlation
(A, U)-plane is shown in Fig. 13. The Anderson transi-
tion line A, = 0.37W = 0.74D was determined as the
value of disorder for which the static conductivity
becomes zero at 7 = 0. The Mott—Hubbard transition
can be determined either via the disappearance of the
central peak (quasiparticle band) in the DOS or from
the conductivity, e.g., from the closure of the gap in
dynamic conductivity in the insulating phase, or from
vanishing of the static conductivity in the metallic
region. All these methods were used, and the corre-
sponding results are shown for comparison in Fig. 13.

We have already stressed that the DMFT + X
approximation gives the universal (U-independent)
value of A.. This is due to neglect of the interference
between disorder scattering and Hubbard interaction,
and it leads to the main (over)simplification of our
phase diagram, compared with that obtained in [13].
We note that direct comparison of our critical disorder
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Fig. 13. Zero-temperature phase diagram of the paramag-
netic Anderson—-Hubbard model. Boundaries of the Mott
insulator phase U, (A) are shown as obtained from

Eq. (45); different symbols show values calculated from
either the DOS or the conductivity behavior. The dotted line
defines the boundary of the coexistence region obtained
with decreasing U from the Mott insulator phase. The
Anderson transition line is given by the calculated value of
A.=0.37.

value with those of [13] is complicated by different
types of random site—energy distributions used here
(Gaussian) and in [13] (rectangular). As a rule of thumb
(cf. the second reference in [16]), our Gaussian value of

A, should be multiplied by /12 to obtain the critical
disorder value for the rectangular distribution. This
gives A. = 1.28, in rather good agreement with the value
of A(U =0) = 1.35W in [13], justifying our choice of
cutoff in (41).

The influence of disorder scattering on the Mott—
Hubbard transition is highly nontrivial and in some
respects is in qualitative agreement with the results in
[13]. The main difference is that our data indicate the
survival of Hubbard band structures in the DOS even in
the limit of rather large disorder, while it was claimed
in [13] that these disappear. Also we obtain the coexist-
ence region, which smoothly widens with an increase in
disorder and does not disappear at a critical point, as in
[13]. The borders of our coexistence region, which in
fact define the boundaries of the Mott insulator phase
obtained with increasing or decreasing U, are deter-
mined by the lines U, (A) and U ,(A) shown in Fig. 13,
which are obtained from the simple equation

Ucl, CZ(A) — Ucl, c2

43
Weff w ( )
with
A2
W =W |1+ 16;2, (44)
Vol. 106 No.3 2008



592

KUCHINSKII et al.

o(w=0)
T T T . I
oal == A2D =019
s - ‘—'—’: - -<¢- 0.19 from ins
5k o3k ' ——0.30 |
s 0. ——0.47
I

2 02f ]
© \
1.0 \ 0.1k A—A—A—".‘A—A—" \ _
'Y 0 4 ‘. P G S VP P
1 2 3U/2D
0.5F —u—U/2D =1.55 T
"y —4—1.60
‘0\ —e— 1.65
- | g2 1.70
0 0.1 0.2 0.3 0.4 0.5 0.6
A2D

Fig. 14. Disorder dependence of static conductivity,
obtained for several values of U and showing disorder-
induced Mott-insulator-to-metal transition. Inset: the static
conductivity dependence on U close to the Mott transition,
including a typical hysteresis behavior obtained with U
decreasing from the Mott insulator phase.

which is the effective bandwidth in the presence of dis-
order, calculated for U = 0 in self-consistent Born
approximation (9). Thus, the boundaries of the coexist-
ence region are given by

AZ
Ucl,L'Z(A) = UL'l,C2 1+ 16%27

which are explicitly shown in Fig. 13 by dotted and
solid lines, defining the boundaries of the Mott insula-
tor phase. Numerical results for the disappearance of
the quasiparticle band (central peak) in the DOS, as
well as points following from a qualitative change in

(45)
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Fig. 15. Density of states of the Anderson—Hubbard model
with the electron concentration n = 0.8 for different degrees
of disorder A and U = 6.0D, representing the doped Mott
insulator.
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the conductivity behavior, are shown in Fig. 13 by dif-
ferent symbols demonstrating very good agreement
with these lines, confirming the ratio in (43) as the con-
trolling parameter of the Mott transition in the presence
of disorder.

The most striking result of our analysis (also quali-
tatively demonstrated in [13]) is the possibility of the
metallic state being restored from the Mott—Hubbard
insulator with an increase in disorder. This is clear from
the phase diagram and is nicely demonstrated by our
data for (static) conductivity shown in Fig. 14 for sev-
eral values of U > U, and disorder values A < A,. In the
inset to Fig. 14, we also illustrate the static conductivity
hysteresis observed in the coexistence region of the
phase diagram, obtained with U decreasing from the
Mott insulator phase.

4.4. Doped Mott Insulator

All results presented above were obtained in the
half-filled case. Here, we briefly consider deviations
from half-filling. In the metallic phase, doping from
half-filling does not produce any qualitative changes in
the conductivity behavior, which only demonstrates the
Anderson transition with an increase in disorder. We
therefore concentrate on the case of a doped Mott insu-
lator. Strictly speaking, in the non-half-filled case, we
never obtain a Mott—Hubbard insulator in the DMFT
method at all. In Fig. 15, we show the DOS of the
Anderson—Hubbard model with an electron concentra-
tion of n = 0.8 for different degrees of disorder A and
U =6.0D, representing a typical case of the doped Mott
insulator. The quasiparticle band overlaps with the
lower Hubbard band and is smeared by disorder, which
is precisely the expected behavior in the metallic state.
Nothing spectacular happens to conductivity either,

Rec
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Fig. 16. Real part of dynamic conductivity of the Anderson—
Hubbard model with the electron concentration n = 0.8 for
different degrees of disorder A and U = 6.0D representing
the doped Mott insulator. Inset: high-frequency behavior
with signs of transition to the upper Hubbard band.
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which is shown for the same set of parameters in
Fig. 16. It shows the typical behavior associated with
the disorder-induced Anderson MIT. Small signs of
transitions to the upper Hubbard band can be seen for
o ~ U (see the inset to Fig. 16). Therefore, a doped
Mott insulator with disorder is qualitatively quite simi-
lar to the disordered correlated metal discussed above.

5. CONCLUSIONS

We used the generalized DMFT + X approach to cal-
culate the basic properties of the disordered Hubbard
model. The main advantage of our method is its ability
to provide a relatively simple interpolation scheme
between rather well understood cases of a strongly cor-
related system (DMFT and Mott—Hubbard MIT) and of
a strongly disordered metal without Hubbard correla-
tions, undergoing an Anderson MIT. Apparently, this
interpolation scheme captures the main qualitative fea-
tures of the Anderson—Hubbard model, such as the gen-
eral behavior of the DOS and dynamic (optical) con-
ductivity. The overall picture of the zero-temperature
phase diagram is also quite reasonable and is in satis-
factory agreement with the results of more elaborate
numerical work [13]. Actually, our DMFT + X
approach is much less time-consuming than more
direct numerical approaches, such as thatin [13], and in
fact allows one to calculate all basic (measurable) phys-
ical characteristics of the Anderson—Hubbard model.

The main shortcoming of our approach is its neglect
of interference effects of disorder scattering and Hub-
bard interaction, which leads to the independence of the
Anderson MIT critical disorder A, from the interaction
U. The importance of interference effects has been
known for a long time [1, 4], but its consideration was
only partially successful in the case of weak correla-
tions. At the same time, the neglect of these interference
effects is the major approximation of the DMFT + X
method, allowing the derivation of a rather simple and
physical interpolation scheme and an analysis of the
strong-correlation limit. Attempts to include interfer-
ence effects in our scheme have been postponed for
future study.

Another simplification is, of course, our assumption
of a nonmagnetic (paramagnetic) ground state of the
Anderson—Hubbard model. The importance of mag-
netic (spin) effects in strongly correlated systems is
well known, as is the problem of competition of ground
states with different types of magnetic ordering [8]. The
importance of disorder in studying the interplay of
these possible ground states is also quite evident. These
may also be the subject of our future work.

Despite these shortcomings, our results seem very
promising, especially concerning the influence of
strong disorder on the Mott—Hubbard MIT and the
overall form of the phase diagram at zero temperature.
The changes in the phase diagram at finite temperatures
will be the subject of further studies. Nontrivial predic-

JOURNAL OF EXPERIMENTAL AND THEORETICAL PHYSICS

593

tions of our approach, such as the general behavior of
dynamic (optical) conductivity and, especially, the pre-
diction of a disorder-induced Mott-insulator-to-metal
transition can be the subject of direct experimental ver-
ification.
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APPENDIX A
Equation for Relaxation Kernel

We follow the standard approach of the self-consis-
tent theory of localization [14-19], taking the DMFT
contributions XF-4(g) into account in single-particle
Green functions (29) and not restricting ourselves to the
usual limit of small .

We consider the Bethe—Salpeter equation relating
the full two-particle Green function <I)g§,A (o, q) to the

irreducible vertex Ugﬁ.A (o, q), accounting only for

impurity scattering in vertices, but built upon Green
functions given by (29). This equation can be written as
a generalized kinetic equation in the form [14—19]

(®—e(p) — AZfn () Dos’ (0, q) = -AG,

A.l
S EAE VT S
P

where AG, = G*(e,, p,) — G*(¢_, p.). The main differ-
ence with a similar equation in [14-19] is the replace-
ment ® —» ®.

We sum both sides of (A.1) and of the same equation
multiplied by p - § (where p =p/|p| and q = q/|q| are
appropriate unit vectors) over p and p', with the exact
Ward identity [14]

. (A2)

AZin() = Y U (0, 9)AG,
-
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taken into account and with the approximate represen-
tation (cf. [14])

AG
Eq’gﬁA( ~—2-@." (0, q)
ZAG,,

p
L AG(B-D) ons

la (('0 (I)
> AG, (- @)’
P

(A.3)

ORA

where d)ORA (I) (, q) is our loop (28)

(o, q) =

and @1 (0, @)= Y (p q)cbﬁ’;A (@, q). An impor-
tant difference from a similar representation in [14—19]
is that (A.3) is not limited to small ®.

Now (as ¢ — 0), we obtain the closed system of
ORA ORA

(®, q) and @, (o, q)
—ZAGP,

(A.4)
(o, q)—< >qd>?fA(w q) = 0,

equations for both @,

ORA

(0, q) - (V)qg@\ (0, q) =

ORA

(0 +M(w)D),

where the relaxation kernel is given by

RA

M(w) = -AZj;,(0)
ORA PEIEPN
2 (B WAGUpy (0, )AGy (B @) 5
+dee :
Y AG,
p
with the average speed (v) determined as
Z|Vp|AGP 3
(v) = 2y v, = Ea(p) (A.6)
Y AG,
P
From (A.4), we immediately find that
~Y AG,
o, "(q, ) = —2—; (A7)

o+ iD(m)q2

which for small ® reduces to (32) with the generalized
diffusion coefficient given by (37).

Using an approximation of maximally crossed dia-

grams for the irreducible vertex Ugﬁf‘ (m, q) and intro-

ducing the standard self-consistency procedure in [14—
19] (i.e., replacing the Drude diffusion coefficient in the
Cooperon contribution to the irreducible vertex with
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the generalized one determined by (37)), we obtain our
expression (38) for the relaxation kernel from (A.5).

Our Eq. (40) for the generalized diffusion coeffi-
cient (which is complex in general) reduces precisely to
the usual transcendental equation. It was solved by iter-

ations for each value of ®, taking into account that for
d =3 and the cutoff given by (41), the sum entering (40)
reduces to

z; _ 1k
~®+iD(0)q’ 2’ iD(0)k,
2 3
N
2 @ 2 iD(m)k,
iD(®)k;

X{l : (imi)k%)m
caran( (24282) ) |

. . ORA ~ .
For finite frequencies ®, we use @, ~ (q, ®) given

by (A.7), and hence expression (25) for the dynamic
conductivity should be rewritten as

(A.8)

e
Reo(0) = 52 [delf(e) - f(e,)]
iZAG D(®) I (A.9)
% Red b q)gRR( )[I—AZ (0))}
0) (O]

The second term was here taken in the ladder approxi-
mation:

ORR

(o, q)

Y G(e., p)G (e, p.) (A.10)
p

1- AZZGR(£+, PG (e p)

p

This contribution (nonsingular at small ®) is irrelevant
for the conductivity as ® — 0, but leads to finite cor-
rections with increasing ®. Equation (A.9) is our final
result, which was analyzed numerically in a wide range
of frequencies (for small ), it reduces to (36)).
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APPENDIX B
Bare Electron Dispersion and Velocity

We consider the bare energy band with semielliptic
DOS (42). Assuming an isotropic electron spectrum
€(p) = e(lp]) = e(p) and equating the number of states in
a spherical layer of momentum space to the number of
states in the energy interval [€, € + de], we obtain a dif-
ferential equation determining the energy dispersion

e(p):
4Ttp2dp
2n)’
For a quadratic energy dispersion €(p) close to the

lower band edge, we obtain the initial condition for
Eq. (B.1) as p — 0 and € — —D. Then we obtain

p = [611:(1t—q>+%sin(Z(p))T3

with @ = arccos(e/D) and the momentum in units of the
inverse lattice spacing. Equation (B.2) implicitly
defines a “bare” energy dispersion e(p) for the elec-
tronic part of the spectrum € € [-D, 0].

For a half-filled band, we easily determine the Fermi
momentum as

= Ny(e)de. (B.1)

(B.2)

1/3
pe = ple=0) = (3n°) . (B.3)
We also need the electron speed |v,| = |[de(p)/dp| =
0€(p)/dp, which enters expression (A.6) for the average
speed. From (B.1), we obtain

2
v, = de _ p 1 (B.4)

dp 2’ No(e)’
where p is given by Eq. (B.2).

To obtain a quadratic dispersion for hole part of the
spectrum (e € [0, D]) close to the upper band edge
(e —= D), we introduce the hole momentum p =
2pp — p and write

Anp’dp _

oy (B.5)

—Ny(e)de

similarly to (B.1). Letting p — 0 at the upper band
edge e — 0, we obtain

p = [6n((p— %sin(Z(p)Hm.

We then obtain the speed at the hole part of the spec-
trum as

(B.6)

de_ _de _ 71
dp dp 2n*No(e)

vy = (B.7)
Equations (B.4) and (B.7) determine the energy depen-
dence of |v,|. It is easily seen that the speed is even in
energy and becomes zero at the band edges. These
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expressions allow passing from momentum summation
(e.g., in Eq. (A.6)) to energy integration.

Note added in proof. Further numerical work has
shown that the tendency of U ,(A) data points in Fig. 13
to deviate upwards from the “universal” curve given by
Eq. (45) increases for large values of U, with these data
points approaching the U, (A) curve. However, up to
U/2D ~ 10, we do not observe the “critical point” dis-
covered in Ref. [13].

December 27, 2007
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Abstract—We discuss the problem of a possible “violation” of the optical sum rule in the normal (nonsuper-
conducting) state of strongly correlated electronic systems, using our recently proposed DMFT + X approach
applied to two typical models: the “hot spot” model of the pseudogap state and the disordered Anderson—Hub-
bard model. We explicitly demonstrate that the general Kubo single-band sum rule is satisfied for both models,
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1. INTRODUCTION

Many years ago, Kubo [1] proved the general sum
rule for the diagonal dynamic (frequency-dependent)
conductivity &(®), which holds for any system of
charged particles irrespective of interactions, tempera-
ture, or statistics. This sum rule is usually written as

r

° 2

2 n.e,

T—JRec(m)dw = 27 (1)
0

where r specifies the type of charged particles and n,
and e, are the respective densities and charges.

For the system of electrons in a solid, Eq. (1) takes
the form

°° 2
JReG(m)dm = %"1 (2
0

where n is the density of electrons and 0);2)1 = 4mne*/m
is the plasma frequency.

In any real experiment, however, we are not dealing
with an infinite range of frequencies. If we consider
electrons in a crystal and limit ourself to the electrons
in a particular (e.g., conduction) band, neglecting inter-
band transitions, the general sum rule (2) reduces to
Kubo’s single-band sum rule [1, 2]:

,

e b 2
W = [Res(@)do = f(0,) % a—g,jnp, 3)
) 2~ ap,

! The text was submitted by the authors in English.
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where €, is the bare dispersion defined by the effective
single-band Hamiltonian and n, is the momentum dis-
tribution function (occupation number), which is in
general defined by the interacting retarded electron

Green’s function G®(g, p) [3, 4]:

n, = _}tjda‘n(e)lmGR(e, D). )

where n(¢€) is the usual Fermi distribution. In Eq. (3), ®,
represents an ultraviolet cutoff, a frequency that is
assumed to be larger than the bandwidth of the low-
energy band but smaller than the gap to other bands.
The function f{w,) accounts for the cutoff dependence,
which arises from the presence of the Drude spectral
weight beyond o, [5]; this function is equal to unity if
we formally set @, to infinity and ignore the interband
transitions.

Although the general sum rule is certainly pre-
served, the optical integral W(w,, T) is not a conserved
quantity because both f{lw,) [5] and n, [4, 6] depend on
the temperature 7 and the details of interactions [3].
This dependence of W on T and other parameters of the
system under study has been termed sum rule violation.
It was actively studied experimentally, especially in
cuprates, where pronounced anomalies were observed
in both the ¢ axis and in-plane conductivity, in normal
as well as superconducting states [8§—13].

The finite cutoff effects were extensively studied in
several theoretical papers on the T dependence of the
optical integral [4, 5, 7]. In [5, 7], the effect of the cutoff
was considered in the context of electrons coupled to
phonons. In a simple Drude model,
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2
_ O (1 . )
oc(w) = 4n/ p im
and the sum rule can only be violated due to the pres-
ence of flw,). Integrating over ® and expanding for
o, T > 1, we can see that

fw) = (1-2-). 5)

TO.T

For the infinite cutoff, flw,) =1 and W = (o;/ 8, but for
a finite cutoff, f{lw,) contains a term proportional to
1/®,T. If 1/t changes with 7, then we obtain a sum rule
violation even if ), is independent of 7' [5, 7]. Other

aspects of the cutoff dependence were recently dis-
cussed in detail in [2].

In this paper, we neglect the cutoff effects in the
optical integral from the outset. Our goal is to study the
dependence of W on T and a number of interaction
parameters that determine the electron properties of
strongly correlated systems, such as cuprates. In this
context, we discuss the problem of a possible violation
of the optical sum rule in the normal (nonsuperconduct-
ing) state of strongly correlated electronic systems,
using our recently proposed DMFT + X approach [14—
16] applied to dynamic conductivity in two typical
models of such systems: the hot spot model of the
pseudogap state [19] and the disordered Anderson—
Hubbard model [20]. Our goal is to check the consis-
tency of the DMFT + X approach applied to calcula-
tions of optical conductivity as well as to demonstrate
rather important dependences of the optical integral W
not only on 7 but also on such important characteristics
as the pseudogap width, disorder, and correlation
strength, which makes the (single-band) sum rule vio-
lation rather ubiquitous in strongly correlated systems,
even if the cutoff effects are neglected.

2. OPTICAL SUM RULE IN THE GENERALIZED
DMFT + X APPROACH

A characteristic feature of the general sum rule
expressed by Egs. (3) and (4) is that the integral W over
frequency in the left-hand side is calculated based on a
two-particle property (the dynamic conductivity, which
is determined by the two-particle Green’s function,
with appropriate vertex corrections in general), but the
right-hand side is determined by single-particle charac-
teristics, such as the bare dispersion and occupation
number (4) (determined by a single-particle Green’s
function). Thus, checking the validity of this sum rule,
we are in fact thoroughly checking the consistency of
any theoretical approach used in our model calcula-
tions.

Our generalized DMFT + X approach [14-16], sup-
plementing the standard DMFT [17, 18] with an addi-
tional “external” self-energy X (due to any kind of inter-
action outside the scope of the DMFT, which is exact
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only in infinitely many dimensions), provides an effec-
tive method to calculate both single-particle and two-
particle properties [19, 20]. A consistency check for
this new approach is obviously of great interest in itself.
We also see in what follows that it gives a kind of a new
insight into the sum rule violation problem.

2.1. Pseudogap State: Hot Spot Model

Pseudogap phenomena in strongly correlated sys-
tems have a substantial spatial length scale depen-
dence [21]. To merge pseudogap physics and strong
electron correlations, we have generalized the DMFT
[17, 18] by including the dependence on the correla-
tion length of pseudogap fluctuations via an additional
(momentum-dependent) self-energy X,(€). This self-
energy X,(€) describes nonlocal dynamic correlations
induced either by short-ranged collective SDW-like
antiferromagnetic spin or CDW-like charge fluctua-
tions [22, 23].

To calculate X,(€) in the two-dimensional hot spot
model [21] for an electron moving in the random field
of pseudogap fluctuations (considered to be static and
Gaussian) with dominant scattering momentum trans-
fers on the order of the characteristic vector Q = (1/a,
1t/a) (where a is the lattice spacing), we used [15, 16]
the recursion procedure proposed in [22, 23], which is
controlled by the two main physical characteristics of
the pseudogap state: the pseudogap amplitude A, which
characterizes the energy scale of the pseudogap, and the
inverse correlation length k¥ = &' of short-range SDW
(CDW) fluctuations. Both parameters A and &, deter-
mining pseudogap behavior can, in principle, be calcu-
lated from the relevant microscopic model [15].

The weakly doped one-band Hubbard model with a
repulsive Coulomb interaction U on a square lattice
with nearest and next-to-nearest neighbor hopping was
numerically investigated within this generalized
DMEFT + X self-consistent approach, as described in
detail in [14-16].

Briefly, the DMFT+ X self-consistent loop is as fol-
lows. First, we guess some initial local (DMFT) elec-
tron self-energy X(g). Second, we compute the
p-dependent external self-energy X,(¢), which is in
general a functional of 2(¢). Then, neglecting interfer-
ence effects between the self-energies (which is in fact
the major assumption of our approach), we can set up
and solve the lattice problem of DMFT [17, 18].
Finally, we define an effective Anderson single-impu-
rity problem, which is to be solved by any “impurity
solver” (we mostly use the numerical renormalization
group, NRG) to close the DMFT + X equations.

The additive form of self-energy is in fact an advan-
tage to our approach [14—16]. It allows preserving the
set of self-consistent equations of the standard DMFT
[17, 18]. However, there are two distinctions from the
conventional DMFT. During each DMFT iteration, we
recalculate the corresponding p-dependent self-energy
Vol. 107
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2,1, € [Z(w)]) via an approximate scheme, taking
interactions with collective modes or order parameter
fluctuations into account, and the local Green’s func-
tion G;(im) is “dressed” by X,,(€) at each step. When the
input and output Green’s functions (or self-energies)
converge to each other (with prescribed accuracy), we
consider the solution self-consistent. Physically, this
corresponds to accounting for some external (e.g.,
pseudogap) fluctuations, characterized by an important
length scale &, in the fermionic “bath” surrounding the
effective Anderson impurity of the usual DMFT. The
cases of strongly correlated metals and doped Mott
insulators were considered in [15, 16]. Energy disper-
sions, quasiparticle damping, spectral functions, and
ARPES spectra calculated within the DMFT + X
scheme all show a pseudogap effect close to the Fermi
level of the quasiparticle band.

In [19], this DMFT + X procedure was generalized
to calculate two-particle properties, such as the
dynamic conductivity, using the previously developed
recursion procedure for vertex corrections due to
pseudogap fluctuations [24], producing typical
pseudogap anomalies of the optical conductivity and a
dependence of these anomalies on the correlation
strength U. Below, we use the approach in [19] to inves-
tigate the sum rule in the hot spot model.

To calculate the optical integral W, we just used the
conductivity data in [19] (extended to a wider fre-
quency range needed to calculate W), while the right-
hand side of (3) was recalculated using recursion rela-
tions for 2 (¢) and the whole self-consistency DMFT +
2 loop. All calculations were performed for a tight-
binding “bare” spectrum on the square lattice, with the
nearest-neighbor transfer integral ¢ and the next-to-
nearest-neighbor transfer integral ¢'.

In Fig. 1, we present our typical data for the real part
of the conductivity (with t' = -0.4¢, t = 0.25 eV, a band
filling of n = 0.8, and a temperature of 7' = 0.089¢) for
different values of Hubbard interaction U = 4¢, 61, 10,
40t and a fixed pseudogap amplitude A = (at the corre-
lation length § = 10a). It is obvious from these data that
the optical integral W is different for all of these curves;
its value actually decreases with an increase in U (along
with damping of pseudogap anomalies [19]). However,
the single band optical sum rule in (3) is satisfied within
our numerical accuracy, as can be seen from Table 1.
The small “deficiency” in the values of W in Table 1 is
naturally due to a finite frequency integration interval
over the conductivity data in Fig. 1.

In Fig. 2, we show the real part of the optical con-
ductivity for a doped Mott insulator (at a fixed U = 40¢,
t'=-0.4¢, t = 0.25 eV, and the band fillingn =0.8, T =
0.089¢) for different values of the pseudogap amplitude
A=0,A =t and A = 2¢. The correlation length is again
€ = 10a and the band filling factor n = 0.8. The “viola-
tion” of the sum rule here is especially striking: the
optical integral obviously decreases with an increase in
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Reo
0.5 T T T T T

4

0 > 4 6 8 10 12
w/t

Fig. 1. Real part of the optical conductivity for a strongly
correlated system in the pseudogap state (t' = —-0.41, t =
0.25 eV, and T = 0.089¢) in the DMFT + Zp approximation,

the U dependence. Band filling n = 0.8, pseudogap ampli-
tude A =, correlation length & = 10a. Conductivity is given

in units of 6 = h.

A. However, again, the single-band optical sum rule in
(3) is strictly valid, as can be seen from Table 2.

To study the details of the sum rule “violation,” i.e.,
the dependence of the optical integral W on the param-
eters of the model, we performed extensive calculations
of the appropriate dependences of the right-hand side of
Eq. (3) and the optical integral W on the temperature 7,
doping, the pseudogap amplitude A, the correlation
length of pseudogap fluctuations & = k!, and the corre-
lation strength U. Some of the results are presented in
Figs. 3-5.

A typical dependence of the (normalized) optical
integral on the correlation strength U is shown in Fig. 3
for two values of A. We can see a rather significant
decrease in W with an increase in U. As regards the cor-
relation length dependence, which is shown in the inset

Table 1. Single-band optical sum rule check in the hot spot
model, the U dependence. The optical integral is given in
units of e’t/h

2_ % -
Te
U 728—5% W = jRec(m)dw
p 9Px 0
4t 0.456 0.408
6t 0.419 0.387
10 0.371 0.359
401 0.323 0.306
Vol. 107 No.2 2008
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Reo
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20
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Fig. 2. Real part of the optical conductivity for a doped Mott
insulator (U =40¢t, t'=-0.4t,t=0.25 eV, and T = 0.089¢) in
the DMFT + X%, approximation for different values of the

pseudogap amplitude A = 0, A = ¢, and A = 2¢. Correlation
length & = 10a, band filling factor n = 0.8.

to Fig. 3, it was found to be very weak (practically neg-
ligible) in the whole region of realistic values of A, and
we therefore do not discuss it further. The dependence
of W on the pseudogap amplitude A (for several values
of U) is shown in Fig. 4. A typical doping dependence,
which reflects just the dependence of the square of the

plasma frequency 0)3,1 on doping, is given in Fig. 5. In
all other cases, the change of the relevant parameters of
the model leads to a rather significant decrease in the
values of W. As regards the temperature dependence

(shown in the inset to Fig. 5), it is rather weak, qua-
dratic in 7" and quite similar to that found in Refs. [4].

Basically, these results show that the value of the
optical integral depends on all the major parameters of
the model and, in this sense, its value is not universal
and hence the optical sum rule is significantly “vio-
lated” if we restrict ourself to a single-band contribu-
tion.

Table 2. Single-band optical sum rule check in the hot spot
model, the A dependence. The optical integral is given in
units of e’t/h

2_ 9% “
T
A Teza_fnp W = [Reo(w)do
p 9Px 0
0 0.366 0.36
0.314 0.304
2 0.264 0.252
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W(U)/W(0)
1.0

0.8

0.6

04

0.2

I I I
0 0.1 02 0.3

0 10 20 30 40
Ult

Fig. 3. Dependence of the normalized optical integral on the
correlation strength U in the pseudogap state (7= 0.089¢, 1 =
0.25¢eV, t'=-0.1 eV, n =0.8). Inset: the correlation length

dependence of the optical integral in units of etlh.

2.2. Disordered Anderson—Hubbard Model

In [20], we used the DMFT + X approximation to
calculate the density of states, the optical conductivity,
and the phase diagram of a strongly correlated and
strongly disordered paramagnetic Anderson—Hubbard
model, with a Gaussian site disorder. Strong correla-
tions were taken into account by the DMFT, while dis-
order was taken into account via the appropriate gener-
alization of the self-consistent theory of localization
[25-28]. We considered the three-dimensional system
with a semi-elliptic density of states. The correlated
metal, Mott insulator, and correlated Anderson insula-
tor phases were identified via the evolution of the den-
sity of states and dynamic conductivity, demonstrating
both Mott—-Hubbard and Anderson metal-insulator
transitions and allowing the construction of the com-
plete zero-temperature phase diagram of the Anderson—
Hubbard model.

For the “external” self-energy entering the DMFT +
2 loop, we used the simplest possible approximation
(neglecting “crossing” diagrams for disorder scatter-
ing), i.e., just the self-consistent Born approximation,
which in the case of Gaussian site-energy disorder
takes the usual form

2(e) = A’ G(e, p), (6)
P

where A now denotes the amplitude of site disorder.

Calculations of the optical conductivity are consid-
erably simplified [20] because there are no contribu-
Vol. 107
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W(A)/W(0)

1.0

0.9

0.8

0.7 1 1 1
0 0.5 1.0 1.5 2.0

AJt

Fig. 4. Dependence of the normalized optical integral on the
pseudogap amplitude A (T=0.0117,t=0.25eV,t'=-0.1¢V,
n=0.8,xka=0.1).

Reo
K T T T
1 1 A2D=0
‘n
3 2 025
02 5 3037 il
4 043
upp =125 2 050
0.1 —:EI, \\\3 i
I!-' " \ 4
": A\ 5
K \\
DR
o S
| | |
0 0.5 1.0 1.5 2.0

(D/Zb

Fig. 6. Real part of the dynamic conductivity for the half-
filled Anderson—-Hubbard model for different degrees of
disorder A and U = 2.5D typical for a correlated metal.
Lines 7 and 2 are for the metallic phase, line 3 corresponds
to the mobility edge (Anderson transition), and lines 4 and
5 correspond to the correlated Anderson insulator. The con-

ductivity is in units of ha.

tions to conductivity due to vertex corrections deter-
mined by a local Hubbard interaction. The conductivity
is essentially determined by the generalized diffusion
coefficient, which is obtained from the appropriate gen-
eralization of the self-consistency equation in [25-28],
which is to be solved in conjunction with the DMFT +
2 loop.
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Fig. 5. Dependence of the normalized optical integral on
hole doping in the pseudogap state. Inset: temperature
dependence (7'= 0.0117, U =41, A=1t,t=025¢V, t' =
—0.1eV, xa=0.1).

W(U)/W(0)
T T T T
1.0 1 A2D=0.11 i
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0 1 2 3 4

U/2D

Fig. 7. Dependence of the normalized optical integral on the
correlation strength in the Anderson—Hubbard model for
different degrees of disorder A (/ and 2, strongly disordered
metal; 3, correlated Anderson insulator).

In Fig. 6, we show typical results for the real part of
the dynamic conductivity of a correlated metal
described by the half-filled Anderson—Hubbard model
(with the bandwidth 2D) for different degrees of disor-
der A and U = 2.5D; the results demonstrate a continu-
ous transition to the correlated Anderson insulator as
disorder increases.
No. 2
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Table 3. Single-band optical sum rule check in the Ander-
son—Hubbard model, the A dependence. The optical integral
is in units of 2e’D/fha

2 2 i

A2D ”Tez%nl, W = [Reo(w)do
p 9P« 0

0 0.063 0.064

0.25 0.068 0.07

0.37 0.06 0.056

0.5 0.049 0.05

Again, the direct check shows that the single-band
optical sum rule in (3) is satisfied within our numerical
accuracy, as can be seen from Table 3. At the same time,
the optical integral W itself obviously changes with dis-
order.

Again, to study the details of this sum rule violation,
i.e., the dependence of W on the parameters of the
Anderson—Hubbard model, we performed detailed cal-
culations of its dependences on the temperature 7, the
disorder amplitude A, and the correlation strength U.
Some of the results are presented in Figs. 7-9.

In Fig. 7, we show the dependence of the normalized
optical integral on U for different degrees of disorder
(for both a strongly disordered metal and a correlated
Anderson insulator). It is seen that in all cases, an
increase in the correlation strength leads to a rather

W(A)/W(0)
30 T T T T T
1URD =0
2 0.75
2313 1.25 i
4 2.25
2.0 1.25 from insulator 7
1.5 7
1.0 7
0.5 7
1
1 1 1 1 1
0 0.1 0.2 0.3 0.4 0.5

A2D

Fig. 8. Disorder dependence of the normalized optical inte-
gral in the Anderson—Hubbard model for different values of
Hubbard interaction U. Lines I, 2, 3—correlated metal,
transforming into Anderson insulator. Line 4—Mott insula-
tor state obtained with the growth of U from correlated
metal. Line 5—Mott insulator obtained with diminishing U
in the hysteresis region of the phase diagram.
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sharp decrease in W in the metallic state; this decrease
is much slower in the Mott insulator.

In Fig. 8, we present similar dependences on the dis-
order strength A. In the metallic state, the optical inte-
gral generally decreases as disorder increases, but the
opposite behavior is observed if we start from the Mott
insulator (obtained either with an increase in U from the
metallic state or for a reduced U in the hysteresis region
of the phase diagram [20]). We note the absence of any
significant changes in the immediate vicinity of the crit-
ical disorder A /2D = 0.37, corresponding to the Ander-
son metal-insulator transition. At the same time, we
note that the most significant increase in the optical
integral occurs as the system transforms into the disor-
der-induced metallic state obtained from the Mott insu-
lator, as observed in [20].

In Fig. 9, we show the temperature dependence of
the normalized optical integral for different degrees of
disorder. In the Anderson—Hubbard model, it appears to
be significantly stronger than in the hot spot model (see
above) and decreases as disorder increases. Moreover,
in a relatively weakly correlated state, the situation is
qualitatively the same: the optical integral decreases as
T increases, but in a disordered Mott insulator, the inte-
gral increases, as can be seen from line 3 in the inset to
Fig. 9.

Again, as in the case of the pseudogap hot spot
model, these results for the Anderson—-Hubbard model
clearly demonstrate that the value of the optical integral
is not universal and depends on all the major parame-

W(T)/W(0)

1.0

0.9 U2D = 1.25

W(T)/W(0)
0.8F ">

1.1 4 IAR2D=0
0.7F 2 0.11 +
10 e~ 3 0.30
0.6 L 09 - 125 | 4 0.50 i
) 3 2.25
0.8 ' '
0 0002 0.004 0.006
0.5 : 12D,
0 0.002 0.004 0.006
T/2D

Fig. 9. Temperature dependence of the normalized optical
integral in the Anderson—Hubbard model for different
degrees of disorder. Inset: a similar dependence at a fixed
disorder but for different values of the Hubbard interaction
U; line 3 here corresponds to a disordered Mott insulator.
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ters of the model; therefore the single-band optical sum
rule is strongly violated.

3. CONCLUSIONS

Based on the DMFT + X approach, we have studied
the single-band optical sum rule for two typical
strongly correlated systems, which are outside the
scope of the standard DMFT scheme: (i) the hot spot
model of the pseudogap state, which takes into account
important nonlocal correlations due to AFM(CDW)
short-range order fluctuations and (ii) the Anderson—
Hubbard model, which includes strong disorder effects
leading to the disorder-induced metal—insulator
(Anderson) transition alongside with the Mott transi-
tion.

We have explicitly demonstrated that the single-
band optical sum rule in (3) is satisfied for both models,
confirming the self-consistency of the DMFT + X
approach for calculation of two-particle properties.

However, the optical integral

W = 2J'Reo(m)dm
0

entering single-band sum rule (3) is nonuniversal and
depends on the parameters of the model under consid-
eration. Most of the previous studies addressed its (rel-
atively weak) temperature dependence. Here, we have
analyzed dependences on the essential parameters of
our models, showing that these may lead to rather
strong violations of the optical sum rule. Because most
of the parameters under discussion can be varied in dif-
ferent kinds of experiments, these dependences should
be taken into account in the analysis of optical experi-
ments on strongly correlated systems.
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We have performed ab initio LDA calculations of the electronic structure of newly discovered prototype high-
temperature superconductors AFe,As, (A = Ba, Sr) and compared it with the previously calculated electronic
spectra of ReOFeAs (Re = La, Ce, Pr, Nd, Sm). In all cases, we obtain almost identical densities of states in a
rather wide energy interval (up to 1 eV) around the Fermi level. Energy dispersions are also very similar and
almost two dimensional in this energy interval, leading to the same basic (minimal) model of the electronic
spectra, determined mainly by Fe d orbitals of the FeAs layers. The other constituents, such as A ions or rare-
earth Re (or oxygen states) are more or less irrelevant for superconductivity. LDA Fermi surfaces for AFe,As,
are also very similar to that of ReOFeAs. This makes the more simple AFe,As, a generic system to study the
high-temperature superconductivity in FeAs-layered compounds.
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The recent discovery of the new superconductor
LaO, _,F,FeAs with the transition temperature 7, up to
26 K [1-4] and even higher values of 7, = 41-55 K
in CeO,_/,FFeAs [5], SmO,_JFFeAs [6],
NdO, _,F FeAs, and PrO, _,F FeAs [7, 8] was recently
followed by the discovery of high-temperature super-
conductivity with 7, up to 38 K in potassium-doped ter-
nary iron arsenides BaFe,As, [9] and SrFe,As, [10],
with the further synthesis of superconducting AFe,As,
(A =K, Cs, K/Sr, Cs/Sr) [11]. Relatively large single
crystals of superconducting Ba, _,K,Fe,As, were also
grown [12], providing a major breakthrough in the
studies of anisotropic electronic properties of FeAs-
layered superconductors.

The LDA electronic structure of LaOFeAs were cal-
culated in a number of papers (see, e.g., [13, 14, 15])
producing results that are qualitatively similar to that
first obtained for LaOFeP [16]. We have performed
LDA calculations for the whole series of ReOFeAs
(R=La, Ce, Pr, Nd, Sm) [17], demonstrating a very
weak (or absent) dependence of the electronic spectrum
on the type of the rare-earth ion Re in a rather wide
energy interval (~2 eV) around the Fermi level.

First, the LDA results for the density of states (DOS)
of BaFe,As, were recently presented in [18, 19]. Here,
we present the results of our ab initio calculations of an
electronic structure of the newly discovered prototype
high-temperature superconductors AFe,As, (A = Ba,
Sr) with the aim of comparing it with the previously

IThe text was submitted by the authors in English.
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discussed ReOFeAs series. We present the LDA DOS,
energy dispersions, and Fermi surfaces of these com-
pounds and briefly discuss the possible conclusions
with respect to the minimal model of the electronic
spectrum and superconductivity. Since all of the results
are quite similar for both A = Ba and A = Sr, as well as
for the whole Re series, below we present the data
mainly for A = Ba and Re = La.

Crystal structure data for BaFe,As, and LaOFeAs compounds.
Atomic positions for BaFe,As, are Ba (0, 0, 0), Fe (0.5, 0, 0.25),
As (0, 0, z) and for LaOFeAs are La (0.25, 0.25, z; ), Fe (0.75,
0.25, 0.5), As (0.25, 0.25, z»), O (0.75, 0.25, 0)

Parameter BaFe,As, LaOFeAs
Group 14/mmm P4/nmm
a, A 3.9090(1) 4.03533(4)
c, A 13.2122(4) 8.74090(9)
ZLa - 0.14154(5)
Zas 0.3538(1) 0.6512(2)
Source [9] [1]
Ba-As, A 3.372(1) x 8 -
La-As, A - 3.380 x 4
Fe-As, A 2.388(1) x 4 2412 x4
Fe-Fe, A 2.764(1) x 4 2.853 x 4
As—Fe-As 109.9(1)° 113.6°

109.3(1)° 107.5°
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Fig. 1. Crystal structure of BaFe,As, and LaOFeAs. FeAs tetrahedra form two-dimensional layers (violet) sandwiched by Ba ion

(cyan) or LaO (yellow and green) layers.

Both BaFe,As, and LaOFeAs crystallize in a tetrag-
onal structure with the space group [4/mmm and
PA/nmm, respectively. Both compounds are formed

from (FeAs)™ layers alternating with Baé; or (LaO)".

Fe?* ions are surrounded by four As ions forming a tet-
rahedron. The crystal structures of BaFe,As, and
LaOFeAs are shown in Fig. 1. The quasi two-dimen-
sional character of both compounds makes them simi-
lar to the well-studied class of superconducting copper
oxides. At 140 K, BaFe,As, undergoes a structural
phase transition from the tetragonal (/4/mmm) to
orthorhombic (Fmmm) space group [20]. The same
transition takes place for the LaOFeAs system at 150 K:
P4/nmm (tetragonal) — Cmma (orthorhombic) [21].
The crystallographic data for the tetragonal phase of
two compounds are shown in the table. It can be seen
that for BaFe,As, compound the Fe—As distance is
smaller than for LaOFeAs. Therefore, one would
expect a more considerable Fe-d-As-p hybridization for
the BaFe,As, system in comparison with LaOFeAs
and, as a result, a wider Fe-d bandwidth. The distance
between the nearest Fe atoms within FeAs layers is also
significantly smaller in BaFe,As, as compared with the

JETP LETTERS  Vol. 88 No.2 2008

LaOFeAs system. After the phase transition of the
BaFe,As, system to the orthorhombic structure, the
four equal Fe-Fe distances break into two bond pairs
with lengths of 2.808 and 2.877 A.

Moreover, the two As—Fe—As angles are quite differ-
ent in the case of the LaOFeAs system (113.6° and
107.5°) and have very close values (~109°) for
BaFe,As,. Such differences in the nearest surrounding
of Fe ions should evoke distinctions in the electronic
structure of these two compounds.

The electronic structure of BaFe,As, and LaOFeAs
was calculated within the local density approximation
(LDA) by using the basis of the linearized muffin-tin
orbitals (LMTO) [22]. For BaFe,As,, we used the struc-
ture data for a K-doped system and temperature 7 =
20 K [9]. The LDA calculated total and partial densities
of states for the BaFe,As, and LaOFeAs are shown in
Fig. 2. In the lower panel of Fig. 2, we show the magni-
fied behavior of the total DOS around the Fermi level
for three different systems under discussion. In all
cases, the DOS is almost flat. It is well known that the
DOS of two-dimensional (nearly free) electrons is a
constant defined just by the renormalized electron
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Fig. 2. Total and partial LDA DOS for BaFe,As, (black

lines) and LaOFeAs (light lines) compounds. The lower
panel presents the total DOS for different FeAs systems in
the vicinity of the Fermi level. The Fermi level corresponds
to zero.

mass. Thus, our results support the two-dimensional
nature of these compounds.

The orbital projected Fe-d DOS for two compounds
is shown in Fig. 3. The values of the density of states at
the Fermi level are very similar in both compounds.
The 0.3 eV wider Fe-d bandwidth in the case of
BaFe,As, in comparison with LaOFeAs arises from the
shorter Fe—As bonds and, hence, a stronger Fe-d-As-p
hybridization for this system. The partial As-p DOS is
split into two parts in the case of the Ba system. One
can see that, for both systems, three Fe-d orbitals of the
1, symmetry—xz, yz, x> — y>—mainly contribute to the
bands crossing the Fermi level. We call here the x> — y?
(a basically rotated xy orbital) as one of 1,, orbitals fol-
lowing the established earlier terminology for
ReOFeAs systems.

Energy bands along the high-symmetry directions
of the Brillouin zone are shown in Fig. 4. The bands

3 — BaFe,As, xy
5 [— LaOFeAs
1t
ok Ny, N i1 i | |
) 3:_ yz, Xz
g 2r
§ 3:— 37 /7
v 2+
2 1F
0__..//)& | | 1 A_M|
3[ 2 2
N X =y
2r
1L
O_MI ) A“—‘F*&'_‘I
-3 -2 -1 0 1 2
Energy (eV)

Fig. 3. Orbital projected Fe-d DOS for BaFe,As, (black

lines) and LaOFeAs (light lines) compounds. The Fermi
level corresponds to zero.

around the Fermi level for both compounds are prima-
rily formed by Fe-d states. In the LaOFeAs system, the
As-p states are also hybridized with O-p states and the
corresponding bands are separated from the Fe-d ones.
On the contrary, in BaFe,As,, the Fe-d and As-p bands
are entangled. The lower two panels of Fig. 4 compare
the band dispersions for both systems close to the Fermi
level. Here, only the (k,, k,) dispersion is shown. Taking
into account the different notations of the high-symme-
try points for these two different crystal structures, one
can find that these dispersions are pretty similar to each
other. There are three hole-like bands around the T°
point and two electron bands around the X point. Thus,
one can define a minimal model of “bare” electronic
bands to treat, e.g., superconductivity, similar to that
discussed in [23]. Let us mention that, along the X — M
direction in LaOFeAs, there are two degenerate bands.

In Fig. 5, the relative onsite energies of the hybrid-
ized Fe-3d and As-4p states are presented. A bird’s eye
view tells us that this picture for both BaFe,As, (left)
and LaOFeAs (right) is rather similar. There are two
groups of states—antibonding (mostly Fe-3d) and
bonding (mostly As-4p) states. However, there are
some fine differences. First of all, for BaFe,As,, the
hybridization between the Fe-3d-z? and As-4p_orbitals
is about 0.4 eV weaker. This leads to a swap of the
energy positions of the Fe-3d-z?> and x> orbitals and,
similarly, for the corresponding As-4p orbitals. Sec-
ondly, the Fe-d-1,, orbitals are degenerate for BaFe,As,
in contrast to LaOFeAs.

JETP LETTERS  Vol. 88
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Fig. 4. Energy bands for LaOFeAs (left) and BaFe,As, (right) compounds. The lower two panels present the (k,, ky) dispersions for
BaFe,As, and LaOFeAs systems in the vicinity of the Fermi level. The Fermi level corresponds to zero.

Neglecting the small difference, the overall picture
of the energy spectrum in the vicinity of the Fermi level
is very similar for both compounds and is determined
mainly by the Fe-d states of the FeAs layers, making
the states of the A ions or rare-earth Re more or less
irrelevant for superconductivity. Thus, the supercon-
ductivity of FeAs-layered compounds may be studied
within the minimal model, taking into account only the
essential Fe-d bands close to the Fermi level. The vari-
ants of such a model proposed, e.g., in [23, 24], for the
LaOFeAs system may also be used for AFe,As, with
only a slight modification of the model parameters,
such as the transfer integrals.

The role of the electronic correlations remains dis-
putable at the moment. In general, it can be expected to
be rather important due to the large values of Hubbard
and Hund interactions on Fe. However, the LDA +
DMFT calculations from [25, 26] have produced rather
contradictory claims. Obviously, this problem requires
further studies. Assuming that the correlations in these
compounds are most likely in the intermediate range,
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Fig. 6. Fermi surface of BaFe,As,.

Fig. 7. Fermi surface of LaOFeAs shown in the first Bril-
louin zone centered at I point.

we may hope that the standard LDA approach used here
is reliable enough.

The Fermi surfaces obtained from the LDA calcula-
tions for BaFe,As, and LaOFeAs are shown in Figs. 6
and 7, respectively. There are five sheets of the Fermi
surface for both compounds. Qualitatively, the Fermi
surfaces are similar to that reported for LaOFeAs in
[13] (see also [15]). There are three hole cylinders in
the middle of the Brillouin zones and two electron
sheets at the corners of the Brillouin zone. The smallest
of the hole cylinders is usually neglected in the analysis
of the superconducting pairings [23, 27] and the analy-

sis is restricted to the smallest two [27] or four bands
[23] models, reproducing two-hole and two-electron
cylinders.

The tetragonal-to-orthorhombic phase transition
taking place in undoped compounds is usually attrib-
uted to the SDW formation due to the nesting properties
of the electron and hole Fermi surfaces [15, 24] or due
to the excitonic instability in the triplet channel [23].
The difficulties of calculating the magnetic state of
LaOFeAs related to the apparently itinerant nature of
magnetism were recently discussed in [28].

In conclusion, we have presented the results of the
LDA calculations of a new prototype high-temperature
superconductor AFe,As, (A = Ba, Sr) and compared it
with the previously discussed ReOFeAs series, demon-
strating the essential similarity of the electronic states
close to the Fermi level and the most important for
superconductivity. These states are formed mainly by
the Fe orbitals in the two-dimensional FeAs layer,
which is the basic structural motif, where the supercon-
ducting state is formed. Thus, the rather simple
AFe,As, system may be considered generic for the
studies of a high-temperature superconductivity in the
whole class of FeAs-layered compounds.
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Reconstruction of the Fermi surface of high-temperature superconducting cuprates in the pseudogap state
is analyzed within nearly exactly solvable model of the pseudogap state, induced by short-range order fluctu-
ations of antiferromagnetic (AFM), spin density wave (SDW), or similar charge density wave (CDW)) order
parameter, competing with superconductivity. We explicitly demonstrate the evolution from “Fermi arcs” (on
the “large” Fermi surface) observed in ARPES experiments at relatively high temperatures (when both the am-
plitude and phase of density waves fluctuate randomly) towards formation of typical “small” electron and hole
“pockets”, which are apparently observed in de Haas — van Alfen and Hall resistance oscillation experiments
at low temperatures (when only the phase of density waves fluctuate, and correlation length of the short-range
order is large enough). A qualitative criterion for quantum oscillations in high magnetic fields to be observable
in the pseudogap state is formulated in terms of cyclotron frequency, correlation length of fluctuations and

Fermi velocity.
PACS: 71.10.Hf, 74.72.—h

Pseudogap state of underdoped copper oxides [1—4]
is probably the main anomaly of the normal state of
high temperature superconductors. Especially striking
is the observation of “Fermi arcs” in ARPES experi-
ments, i.e. parts on the “large” Fermi surface around
the diagonal of the Brillouin zone (BZ) with more or less
well defined quasiparticles, while the parts of the Fermi
surface close to BZ boundaries are almost completely
“destroyed” [5-17].

However, the recent observation of quantum oscilla-
tion effects in Hall resistance [8], Shubnikov — de Haas
[9] and de Haas — van Alfen (dHvA) oscillations [9, 10)
in the underdoped YBCO cuprates, producing evidence
for rather “small” hole or electron [11] pockets of the
Fermi surface, seemed to contradict the well established
ARPES data on the Fermi surface of cuprates.

Qualitatvive explanation of this apparent contradic-
tion was given in Ref. [12] within very simplified model
of hole-like Fermi surface evolution under the effect of
short-range AFM fluctuations. Here we present an ex-
actly solvable model of such an evolution, which is able
to describe continuous transformation of “large” ARPES
Fermi surface with typical “Fermi arcs” at high-enough
temperatures into a collection of “small” hole-like and
electron-like “pockets”, which form due to electron in-
teraction with fluctuations of SDW (CDW) short-range
order at low temperatures (in the absence of any kind
of AFM (or charge) long-range order). We also formu-
late a qualitative criterion for observability of quantum
oscillation effects in high-magnetic field in this, rather
unusual, situation.

De-mail: sadovskiQiep.uran.ru

We believe that the preferable “scenario” for pseudo-
gap formation can be most likely based on the picture
of strong scattering of the charge carriers by short—
ranged antiferromagnetic (AFM, SDW) spin fluctua-
tions [2, 3], i.e. fluctuations of the order parameter
competing with superconductivity. In momentum repre-
sentation this scattering transfers momenta of the order
of Q = (n/a,w/a) (a — lattice constant of two dimen-
sional lattice). This leads to the formation of structures
in the one-particle spectrum, which are precursors of the
changes in the spectra due to long—range AFM order (pe-
riod doubling). As a result we obtain non-Fermi liquid
like behavior of the spectral density in the vicinity of the
so called “hot spots” on the Fermi surface, appearing at
intersections of the Fermi surface with antiferromagnetic
Brillouin zone boundary [2, 3], which in the low temper-
arure (large correlation length of the short-range order)
can lead to a significant Fermi surface reconstruction,
similar to that appearing in the case of AFM long-range
order.

Within this approach we have already demonstrated
[13, 14] the formation of “Fermi arcs” at high-enough
temperatures, when AFM fluctuations can be effectively
considered as static and Gaussian [15, 16]. Here we
present an exactly solvable model, quite similar to that
analyzed qualitatively in Ref. [12], which is capable to
describe a crossover from “Fermi arc” picture at high
temperatures (typical for most of ARPES experiments)
to that of small “pockets” at low temperatures (typical
for quantum oscillation experiments).

We shall consider a two — dimensional generalization

of an exactly solvable model proposed in one — dimen-
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Fig.1. Reconstruction of the Fermi surface in the low temperature (large correlation length) regime of pseudogap fluctuations
(n =10.9, t'/t = —0.4. Shown are intensity plots of spectral density for ¢ = 0: (a) — D = 0.2t, ka = 0.01; (b) - D = 0.7¢,
ka = 0.01; (¢) - D = 1.5¢, ka = 0.01; (d) — D = 0.7¢, ka = 0.1. Dashed line denotes “bare” Fermi surface, dotted line —

shadow Fermi surface

sion in Ref. [17] (and also analyzed in a simplified two-
dimensional approach in Ref. [18]), which is physically
equivalent to the model of Ref. [12], but can produce
a complete picture of Fermi surface reconstruction and
formation of both hole and electron “pockets”.

We consider electrons in two-dimensional square lat-
tice with nearest (t) and next nearest (t') neighbour hop-
ping integrals, which leads to the usual “bare” disper-
sion:

e(k) = —2t(coskza + cos kya) — 4t' cos kacoskya — p,
(1)

where @ is the lattice constant, 4 — chemical potential,
and assume that these electrons are scattered by the fol-
lowing (static) random field, imitating AFM(SDW) (or
similar CDW) short-range order:

V(1) = Dexp(iQl — iql) + D* exp(—iQl + iql), (2)

where 1 = (nja,nya) numerates lattice sites and D =
= |Dl|e*® denotes the complex amplitude of fluctuating
SDW (or CDW) order parameter, while q = (g, gy) is
4
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a small deviation from the dominating scattering vector
Q=(Q:,Qy) =(3,7)-

Generalizing the approach of Refs. [17, 18] (compare
with Ref. [12]) we consider a specific model of disorder,
where both ¢, and g, are random and distributed ac-
cording to:

1 K K

e

P(ger @) = 3)

where k = ¢! is determined by the inverse correlation
length of short-range order. Phase ¢ is also considred
to be random and distributed uniformly on the interval
[0, 27].

Factorized form of (3) is not very important physi-
cally, but allows for an analytic solution for the Green’
function which takes the form [18]:

e —ek+ Q) +ivk

Gp(e k) = (e —e(k))(e —e(k + Q) + ivk) — |D|?’
(4)
v =lvz(k+ Q) +[vy(k+ Q)|, vay(k) = gi(k)
z,y
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Spectral density A(e,k) = —1ImGp(e,k) at the
Fermi level (¢ = 0), is shown in Fig.1, and demonstrate
the formation of small “pockets” instead of large “bare”
Fermi surface. Here and in the following we have as-
sumed rather typical (for cuprates) values of t' /¢t = —0.4
and doping n = 0.9 (10% hole doping), corresponding
to u = —1.08¢.

The poles of the Green’s function (4), determining
the quasiparticle dispersion and damping the limit of
large enough correlation length (vk < t, low tempera-
ture), are given by:

(-)
E® —pg®H %[5 (5)
k 2 ’
with e = L[e(k) + e(k + Q)], B = 1/ + D)2,
and
B = el & /e +|DP (6)

which is just the same as dispersion in the case of the
presence of long-range AFM order. Equation El(;) =
= 0 determines the hole “pocket” of the Fermi sur-

face, around the point (Z,Z) in the Brillouin zone,

2a’ 2a
while E1(<+) = 0 defines the electronic “pockets”, cen-
tered around (%,0) and (0, 7), as shown in Fig.1a.

Quasiparticle damping as given by the imaginary
part of (5) is, in fact, changing rather drastically as par-
ticle moves around the “pocket” of the Fermi surface.
Being practically zero in the nearest to point I' = (0, 0)
nodal (i.e. on the diagonal of the Brillouin zone) point
of this trajectory on the hole “pocket”, it becomes of the
order of ~ v}k in the far (from I') nodal point. Here we
have introduced vg = [ve(k|) + vy (K)| 4o, -k, ~
particle velocity at the nodal point of the “bare”
Fermi surface. On the trajectory around the electronic
“pocket” quasiparticle damping changes from nearly
zero near the crossing points of the “bare” Fermi sur-
face with Brillouin zone boundary up to = v%&k at points
close to the similar crossing points of the “shadow”
Fermi surface. Here vf = [vz(k|) + |vy (K)||, )=0,k,==
is the velocity in the antinodal point of “bare” Fermi
surface.

Of course, the complete theory of quantum (Shub-
nikov — de Haas or de Haas — van Alfen) oscillations for
such peculiar situation can be rather complicated. How-
ever, a rough qualitative criterion for the observability
of quantum oscillations in our model can be easily for-
mulated as follows. Effective width of spectral densities
in our model, which determines smearing of the Fermi
surfaces, can be roughly compared to impurity scatter-
ing contribution to Dingle temperature and estimated

as 77! ~ < v >/&, where < vp > is the velocity aver-

aged over the Fermi surface. In fact it gives a kind of
the upper boundary to pseudogap scattering rate in our
model. Then our criterion takes the obvious form:

3 wh §

H<’UF> ta>>’ ()

where wgy is the usual cyclotron frequency.
As the most unfavourable estimate (overestimating
the effective damping) we take:

v for hole “pocket”
< VFp >= . . (8)
v% for electronic “pocket”

Experimentally oscillations become observable in mag-
netic fields larger than 50T [8—11]. Taking the large
correlation length £ = 100 @ and magnetic field H =50T
we get wgT = 0.8 for hole “pocket” and wyT =~ 1.3 for
electronic “pockets” in our model. Thus we need rather
large values of correlation length £ ~ 50 — 100 a for os-
cillations to be observable. However, this value may be
smaller in the case of cyclotron mass larger than the
mass of the free electron used in the above estimates.
From Luttinger theorem it follows that the number
of electrons per cell is given by n = 2a2%, where Sy,
is the area of the “bare” Fermi surface (¢(k) = 0) in the
quarter of the Brillouin zone. Similarly, we can deter-
mine this concentration as n = 2a? 5;:2" calculating the

area Ssp, of the “shadow” Fermi surface (e(k + Q) =0)
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Fig.2. The area of hole (az%—) and electronic (az%)
“pockets” in the quarter of Brillouin zone and “doping”
p=a’ (51-.7‘-;25;) as fuctions of the pseudogap amplitude D/t
(n=09 (p=—1.08t), t'/t = —0.4)

around the point M(Z, T). Obviously S;n = Sys. Then,
in the limit of |[D| — 0, for hole doping we get [19, 20]:

— I —
=a2Sh 2Se =a2sh ;S’e/z, (9)

p=1—n

™ Us
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Fig.3. Formation of the Fermi “arcs” in the high-temperature regime of pseudogap fluctuations (n = 0.9, t'/t = —0.4,

ka = 0.01). Shown are intensity plots of spectral density for ¢ = 0. (a) - A = 0.2¢; (b) - A = 04¢; (¢) - A =0.7¢; (d) -

A = 1.5¢; Dashed line denotes “bare” Fermi surface

where S, is the area of hole “pocket” and S, is the area
of the parts of electronic pocket inside the quarter of
the Brillouin zone (which is a half of the total area of
electronic “pocket” S.).

However, these expressions are valid only for |D| —
— 0. With the growth of the pseudogap amplitude |D|
the area of both hole and electronic “pockets” diminish
(as can be seen from Fig.1 and Fig.2). In the presence
of electronic “pocket” this suppression of the area of
both “pockets” compensate each other, leaving the dop-
ing given by Eq. (9) almost unchanged (Fig.2). After
the disappearance of electronic “pocket”, taking place
at |D| = p—4t' = 0.52t (ie. when E(D = 0),
there is no way to compensate the suppression of the
area the hole “pockets” with the growth of |D| and the
number of carriers, determined by (9), will also be sup-
pressed, going to zero with the disappearance of the hole
“pocket”, taking place at |D| = —p = 1.08¢ (which is
defined by E{”), ,, . /n, = 0) and dielectric (AFM)
gap “closes” the whole Fermi surface (Fig.1c). Thus,
the doping calculated according to Eq. (9) in the case
of large enough pseudogap amplitude (in the absence

IIucbema B MITP® Tom 88 BHIM.3-4 2008

of electronic “pocket”) will be significantly underesti-
mated.

Experimentally, only one frequency of quantum os-
cillations F ~ 540T was observed in YBCO [9]. As-
suming it corresponds to the presence of only the
hole “pocket”, we obtain for the area of this “pocket”
a®Sy /m? = 0.078, which, according to Fig.2 corresponds
to |D| = 0.7¢.

Green’s function (4) describes the “low temperature”
regime of pseudogap fluctuations, when the amplitude
fluctuations of the random field (2) are “frozen out”. In
the “high temperature” regime both the phase and the
amplitude |D| of (2) are fluctuating. Assuming these
fluctuations Gaussian we take the probability distribu-
tion of amplitude fluctuations given by Rayleigh distri-
bution [18]:

Pp(|D]) = 2|D|eacp (—|D|2> )

A2 A2 (10)

Then the averaged Green’s function takes the form:

Gale,k) = /Ooo dD|Po(ID)Gole, k).  (11)

4*
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Profiles of the spectral density at the Fermi level (¢ = 0),
corresponding to (11) and different values of the pseudo-
gap width A are shown in Fig.3. The growth of the
pseudogap width leads to the “destruction” of the Fermi
surface close to Brillouin zone boundaries and forma-
tion of typical Fermi “arcs”, qualitatively (and quanti-
tatively) similar to that obtained in our previous work
[13, 14] and in accordance with the results of ARPES ex-
periments, which are typically done at much higher tem-
peratures, than experiments on quantum fluctuations.

This work is supported by RFBR grant # 08-02-
00021 and RAS programs “Quantum macrophysics” and
“Strongly correlated electrons in semiconductors, met-
als, superconductors and magnetic materials”. MVS is
gratefully acknowledges a discussion with L. Taillefer at
GRC’07 Conference on Superconductivity, which stimu-
lated his interest in this problem.
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In the framework of four-band model of superconductivity in iron arsenides proposed by Barzykin and
Gor’kov we analyze the gap ratios on hole — like and electron — like Fermi — surface cylinders. It is shown that
experimentally observed (ARPES) gap ratios can be obtained only within rather strict limits on the values of
pairing coupling constants. The difference of T values in 1111 and 122 systems is reasonably explained by the
relative values of partial densities of states. The multiple bands electronic structure of these systems leads to
a significant enhancement of effective pairing coupling constant determining T, so that high enough T¢ values
can be achieved even for the case of rather small intraband and interband pairing interactions.

PACS: 74.20.-z, 74.20.Fg, 74.20.Mn, 74.20.Rp

The discovery of high-temperature superconductiv-
ity in layered FeAs compounds stimulated active exper-
imental and theoretical studies of these new supercon-
ductors [1]. The main anomaly of these systems is their
multiple bands nature. Electronic structure in a nar-
row enough energy interval around the Fermi level is
formed almost only from the d — states of Fe. In fact,
electronic spectrum of iron arsenides was calculated in
a number of papers [2—6]. The Fermi surface consists
of several hole — like and electron — like cylinders and
on each of these its “own” superconducting gap can be
formed. In the energy interval relevant to superconduc-
tivity electronic spectrum is especially simple [7—-9]. It
was used by Barzykin and Gor’kov to formulate a simple
(analytic) model of superconducting state of new super-
conductors [10].

Schematically, the simplified electronic spectrum and
Fermi surfaces of these systems are shown in Fig.1 [10].
There are two hole — like Fermi surface cylinders sur-
rounding the I' point and two electronic pockets around
X and Y points in extended Brillouin zone.

Let A; be a superconducting order — parameter (gap)
on the i-th sheet of the Fermi surface. The value of A; is
determined by self — consistency equation for the anom-
alous Gor’kov Green’s function.

Pairing BCS-like interaction can be represented by
a matrix:

g

~ =« 8 g
> T O~ o~

t
t
A
[

~ « £

De-mail: kuchinsk@iep.uran.ru; sadovski@iep.uran.ru

E(p)
3) €)
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(m,0) P (. 0)
N N
() @)

Fig.1. Schematic electronic spectrum and Fermi surfaces of
FeAs superconductor in the extended band picture. There
are two hole-like cylinders around point I', while electron-
like cylinders are around X (Y') points [10]

where matrix elements V% define intraband and inter-
band pairing coupling constants. For example, A =
= VeXeX — yeYieY determines pairing interactions on
the same electronic pocket at point X or Y, p = VeX-e¥
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connects electrons of different pockets at these points,
u = VhLAL ) — Vh2R2 gnd w = VHLR2 characterize
BCS interactions within two hole — like pockets — the
small one (hl) and the large one (h2), as well as be-
tween these pockets, while ¢ = VheX = VheY couple
electrons at points X and I'. In Ref. [10] it was as-
sumed that v = ' = w. This assumption seems to be
too strong and below we analyze the general case.
Superconducting critical temperature 7, is deter-
mined by an effective pairing coupling constant geg:

T. = 2yw, e—l/geff, (2)
™

where w, is the usual cut — off frequency in Cooper chan-
nel (assumed to be the same for all types of couplings
under consideration — a simplification!), while geg in this
model is defined by the solution of the system of lin-
earized gap equations:

9erDi = Y 9ijAj, 3)

J
where

2y we

T T (4)

gij = —Vi’juj, ge_f_r1 =In
The matrix of dimensionless coupling constants g;; is
determined by matrix elements of (1) and partial densi-
ties of states on different Fermi surface cylinders — v; is
density of states per single spin projection on the j-th
cylinder.

From symmetry it is clear that v3 = v4 and the sys-
tem (3) possesses solutions of two types [10]:

1) solution corresponding to d,2_,» symmetry, when
gaps on different pockets at points X and Y differ by
sign, while gaps on hole-like pockets are just zero:

A=Ay =0, Ag=—-As=A, (5)
and

geft = (1 — A)vs. (6)

2)solutions corresponding to the so called s* pairing
[3], for which gaps on the cylinders at points X and YV
are equal to each other: Az = Ay, while gaps on Fermi
surfaces surrounding the point I' are of different sign in
case of repulsive interaction between electron-like and
hole-like pockets (t > 0), and of the same sign for the
case of t < 0.

As in this case we have Az = A4 and v3 = vy, two
equations in (3) just coincide and instead of (1), (4) we

5 IIucema B RIT® Tom 89 BEIM.3-4 2009

are dealing with 3 x 3 matrix of coupling constants of
the following form:
uv;  wrs  2tvs
9= wy, u'vs 2tv3 |, )
tl/l tV2 25\1/3
where A = (A + u)/2 and (3) reduces to the standard
problem of finding eigenvalues and eigenvectors for the
matrix of dimensionless couplings g;; (7), which has
three solutions, determined by cubic secular equation:

Det(gi; — gessdij) = 0. (8)

Physical solution corresponds to a maximal positive
value of gesr, which determines the highest value of 7.

Under the simple assumption of Ref. [10], when v =
= u' = w, situation simplifies further, as in (3) only two
independent equations remain, so that we have 2 x 2 ma-
trix of coupling constants and (8) reduces to a quadratic
equation. Then we easily obtain [10]:

A1:A2:HA, A3:A4:A, (9)

where k! = —(gesr + u(v1 + v2))/tvs, and maximal ef-
fective pairing constant is given by:

20eff = —u(l/1 + 1/2) — 25\1/3 +
+ \/(u(ul +v2) — 20w3)? + 8t2u3 (v + ). (10)

Possibility of s*-pairing in FeAs compounds was first
noted in Ref. [3]. This kind of solution qualitatively
agrees with ARPES data of Refs. [11-13], except the
result Ay = Az (9), which contradicts the established
experimental fact — the gap on the small hole-like cylin-
der A; is approximately twice as large as the gap As
on the large cylinder. In fact, this contradiction is ba-
sically due to an unnecessary limitation to the case of
u = u' = w used in Ref. [10].

The system of linearized gap equations determines
their ratios on different sheets of the Fermi surface for
temperatures T — T,. In general case, the tempera-
ture dependence of gaps is determined by the generalized

BCS equations:
NCETN
We thT
: 0
J

For T — 0 these equations take the form:
A

g c

where we have introduced F(z) = ln (ﬂ)

£
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Below we present the results of numerical studies of
Egs. (3) and (12) for typical values of parameters (cou-
plings).

Let us denote the pairing coupling constant on a
small hole-like cylinder as ¢ = g11. In the following
we take g = 0.2, which allows us to remain within the
limits of weak coupling approximation.

The ratio of partial densities of states for different
Fermi surface cylinders in quasi-two-dimensional case
can be approximated by effective mass ratio on the same
cylinders. These can be estimated from the data for elec-
tronic dispersions in symmetric directions in the Bril-
louin zone, obtained in LDA calculations [7—9]. For
REOFeAs series (RE=La,Ce,Nd,Pr,Sm...) (1111) and
for BaFesAsy (122) from these data we get:

25118, 2 xo64, for 1111,

2 by 13
2126, 2B aro034 for 122. (13)
141 1414

We suppose that pairing interactions on hole-like
cylinders and between them, as well as on electron-like
cylinders and between them, are most probably deter-
mined by electron-phonon interaction, the relevance of
which is clearly demonstrated by rather strong isotope
effect, observed in Ref. [14]. At the same time, inter-
band pairing interaction between hole-like and electron-
like cylinders is probably due to antiferromagnetic fluc-
tuations and is repulsive (¢ > 0). It should be noted that
parameter ¢t from coupling constants matrix (7) enters
Eq. (8), determining geg, only via #2, i.e. independent
of sign. Thus its sign does not change the value of an
effective pairing coupling constant and that of T,. Re-
pulsion between quasiparticles on hole-like and electron-
like cylinders does not suppress, but actually enhances
superconductivity leading to the increase of geg. Also
the sign change of ¢t does not change the absolute values
of gaps on different cylinders, though the repulsion be-
tween electron-like and hole-like cylinders (¢t > 0) leads
to different signs of gaps at these cylinders, while for the
case of t < 0 both gaps acquire the same sign.

Despite rather large number of free parameters of
the model it is not easy to obtain the observable (in
ARPES experiments of Refs. [11-13]) values of the ra-
tios |A2/A1| =~ 0.5 and |A3/Aq| ~ 1. In fact it requires
small enough attraction (or even repulsion, ' > 0) on
the “large” hole-like cylinder (cf. Fig.2). In the follow-
ing we assume the ratios of pairing coupling constants
as w/u = 1, t/u = —1, A/u = 1, which guarantees
us the ratio |A3/A;| = 1 for any values of u' and ar-
bitrary ratios of partial densities of states at different
cylinders. Another choice of pairing couplings produc-
ing |A3/A1| = 1 is also possible, but in general we

15
1.0
— = — AJA(122)
g 05k |
\3 - oo Ay/A (1111)
< ok --- AY/A
L g=-uv; =02
-0.5F whu=1, thu=-1
- A+w2u=1
-10p----7---- [-==-f==--- [--==;----
-1 0 1 2

Fig.2. Dependence of gap ratios on different pockets of the
Fermi surface on u'/u for g = 0.2, w/u = 1, t/u = —1,
XA/u =1 and partial density of states ratios given by (13)

need larger repulsion on “large” hole-like cylinder to get
|A2/A1| = 0.5. In Fig.2 we show the dependences of the
gap ratios at T = 0 on u'/u, obtained from (12), using
the partial density of states ratios on different cylinders
(13), characteristic for (1111) and (122) systems. The
gap ratios for T' — T, differ from the values obtained at
T = 0 rather insignificantly.

In Ref. [15] a two-band model with two hole-like
cylinders was analyzed, assuming that only interband
coupling exists, i.e. the coupling constants matrix has

the form:
0 wra
—9ij = < ) . (14)
wyy 0

Under this assumption the gap ratio on hole-like cylin-
ders is given by:
A [n (15)
Ay V2
so that for characteristic for BaFeg Asy value of va /1y &
~ 1.26 we obtain A;/Ay = 1.12, which is significantly
lower than the experimentally observed value of [11]
Al / Az ~ 2.

Four-band model somehow similar to that consid-
ered above was analyzed in Ref. [16], where tempera-
ture dependences of gaps (with proper ratios) on dif-
ferent sheets of the Fermi surface were calculated along
with the temperature dependence of superfluid electron
density. However, in this work no analysis was made of
the important role of multiple bands structure for the
increase of T, which we shall discuss shortly.

In Fig.3 we show the dependence of an effective pair-
ing coupling constant and superconducting critical tem-
perature on u'/u for both classes of FeAs systems (1111
and 122). It is clearly seen that the effective coupling
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Fig.3. Dependence of effective pairing coupling constant
on u'/u for g = 0.2, w/u = 1, t/u = —1, \/u = 1 and
partial density of states ratios on different Fermi surface
pockets given by (13). At the insert — similar dependence
of the critical temperature

constant ges is significantly larger than the pairing con-
stant g on the small hole-like cylinder. It can be said
that coupling constants from different cylinders effec-
tively produce “additive” effect. In fact this can lead to
high enough values of T, even for relatively small values
of intraband [2] and interband pairing constants. Actu-
ally, using this type of estimates we can convince our-
selves that the critical temperature for superconducting
transition with d,2_,2 gap symmetry, which is deter-
mined by an effective pairing constant given by (6), is
always smaller (for typical values of parameters) than
the critical temperature for s* pairing.

To clarify the reasons for the growth of effective pair-
ing coupling it is helpful to analyze the most simple case,
when all pairing interactions (both intraband and inter-
band) in (1) are just the same (and equal e.g. to u), and
all partial densities of states on all four Fermi surface
pockets are also the same (and equal e.g. to v1). In this
case we obtain geg = 49 = —4ur,, which simply corre-
sponds to the fact that now the total density of states
at the Fermi level is four times partial. However, in real
situation the growth of an effective pairing constant does
not reduce to this simple summation of partial densities
of states. In particular, the effective pairing coupling
may be much larger than the simple sum of intraband
(diagonal) dimensionless coupling constants, e.g. in case
of significant interband pairing interaction, which can
be present in iron arsenides, where the pairing interac-
tion between electron-like and hole-like cylinders is most
probably attributed to antiferromagnetic fluctuations.

It can be estimated that with the same values of
interaction constants in (1) the critical temperature in
1111-type systems is typically larger than in 122 just
Mucema B AAATD® Tom 89
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due to the difference of partial densities of states as
given in (13) (cf. insert in Fig.3). For example, in
case of u'/u = 0 (with the values of parameters for
122-system we get the ratio of gaps A2/A; ~ 0.6) the
calculated ratio of critical temperatures of 122 and 1111
systems T.(122) /T.(1111) = 0.67 is very close to the ob-
served ration of maximal critical temperatures obtained
for these systems: 38 K/55 K= 0.69. Thus the typical
difference of T,.’s for both classes of new superconduc-
tors can be attributed to the different values of par-
tial densities of states on corresponding Fermi surface
cylinders, despite the fact that total densities of states
at the Fermi level in these systems are practically the
same [7—9]. Of course, the accuracy obtained should not
be taken too seriously, as in real systems rather strong
renormalization effects of electronic spectrum (effective
masses, bandwidths etc.) in comparison with the results
of LDA calculations are definitely present (and observed
in ARPES experiments), e.g. due to moderate or prob-
ably even strong enough Coulomb correlations [1]. The
main conclusion following from our analysis is the sim-
ple fact that the value of 7, in multiple bands systems
is determined by the relations between partial densities
of states on different sheets of the Fermi surface, not by
the total density of states at the Fermi level as in the
standard BCS model.

It should be noted that for the first time (though
only implicitly) the role of multiple bands structure of
electronic spectrum as the reason for the increase of su-
perconducting T, was apparently discussed in relation to
superconductivity in multivalley doped semiconductors
[17, 18]. In these works the important role of interband
electron-phonon pairing mechanism was also stressed.
It was noted that such processes with large momentum
transfer, leading to reduced screening, may be most rel-
evant for the increase of T,. This fact can be also im-
portant for new superconductors besides the abovemen-
tioned role of pairing due to spin fluctuations.

Direct experimental confirmation of the role of multi-
ple bands in new superconductors follows from ARPES
measurements on extremely (hole) overdoped system
KFesAsy with T.=3K [19] and similar heavily (electron)
overdoped BaFe; 7Cog.3As2 [20], where superconductiv-
ity is just absent. From these measurements it is clearly
seen how the disappearance of electronic pockets in the
first system and hole-like pockets in the second one leads
to strong suppression or even the complete disappear-
ance of T..

To conclude, on Fig.4 we show the dependence of
2A/T, ratio on different sheets of the Fermi surface
on the ratio of coupling constants w'/u. Here it is
important to note that the value of this characteristic

5*
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Fig.4. Dependence of 2A /T, ratio on u' /u for 122 — system
with ¢ = 0.2, w/u = 1, t/u = —1, AM/u = 1 and partial
densities of states ratios on different Fermi surface sheets,
as given in (13)

ratio can be significantly different from the standard
BCS value 2A/T, ~ 3.5. However, the values shown
in Fig.4 are much lower than the ratios observed in
ARPES experiments [11—-13], where the typical values
are 2A;3/T. = 7.5 and 2A,/T, = 3.7, which is ap-
parently due to the strong coupling effects important
in real systems. Our analysis was limited to the stan-
dard BCS-like weak coupling approach. Strong coupling
Eliashberg-type analysis of multiple bands effects for
new superconductors is yet to be done. Preliminary re-
sults on gap ratios in the strong coupling limit for the
simple two-band model were derived in Ref. [15].

Authors are grateful to L.P. Gor’kov and E.G. Mak-
simov for stimulating discussions.

This work is partly supported by RFBR grant # 08-
02-00021 and was performed within the framework of
programs of fundamental research of the Russian Acad-
emy of Sciences (RAS) “Quantum physics of condensed
matter” and of the Physics Division of RAS “Strongly
correlated electrons in solid states”.

10.

11.

12.
13.

14.
15.

16.

17.

18.

19.

20.

. M.V. Sadovskii, Uspekhi Fiz. Nauk 178, 1243 (2008);
Physics Uspekhi 51, No. 12 (2008); arXiv: 0812.0302
L. Boeri, O.V. Dolgov, and A. A. Golubov, Phys. Rev.
Lett. 101, 026403 (2008); arXiv: 0803.2703v1.

I.1. Mazin, D.J. Singh, M. D. Johannes, and M. H. Du,
Phys. Rev. Lett. 101, 057003 (2008); arXiv: 0803.2740.
G. Xu, W. Ming, Y. Yao et al.,, Europhys. Lett. 82,
67002 (2008); arXiv: 0803.

I.R. Shein and A.L. Ivanovskii, Pis'ma v ZhETF 88,
115 (2008); arXiv: 0806.0750.

D.J. Singh, Phys. Rev. B 78, 094511 (2008); arXiv:
0807.2643.

I. A. Nekrasov, Z.V. Pchelkina, and M.V. Sadovskii,
Pis’'ma v ZhETF 87, 647 (2008); JETP Lett. 87, 620
(2008); arXiv: 0804.1239.

I. A. Nekrasov, Z.V. Pchelkina, and M. V. Sadovskii,
Pis’'ma ZhETF 88, 155 (2008); JETP Lett. 88, 144
(2008); arXiv: 0806.2630.

I. A. Nekrasov, Z.V. Pchelkina, and M.V. Sadovskii,
Pis’'ma v ZhETF 88, 621 (2008); JETP Lett. 88, 543
(2008); arXiv: 0807.1010.

V. Barzykin and L. P. Gorkov, Pis’'ma v ZhETF 88, 142
(2008); arXiv: 0806.1993.

H. Ding, P. Richard, K. Nakayama et al., Europhys.
Lett. 83, 47001 (2008); arXiv: 0807.0419.

L. Eray, D. Qian, D. Hsiech et al., arXiv: 0808.2185.
D.V. Evtushinsky, D. S. Inosov, V.B. Zabolotnyy et al.,
arXiv: 0809.4455.

R.H. Liu, T. Wu, G. Wu et al., arXiv: 0810.2694.
0.V. Dolgov, I.I. Mazin, D. Parker, and A. A. Golubov,
arXiv: 0810.1476.

L. Benfatto, M. Capone, S. Caprara et al., Phys. Rev.
B 78, 140502 (2008); arXiv: 0807.4408.

V.L. Gurevich, A.I. Larkin, and Yu.A. Firsov, Fiz.
Tverd. Tela (Leningrad) 4, 185 (1962).

M.L. Cohen. In “Superconductivity” (Ed. R.D. Parks),
Marcel Dekker, New York, 1969.
T. Sato, K. Nakayama, Y. Sekiba et al., arXiv:
0810.3047.
Y. Sekiba, T. Sato, K. Nakayama et al.,, arXiv:
0812.4111.

Mucema B AMAITP® Tom 89 BEIM.3-4 2009



ISSN 0021-3640, JETP Letters, 2010, Vol. 91, No. 10, pp. 518—522. © Pleiades Publishing, Inc., 2010.

Anion Height Dependence of 7, and the Density of States
in Iron-Based Superconductors'

E. Z. Kuchinskii, I. A. Nekrasov, and M. V. Sadovskii
Institute for Electrophysics, Ural Branch, Russian Academy of Sciences, Yekaterinburg, 620016 Russia
e-mail: kuchinsk @iep.uran.ru, nekrasov@iep.uran.ru, sadovski@iep.uran.ru
Received April 7, 2010

Systematic ab initio LDA calculations were performed for all the typical representatives of recently discovered
class of iron-based high-temperature superconductors: REOFe(As,P) (RE = La, Ce, Nd, Sm, Tb),
Ba,Fe,As, (Sr,Ca)FFeAs, SrySc,O¢Fe,P,, LiFeAs and Fe(Se, Te). Non-monotonic behavior of total density
of states at the Fermi level is observed as a function of anion height relative to Fe layer with maximum at about
Az, ~ 1.37 A, attributed to changing Fe—As (P, Se, Te) hybridization. This leads to a similar dependence of
superconducting transition temperature 7, as observed in the experiments. The fit of this dependence to ele-
mentary BCS theory produces semiquantitative agreement with experimental data for 7, for the whole class
of iron-based superconductors. The similar fit to Allen—Dynes formula underestimates 7, in the vicinity of
the maximum, signifying the possible importance of non-phonon pairing in this region. These results unam-
biguously demonstrate that the main effect of T, variation between different types of iron-based supercon-
ductors is due to the corresponding variation of the density of states at the Fermi level.
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Recent discovery of the new class of iron-based high-
temperature superconductors [1] has ignited almost
unprecedented stream of experimental and theoretical
studies (for the review of an early work see [2, 3]).
Despite the immense progress in understanding of
these systems, the nature (mechanism) of supercon-
ducting pairing, as well as the reasons for high values of
superconducting temperature 7, are still under
debate. Mizuguhci et al. [4] have recently established
an interesting anion height dependence of 7, for the
typical representatives of Fe-based superconductors,
demonstrating almost symmetric curve with a peak
around Az, ~ 1.37 A. Below we present an explanation
of this dependence, attributing it to the effect of the
appropriate variation of the total density of states at
the Fermi level within standard BCS-like approach.

The main representatives of the class of iron-based
superconductors (pnictides, chalcogenides) known at
the moment are:

(i) Doped RE111 (RE = La, Ce, Pr, Nd, Sm, Tb,
Dy) with T, about 25—55 K, with most typical repre-
sentatives such as LaO,_,F FeAs [I, 5—12] and
LaO, _,F FeP [13] with much lower 7, = 6.6 K.

(ii) Doped Al22 (A = Ba, Sr),
Ba, _,K Fe,As, [14—17] and T, about 38 K.

(iii) Li; _ FeAswith 7, = 18 K [18, 19].

such as

TThe article is published in the original.

(iv) (Sr, Ca, Eu)FFeAs [20—22] with T, = 36 K
[23].

(v) St4(Sc,V),04Fe,(P,As), with 7T, = 17 K [24].

(vi) FeSe,, FeSe, _,Te, with T, up to 14 K [25].

There is now a plenty of papers on LDA (local den-
sity approximation) calculation of the band structure
of Lalll [30—32], LaOFeP [33], RE111 series [26],
BaFe,As, [27, 34, 35], LiFeAs [28, 36], (S, Ca)FFeAs
[29, 37], Sr42622 [38] and Fe(S, Se, Te) [39]. Below
we present some of the results of our continued work
on LDA electronic structure, along the lines of [26—
29], covering all typical representatives of the whole
class of iron-based superconductors and taking into
account some new structural data.

Iron-based high-7, superconductors in general
have tetragonal structure with the space group
P4/nmm (RE1111, LiFeAs, Sr42622, Fe(Te, Se),
SrFFeAs) and the space group /4/mmm (Bal22). For
the P4/nmm systems Fe ions occupy positions (2b)
(0.75, 0.25, 0.5), and anion ions A = P, As, Se, Te—
(2¢) (0.25, 0.25, z,) and for Bal22 Fe(4d) (0.5, 0,
0.25), As(4e) (0, 0, z,). Corresponding experimental
lattice parameters and atomic coordinates (used in this
work) are collected in Table 1.

Physically important electronic bands (those
which cross the Fermi level) are formed by antibond-
ing Fe(3d)-A(p) states of FeA, tetrahedron layer. Here
A denotes different types of anions: P, As, Se, Te. To
calculate electronic structure of compounds listed in
Table 1 linearized muffin-tin orbitals method
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Table 1. Experimental crystallographic data for iron-based superconductors

System Az, A a, A c, A ZRe 2 Za—Fe—a
LaOFeP 1.140 3.9636 8.5122 0.1487 0.6339 104.4
St,S¢,04Fe, P, 1200 4.0160 15.5430 - 0.5772 105.2
LaOFeAs 1.320 4.0353 8.7409 0.1415 0.6512 107.5
CeOFeAs 1.354 3.9959 8.6522 0.1480 0.6565 108.4
SmOFeAs 1.357 3.9270 8.4413 0.1420 0.6608 108.8
NdOFeAs 1.367 3.9476 8.5446 0.1440 0.6600 110.5
TbOFeAs 1.373 3.8530 8.2990 0.1447 0.6654 109.7
SrFFeAs 1.369 4.0110 8.9650 0.1598 0.6527 108.6
BaFe,As, 1.371 3.9090 13.2122 — 0.3538 109.3
CaFFeAs 1.417 3.8780 8.5920 0.1505 0.6649 110.4
LiFeAs 1.505 3.7914 6.3642 0.8459 0.2635 112.7
Fe(Se, Te) 1.630 3.8215 6.2695 — 0.2599 111.5

(LMTO) [40] with default settings was employed
(except for Relll systems, where Re-4f states were
taken as a pseudocore states). Obtained results are in
good agreement with other LDA calculations by other
authors.

Motivated by the results of [4] we present here our
LDA calculated total density of states N(Ey) as a func-
tion of anion height Az, with respect to Fe layer. Cor-
responding dependence is plotted in the figure with
circles. We can see that N(Ep) has an interesting
behavior with clear maximum at about Az, ~ 1.37 A
(see also Table 2). Such nonmonotonic behavior can
be explained by hybridization effects. Namely, as a
governing structural parameter characterizing hybrid-
ization strength one can chose a-Fe-a angle—an
angle between anions (a) and Fe within the same tet-
rahedron. The value of the angle corresponding to the
strongest hybridization is 109.45°, i.e., for an ideal
anion tetrahedron with Fe in the very center of it.
Other crystal structure parameters which might be
marked as important here such as Fe—Fe, Fe—a or a—
a distances are not changed very much from system to
system and do not have any transparent dependence of
Az,. The values of these distances are about following
2.8, 2.4 and 3.85 A with slight lowering for LaOFeP,
LiFeAs and Fe(Te,Se) compounds.

From Table 1 one can see that compounds with
highest N(E}) values have the a-Fe-a angle very close
to this value. Decrease or increase of this angle leads to
N(Ep) drop from this maximum value. This comes
from partial DOS behavior. The strongest hybridiza-
tion corresponds to the strongest bonding-antibond-
ing splitting. Since antibonding band DOS grows
monotonically with binding energy [26—29] stronger
hybridization will lead to higher values of N(Ey). With
lowering of hybridization bonding-antibonding split-
ting goes down together with N(E}).
No. 10
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The Az, dependence of N(Ey) inevitably leads to
the corresponding dependence of superconducting
critical temperature 7. To estimate this we, first of all,
use the elementary BCS expression: 7, = 1.14m e~ /%,
where o, is the characteristic frequency of collective
excitations involved in pairing interaction (phonons,
spin fluctuations, etc.), and A = gN(Ep)/2 is the
dimension-less pairing interaction constant (g is the
appropriate dimensional coupling constant). In the
following we take mp = 350 K in rough accord with
neutron scattering experiments on phonon density of
states for Lalll [41] and Bal22 [42] systems. We fix g
to fit the experimental value of 7, for Bal22 system

since this system possesses probably most stable value

60_ —v—Exp. T,
¥ BCS (0),=350K) 12
50 o0 % 3 ' .o AD (o, = 0, =350 K) T >
40'_ ’_: §E£3 o N(E;) . I()g
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—_ 4 .- ° 18 ©
X 30+ a.- v23s = 1 &
. e . o - =]
s“zo—%.-'/ 52 ¢ 1° 3
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(Circles, right scale) Total LDA density of states N(Ep),
(left scale) superconducting transition temperatures 7,
obtained from the (stars) simple BCS and (squares) Allen—
Dynes (AD) expressions, and (triangles) experimental 7.
values versus the anion height Az, over the Fe layer for a
number of iron-based high temperature superconductors.
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Table 2. Total LDA density of states N(Ey), calculated and experimental 7, for iron-based superconductors

System Az, A " até\;(/]ggl’ eV T ECS, K Tj‘D, K fop, K
LaOFeP 1.140 2.06 3.2 12 6.6
Sr,Sc,04Fe,P, 1.200 3.24 19 27 17
LaOFeAs 1.320 4.13 36 37 28
CeOFeAs 1.354 4.96 54 43 41
SmOFeAs 1.357 4.66 48 37 53
NdOFeAs 1.367 4.78 50 44 54
TbOFeAs 1.373 4.85 52 45 53
SrFFeAs 1.369 4.26 38 39 36
BaFe,As, 1.371 4.22 38 38 38
CaFFeAs 1.417 4.04 34 36 36
LiFeAs 1.505 3.86 31 34 18
Fe(Se, Te) 1.630 2.02 3 1 14

of T, (about 38 K) with respect to the way of sample
preparation and doping. Thus we obtain the value of
dimensionless coupling constant A = 0.43. Then just
fixing the value of g as for Bal22 we obtain 7, values for
all other systems, taking into account the appropriate
change of the density of states. Rather surprisingly we
observe almost quantitative agreement with experi-
mental data on 7, (see triangles in figure and Table 2).
Note that we can even obtain the right order of 7, val-
ues for 1111 systems with different rare-earth elements
as due to rather small difference of corresponding den-
sities of states, which were not obtained in our previ-
ous work [26], where we just fixed Az, to the only
known at that time experimental value for LaOFeAs.
However, the calculated value of 7, for LaOFeAs sys-
tem is still rather higher than most typical experimen-
tal value of 26—28 K. At the same time, the samples of
this system obtained via high pressure synthesis [43]
demonstrated much higher values of 7, ~ 41 K, which
is pretty closer to our calculated values. Also the nota-
ble deviation of our calculated 7, for LiFeAs system
may be attributed both to the crudeness of our model
(e.g., our use of a single value of wj, for all com-
pounds), as well as to probable experimental uncer-
tainties of 7, in this system.

In principle, for the number of systems under con-
sideration we can obtain even better results if we use
the multiple band BCS-like approach, along the lines
of [44]. However, to reduce the number of free param-
eters, the multiple band model fit requires additional
information on the relations between energy gaps on
different Fermi surface sheets (cylinders), which at
present is only available for some of 122 systems.

It is well known that the elementary BCS-like
expression for 7, has a tendency to overestimate the
role of the density of states at the Fermi level. As an
alternative we try the same approach estimating super-

conducting critical temperature 7, using Allen—
Dynes interpolation formula (which is probably the
best semi-analytic expression for 7, in case of elec-
tron-phonon pairing mechanism, including the strong
coupling region) [45]:

T _mexp 1.04(1 +2)

= - , 1
©7 7120 (x-u*—o.@xu*) )

where

1/3

fi = [1+O/A)T",
l2+A§ ’
A, = 1.82(1+ 6.3u%)(D,/0,),

A, = 2.46(1 + 3.8u%),

H=1+

— 2,172
and ®, = (o), o, are square root average and
average logarithm of phonon frequency. Assuming for
simplicity o, = ®, = 350 K, and taking the optimistic
value of Coulomb pseudopotential p* = 0, we repeat
our previous analysis, fixing first A = 0.97 for Bal22
and then changing only the density of states as
obtained in our calculations for all other systems. The
results for 7, obtained in this way from Allen—Dynes

expression (1) are shown in figure by squares (see also
Table 2).

We can see that Allen—Dynes expression produces
a kind of a lower bound T, estimate, with obvious def-
icit in 7, values in the vicinity of maximum. This defi-
cit may signify the importance of non phonon pairing
mechanism to obtain maximal values of 7, in FeAs
superconductors. However, our main conclusion on
important correlation of 7, with the values of the den-
sity of states at the Fermi level remains intact.
JETP LETTERS Vol. 91
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In fact we do not adhere at the moment to any spe-
cific pairing mechanism. Main objection to electron—
phonon pairing in iron-based superconductors comes
from microscopic calculations, e.g., those of [31]. At
the same time, there are experiments on isotope effect
[46, 47], which support the importance of this mech-
anism, though the other isotope experiments [48] pro-
duce quite opposite picture.

Our choice of characteristic phonon frequencies in
the pre-exponential factor of BCS and Allen—Dynes
expressions for 7, is used only as a kind of an estimate.
What is important to us, is the well known fact that the
dimensionless pairing constant is proportional to the
total density of states in almost any BCS-like model of
superconducting pairing, with some additional modi-
fications in the case of multiple band models [44].

In conclusion, our results show unambiguous cor-
relation of the values of superconducting 7, and those
of the total density of electronic states at the Fermi
level for the whole class of iron-based superconduc-
tors, thus supporting the usual BCS-like pairing
mechanism in these systems.
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Abstract— Using the generalized DMFT+X approach, we study the influence of disorder on single-particle
properties of the normal phase and the superconducting transition temperature in the attractive Hubbard
model. A wide range of attractive potentials Uis studied, from the weak coupling region, where both the insta-
bility of the normal phase and superconductivity are well described by the BCS model, to the strong-coupling
region, where the superconducting transition is due to Bose—Einstein condensation (BEC) of compact Coo-
per pairs, formed at temperatures much higher than the superconducting transition temperature. We study
two typical models of the conduction band with semi-elliptic and flat densities of states, respectively appro-
priate for three-dimensional and two-dimensional systems. For the semi-elliptic density of states, the disor-
der influence on all single-particle properties (e.g., density of states) is universal for an arbitrary strength of
electronic correlations and disorder and is due to only the general disorder widening of the conduction band.
In the case of a flat density of states, universality is absent in the general case, but still the disorder influence
is mainly due to band widening, and the universal behavior is restored for large enough disorder. Using the
combination of DMFT+ZX and Nozieres—Schmitt-Rink approximations, we study the disorder influence on
the superconducting transition temperature 7 for a range of characteristic values of U and disorder, including
the BCS—BEC crossover region and the limit of strong-coupling. Disorder can either suppress 7, (in the
weak-coupling region) or significantly increase 7, (in the strong-coupling region). However, in all cases, the
generalized Anderson theorem is valid and all changes of the superconducting critical temperature are essen-

tially due to only the general disorder widening of the conduction band.

DOI: 10.1134/S1063776115050143

1. INTRODUCTION

The problem of strong-coupling superconductivity
has been studied for a long time, starting with the pio-
neering papers by Eagles and Leggett [1, 2]. Signifi-
cant progress here was achieved by Nozieres and
Schmitt-Rink [3], who suggested an effective method
to study the transition temperature crossover from
weak-coupling BCS-like behavior to the Bose—Ein-
stein condensation (BEC) scenario in the strong-cou-
pling region. Recent progress in experimental studies
of quantum gases in magnetic and optical dipole traps,
as well as in optical lattices, with controllable parame-
ters, such as the density and interaction strength (see
reviews [4, 5]), has increased the interest in supercon-
ductivity (superfluidity of fermions) with strong pair-
ing interaction, including the region of the BCS—BEC
crossover. One of the simplest models allowing the
study of the BCS—BEC crossover is the Hubbard
model with an attractive on-site interaction. The most
successive approach to the solution of the Hubbard

! The article is published in the original.

model, both in the case of repulsive interaction and for
the studies of BCS—BEC crossover in the case of
attraction, is the dynamical mean field theory
(DMFT) [6—8]. The attractive Hubbard model was
studied within the DMFT in a number of recent
papers [9—13]. However, up to now there have been
only a few studies of the disorder influence on the
properties of normal and superconducting phases in
this model, especially in the region of the BCS—BEC
crossover. Disorder effects in this region were analyzed
qualitatively in [14], where it was argued that the
Anderson theorem remains valid in the BCS—BEC
crossover region in the case of s-wave pairing. A dia-
grammatic approach to (weak) disorder effects on the
superconducting transition temperature and the prop-
erties of the normal phase in the crossover region was
developed recently in [15].

In recent years, we have developed a generalized
DMFT+ZX approach to the Hubbard model [16—19],
which is very convenient for the studies of different
external interactions with respect to those taken into
account in the DMFT, such as pseudogap fluctuations
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[16—19], disorder [20, 21], electron—phonon interac-
tion [22], etc. This approach is also well suited to the
analysis of two-particle properties, such as optical
(dynamic) conductivity [20, 23]. In [13], we used this
approximation to calculate single-particle properties
of the normal phase and optical conductivity in the
attractive Hubbard model. In a recent paper [24], the
DMFT+Z approach was used by us to study the disor-
der influence on the superconducting transition tem-
perature, which was calculated in the Nozieres—
Schmitt-Rink approximation. In that paper, for the
semi-elliptic density of states of the “bare” conduc-
tion band, which is adequate for three-dimensional
systems, we numerically demonstrated the validity of
the generalized Anderson theorem according to which
all changes in the critical temperature are controlled
only by the general widening of the conduction band
by disorder.

In this paper, we present an analytic proof of such
universal influence of disorder (in the DMFT+ZX
approximation) on single-particle characteristics and
the superconducting transition temperature for the
semi-elliptic density of states and also investigate dis-
order effects in the case of the “bare” band with a flat
density of states, qualitatively appropriate for two-
dimensional systems. We show that for the flat band
model, the universal dependence of single-particle
properties and the superconducting transition temper-
ature is also realized for the case of sufficiently strong
disorder.

2. DISORDERED HUBBARD MODEL
WITHIN THE DMFT+X APPROACH

We consider the disordered nonmagnetic Hubbard
model with attractive interaction with the Hamilto-

nian
"Z”w jG+ZE, i UZniTni¢, 1)
i

(ij)o
where ¢ > 0 is the transfer integral between nearest
neighbors on the lattice, Urepresents Hubbard-like on

site attraction, a;( a,TG) is the annihilation (creation)

operator of an electron with spin o, n;, —aT a;s is the

particle number operator on a lattice site i/, while local
on-site energies are assumed to be random variables
(independent on the lattice sites). For the standard
“impurity” diagram technique to be valid, we take the
Gaussian distribution of energy levels €;:

2
= exp(‘ y ] @)

The parameter A is a measure of the disorder strength,
while the Gaussian random field of random on-site
energy levels, which are independent on different sites
(“white noise” correlation) induces “impurity” scat-

P(e;) =
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tering, which is analyzed using the standard formalism
of averaged Green’s functions [25].

The generalized DMFT+ZX approach [16—19]
extends the standard dynamical mean field theory
(DMFT) [6—8] taking into account an additional
“external” self-energy part Z,(¢) (in the general case,
momentum dependent), which is due to some addi-
tional interaction outside the DMFT, and gives an
effective method to calculate both single-particle and
two-particle properties [20, 23]. The success of this
generalized approach is based on the choice of the sin-
gle-particle Green’s function in the form

1

G(e,p) = , 3
N I R RS
where g(p) is the “bare” electron dispersion, while the
complete self-energy is assumed to be an additive sum
of the local DMFT self-energy and some “external”
self-energy Z,(€), due to the neglect of the interference
of Hubbard and “external” interactions. This allows
the conservation of the standard form of self-consis-
tent equations of the standard DMFT [6—8]. At the
same time, at each step of DMFT iterations, we con-
sistently recalculate the “external” self-energy X,(¢)
using an appropriate approximate scheme, corre-
sponding to the form of the additional interaction,
while the local Green’s function is also “dressed” by

2,(¢) at each step of the standard DMFT procedure.

For the “external” self-energy entering the
DMEFT+Z cycle for the problem of random scattering
by disorder, we use the simplest self-consistent Born
approximation, neglecting diagrams with crossing
“impurity” lines, which gives

Z(e) — Z(s) = A" G(e, p), )

where G(g, p) is the single-electron Green’s func-
tion (3) and A is the amplitude of site disorder.

To solve the effective single-Anderson-impurity
problem of DMFT, we use the numerical renormaliza-
tion group approach (NRG) [26].

In what follows, we consider two models of the
“bare” conduction band. The first is the band with a
semi-elliptic density of states (per unit cell and single
spin projection)

Ny(e) = =D =&,
nD

(%)

where D is the band half-width. This model is appro-
priate for a three-dimensional system. The second
model is the one with the flat density of states, appro-
priate for the two-dimensional case:

L e <p,
2D (6)
0 lel>D.

Ny(e) =
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In principle, for two-dimensional systems, we should
take the presence of the weak (logarithmic) Van Hove
singularity in the density of states into account. How-
ever, this singularity is already effectively suppressed
by rather small disorder, and hence the simple model
in Eq. (6) is quite sufficient for our aims.

All calculations in this paper are done for a quarter-
filled band (the number of electrons per lattice site is
n=20.5).

The superconducting transition temperature in the
attractive model was analyzed in a number of papers
[9, 10, 12], both from the condition of instability of the
normal phase [9] (divergence of the Cooper suscepti-
bility) and from the condition of the superconducting
order parameter going to zero [10, 12]. In recent paper
[13], we determined the critical temperature from the
condition of instability of the normal phase, reflected
in the instability of the DMFT iteration procedure.
The results obtained in this way in fact coincide with
those in [9, 10, 12]. Also, to calculate T, in [13], we
used the approach due to Nozieres and Schmitt-Rink
[3], which allows the correct (though approximate)
description of T, in the BCS—BEC crossover region.
In a later paper [24], we used the combination of
Nozieres and Schmitt-Rink and DMFT+X approxi-
mations for detailed numerical studies of the disorder
dependence of 7, and the number of local pairs in the
model with the semi-elliptic density of states.

3. DISORDER INFLUENCE
ON SINGLE-PARTICLE PROPERTIES
FOR THE SEMI-ELLIPTIC DENSITY
OF STATES

In this section, we analytically demonstrate that in
the DMFT+X approximation, the disorder influence
on single-particle properties of the disordered Hub-
bard model (both attractive or repulsive) with a semi-
elliptic “bare” conduction band is completely
described by effects of general band widening by disor-
der scattering.

In the system of self-consistent DMFT+X equa-
tions [17, 19, 20], information on the “bare” band and
disorder scattering enter only at the stage of calcula-
tions of the local Green’s function

Gii = ZG(Sa p)3 (7)
p

where the full Green’s function G(g, p) is determined
by Eq. (3), while the self-energy due to disorder, in the
self-consistent Born approximation, is defined by

JOURNAL OF EXPERIMENTAL AND THEORETICAL PHYSICS

1057

Eq. (4). Then the local Green’s function takes the
form

D
O P — R
e+pu—¢—-2(e)-AGy
o ®)
= J.dS'N—O(E?,
E,—-¢
-D

where we introduce the notation E, =¢ + p — X(g) —
A%G,. In the case of semi-elliptic density of states (5),

this integral is easily calculated in analytic form, and
hence the local Green’s function is written as

[2 2
G, = 2_E_£:._.._£f.__:£‘ 9)
D2
It can be easily seen that Eq. (9) represents one of the
roots of the quadratic equation
2
G/ = E-2G,. (10)

corresponding to the correct limit of G;; — E, ' foran
infinitely narrow band (D — 0). Then
2

G/ = e+ n-2(e) - A°G, - -G
(an

2
= o4 u-5(e) - 221G,

where we introduce D, as the effective half-width of
the band (in the absence of electronic correlations,
i.e., for U= 0) widened by disorder scattering;:

2
Dy = D |1+45.
D

Equation (10) was obtained from (8), and hence com-
paring (11) and (10), we obtain:

(12)

D

G, = [de No(e) (13)
e+pu—¢g-2(¢)
_Deff
where
Noe) = —2=/Dly—¢’ (14)
T eff

represents the density of states in the absence of the
interaction U “dressed” by disorder. This density of
states remains semi-elliptic in the presence of disor-
der, and therefore all effects of disorder scattering on
single-particle properties of the disordered Hubbard
model in the DMFT+X approximation reduce to only
disorder widening of the conduction band, i.e., to the
replacement D — D .

Vol. 120
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4. DISORDER INFLUENCE
ON THE SUPERCONDUCTING TRANSITION
TEMPERATURE

The superconducting transition temperature 7, is
not a single-particle characteristic of the system. The
Cooper instability determining 7, is related to the
divergence of a two-particle loop in the Cooper chan-
nel. In the weak-coupling limit, when superconduc-
tivity is due to the appearance of Cooper pairs at 7,
disorder only slightly influences superconductivity
with the s-wave pairing [27, 28]. The so-called Ander-
son theorem is valid and changes of 7, are connected
only with the relatively small changes of the density of
states by disorder. The standard derivation of the
Anderson theorem [27, 28] uses the formalism of exact
eigenstates of an electron in the random field of impu-
rities. Here, we present another derivation of the
Anderson theorem, using the exact Ward identity,
which allows us to derive the equation for 7, which is
then used to calculate 7, in the Nozieres—Schmitt-
Rink approximation in a disordered system.

In general, the Nozieres—Schmitt-Rink approach
[3] assumes that corrections due to strong pairing
attraction significantly change the chemical potential
of the system, while possible corrections due to this
interaction to the Cooper instability condition can be
neglected, and we can therefore always use the weak-
coupling (ladder) approximation. In that approxima-
tion, the Cooper instability condition in the disor-
dered Hubbard model takes the form

1 = UXO(q = O: (")m = 0)> (15)
where
XO(q = 09 ®, = 0) = Tzchpp'(gn)

npp

(16)

represents the two-particle loop (susceptibility) in the
Cooper channel “dressed” only by disorder scattering,
and @, (¢,) is the averaged two-particle Green’s func-
tion in the Cooper channel (o,, = 2nmT and g, =
nT(2n + 1) are the usual boson and fermion Matsub-
ara frequencies).

To obtain Z @, (g,), we use the exact Ward
PP
identity, derived by us in [23]:

G(2, D)~ G(=E,, ) = =3 Dyy(e,
(€n, P) — G(=¢€,, —P) ; (&) an

% (G (€,s D) = Gy (=€, ).

Here, G(g,, p) is the impurity-averaged single-particle
Green’s function (not containing Hubbard interaction
corrections!). Using the obvious symmetry €(p) =
e(—p) and G(g,, —p) = G(g,, p), we obtain from the
Ward identity (17) that
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> Gz, 0) - G(~,,p)

> Pp(e,) = - . . (8)
Py

and hence for Cooper susceptibility (16) we have
XO(q = O» 0)m = 0)

D G(e,p) =) G(-€,p)
2ig, (19)

_TZ

Performing the standard summation over Matsubara
frequencies [25], we obtain

1 o0
=0 =0) = — [d
Xo(q=0,0,=0) = —— [de
R
ZG (8’ p) - ZGA(S, p) (20)
x 2 L tanh =
€ 2T
= J.ds&g)tanhi,
2¢ 2T

where N (¢) is the density of states (U = 0) “dressed”
by disorder scattering. In Eq. (20), the energy ¢ is ref-
erenced to the chemical potential, and if we reference
it to the center of the conduction band, we have to
replace € — € — L, such that Cooper instability con-
dition (15) leads to the following equation for 7:

21

= Y ae Ro(eynh (= 0)/2T)
2 E—u

where N, (¢) is again the density of states (calculated
at U= 0) “dressed” by disorder scattering. At the same
time, the chemical potential of the system at different
values of U and A should be determined from
DMFT+ZX calculations, i.e., from the standard equa-
tion for the number of electrons (band filling) deter-
mined by the Green’s function in Eq. (3), which
allows us to find 7, for the wide range of model param-
eters, including the BCS—BEC crossover and strong-
coupling regions, as well as for different levels of disor-
der. This reflects the physical meaning of the
Nozieres—Schmitt-Rink approximation: in the weak-
coupling region, the transition temperature is con-
trolled by Cooper instability equation (21), while in
the limit of strong-coupling, it is determined as the
BEC temperature controlled by the chemical poten-
tial. Thus, the joint solution of Eq. (21) and the equa-
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tion for the chemical potential guarantees the correct
interpolation for 7, through the BCS—BEC crossover
region. This approach gives the results for the critical
temperature that are quantitatively close to the exact
results obtained by direct numerical DMFT calcula-
tions [13], but demands much less numerical effort.

We stress that we have used the exact Ward identity,
which also allows using Eq. (21) in the region of strong
disorder, when the effects of Anderson localization
may become relevant. Equation (21) demonstrates
that the critical temperature depends on disorder only
through the disorder dependence of the density of

states N (g), which is the main statement of the Ander-
son theorem. In the framework of the Nozieres—
Schmitt-Rink approach, Eq. (21) is also preserved in
the strong-coupling region, when the critical temper-
ature is determined by the BEC condition for compact
Cooper pairs. In this case, the chemical potential p
entering Eq. (21) may significantly depend on disor-
der. However, in the DMFT+ZX approximation, this
dependence of the chemical potential (as well as of any
other single-particle characteristic) in the model with
a semi-elliptic density of states is only due to disorder
widening of the conduction band. Thus, in both the
BCS—BEC crossover and strong-coupling regions, the
generalized Anderson theorem actually remains valid.
Accordingly, in the model of a semi-elliptic band,
Eq. (21) leads to a universal dependence of 7, on dis-
order, due to the change D — D 4. Such universality
is fully confirmed by numerical calculations of T, in
this model, performed in [24] (cf. also the results pre-
sented below).

5. MAIN RESULTS

We now discuss the main results of our numerical
calculations, explicitly demonstrating the universal
behavior of single-particle properties and the super-
conducting transition temperature with disorder. We
see below that all disorder effects are effectively con-
trolled, in fact, only by the growth of the half-width of
conduction band, which for a semi-elliptic density of
states is given by Eq. (12). In the case of the band with
a flat density of states, the growth of disorder changes
the shape of the density of states, making it semi-ellip-
tic in the limit of sufficiently strong disorder, while the
effective half-width of the band is given by (cf. Appen-
dix A)

2 2 2 2
Der _ 1+A—+1A—2ln[—“l+A/D+lj. 22)
20" U1+ a0 -1

2

As an example of the most important single-parti-
cle property, we take the density of states. In Fig. 1, we
show the evolution of the density of states with disor-
der in the model of a semi-elliptic band [13]. We can
see that the growth of disorder smears the density of
states and widens the band. This smearing somehow

D D
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Fig. 1. Dependence of the density of states on disorder in
the model with a semi-elliptic band, |U|/2D = 0.8, 1/2D =
0.05.

masks the peculiarities of the density of states due to
correlation effects. In particular, both the quasiparti-
cle peak and the lower and upper Hubbard bands,
observed in Fig. 1 in the absence of disorder, are com-
pletely destroyed in the limit of strong enough disor-
der. However, we can easily convince ourselves that
this evolution is only due to the general widening of
the band due to disorder (cf. Egs. (12) and (22)),
because all the data for the density of states belong to
the same universal curve replotted in appropriate new
variables, with all energies (and temperature) normal-
ized by the effective bandwidth by replacing D —
D., as shown in Fig. 2a, in complete agreement with
the general results obtained above. For the conduction
band with a flat density of states, there is no complete
universality, as can be seen from Fig. 2b for low enough
values of disorder. However, for large enough disorder,
the dashed curve shown in Fig. 2b practically coin-
cides with the universal curve for the density of states
shown in Fig. 2a. This reflects the simple fact that at
large disorder, the flat density of states effectively
transforms into a semi-elliptic one (cf. Appendix A).

Going now to the analysis of the superconducting
transition temperature, in Fig. 3 we present the depen-
dence of T, (normalized by the critical temperature in
the absence of disorder, 7,, = 7.(A = 0)) on disorder
for different values of the pairing interaction U for
both models of the initial “bare” density of states,
semi-elliptic (Fig. 3a) and flat (Fig. 3b). Qualitatively,
the evolution of 7, with disorder is the same for both
models. We can see that in the weak-coupling limit
(U/2D < 1), disorder slightly suppresses 7T, (curves [).
At intermediate couplings (U/2D ~ 1), weak disorder
increases 7T,, while the further increase in disorder
suppresses the critical temperature (curves 3). In the
strong-coupling region (U/2D > 1), the growth of dis-
order leads to a significant increase in the critical tem-
Vol. 120
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Fig. 2. Universal dependence of the density of states on disorder: (a) the model of a semi-elliptic “bare” density of states; (b) the
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Fig. 3. Dependence of the superconducting transition temperature on disorder for different values of the Hubbard attraction U:

(a) semi-elliptic band; (b) flat band.

perature (curves 5). However, we can easily see that
such a complicated dependence of 7, on disorder is
completely determined by the disorder widening of the
“bare” (U = 0) conduction band, demonstrating the
validity of the generalized Anderson theorem for all
values of U. In Fig. 4, the curve with octagons shows
the dependence of the critical temperature 7,/2D on
the coupling strength U/2D in the absence of disorder
(A = 0) for both models of “bare” conduction bands,
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semi-elliptic (Fig. 4a) and flat (Fig. 4b). We can see
that in both models, in the weak-coupling region, the
superconducting transition temperature is well
described by the BCS model (in Fig. 4a), the dashed
curve represents the result of the BCS model, with 7,
defined by Eq. (21), with the chemical potential inde-
pendent of U and determined by the quarter-filling of
the “bare” band), while in the strong-coupling region,
the critical temperature is determined by the BEC
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Fig. 4. Universal dependence of the superconducting critical temperature on the Hubbard attraction U for different disorder lev-
els: (a) semi-elliptic band; the dotted curve represents the BCS dependence in the absence of disorder; (b) flat band; the dotted
line represents a similar dependence for the semi-elliptic band for A = 0.

condition for Cooper pairs and decreases as 2/U as U
increases (inversely proportional to the effective mass
of the pair), passing through the maximum at
U/2D.~ 1. The other symbols in Fig. 4a show the
results for 7, obtained by a combination of the
DMFT+ZX and Nozieres—Schmitt-Rink approxima-
tions for a semi-elliptic “bare” band. We can see that
all data (expressed in normalized units of U/2 D, and
T,./2D,y) ideally fit the universal curve obtained in the
absence of disorder. For a flat “bare” band, results of
our calculations are shown in Fig. 4b and we do not
observe the complete universality: data points, corre-
sponding to different degrees of disorder, somehow
deviate from the curve obtained in the absence of dis-
order. However, with the increase in disorder, the form
of the band becomes close to semi-elliptic and our
data points move towards the universal curve obtained
for the semi-elliptic case and shown by the dashed
curve in Fig. 4b, thus confirming the validity of the
generalized Anderson theorem.

6. CONCLUSION

In this paper, in the framework of the DMFT+Z
generalization of dynamical mean field theory, we
have studied the disorder influence on single-particle
properties (e.g., the density of states) and the super-
conducting transition temperature in the attractive
Hubbard model. Calculations were done for a wide
range of attractive interactions U, from the weak-cou-
pling region U/2D.+ <€ 1, where both instability of the
normal phase and superconductivity are well
described by the BCS model, to the strong-coupling
limit U/2D. > 1, where the superconducting transi-
tion is determined by Bose—Einstein condensation of
compact Cooper pairs forming at temperatures much
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higher than the superconducting transition tempera-
ture. We have shown analytically that for the conduc-
tion band with a semi-elliptic density of states, which
is a good approximation in the three-dimensional
case, disorder influences all single-particle properties
in a universal way: all changes of these properties are
only due to the disorder widening of the band. In the
model of the conduction band with a flat density of
states, which is appropriate for two-dimensional sys-
tems, there is no universality in the region of weak dis-
order. However, the main effects are again due to the
general widening of the band and complete universal-
ity is restored for high enough disorder, when the den-
sity of states effectively becomes semi-elliptic.

To study the superconducting transition tempera-
ture, we have used the combination of the DMFT+X
approach and the Nozieres—Schmitt-Rink approxi-
mation. For both models of the conduction band, dis-
ordering the density of states may either suppress the
critical temperature 7, (in the region of weak cou-
pling) or significantly increase it (in the strong-cou-
pling region). However, in all these cases, we have
actually proved the validity of the generalized Ander-
son theorem, and hence all changes of the transition
temperature are in fact controlled only by the effects of
general disorder widening of the conduction band. In
the case of the initial semi-elliptic band, the disorder
influence on 7, is completely universal, while in the
case of the initial flat band, such universality is absent
at weak disorder, but is completely restored for high
enough disorder levels.

Finally, we present some additional comments on
the methods and approximations used. Both the
DMFT+% and Nozieres—Schmitt-Rink approaches
represent certain approximate interpolation schemes,
strictly valid only in the corresponding limit cases
Vol. 120
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(e.g., small disorder or small (large) U). However, both
schemes demonstrate their effectiveness also in the
case of intermediate values of U and intermediate (or
even strong) disorder. Actually, the effectiveness of the
Nozieres—Schmitt-Rink approximation (neglecting U
corrections in the Cooper channel) was verified by
comparison with the direct DMFT calculations [13].
The use of DMFT+X to analyze the disorder effects in
the repulsive Hubbard model was shown to produce
reasonable results for the phase diagram, compared to
exact numerical simulations of disorder in DMFT,
including the region of large disorder (the Anderson
localized phase) [19—21]. However, the role of the
approximations made in DMFT+X, such as the
neglect of the interference of disorder scattering and
correlation effects, deserves further studies.

ACKNOWLEDGMENTS

This paper is supported by the Russian Science
Foundation, grant no. 14-12-00502.

APPENDIX A

For the band with a flat density of states (at U= 0
and A = 0), disorder leads both to widening of the band
and to a change of the form of the density of states.
Taking the density of states in the form given by
Egs. (6), we calculate the local Green’s function as

S S
e—¢g'— AQG,-,-

1 (s _A’G,+ Dj
= —In| ——%— |,
2D \g-A’G,-D
where the energy ¢ is referenced to the middle of the
“bare” band. We introduce the auxiliary notation G;; =
R — il. At the band edges, I — 0, and therefore

expanding the r.h.s. of Eq. (A.1) up to linear terms in
1, we obtain

2
Reil~mn (s—A R+D
2D Mg _A’R-

2

G,=—
2D
-D

(A1)

(A2)
A

(e—A’R) - D’
Equating the real parts in (A.2), we obtain

2
R = Ln(E=ARED Af*g).
e—A"R-
Similarly, equating the imaginary parts at the band

edges, we obtain ¢ — A2R == A/D2 + A , and substitut-
ing this expression into the logarithm in the preceding
expression, we find R and the band edge positions at

—il
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m

D+A+
( 2D

A/D + A+ ij (A3)
Thus, the half-width of the band Deff widened by dis-
order in this model is determined by Eq. (22) used
above.

We note that although the Born approximation for
disorder scattering that we use is formally valid only for
small disorder A < D, the effects of Anderson localiza-
tion at large disorder A ~ D do not qualitatively change
the density of states [27], and hence the Born approx-
imation gives qualitatively correct results also in the
region of large disorder. Actually, this approximation
neglects only the appearance of exponentially small
“tails” in the density of states, outside the “mean
field” band edges [27] and gives more or less correct
results inside such a band.

At large enough disorder, almost any “bare” band
width 2D and an arbitrary density of states Ny(g)
acquires a semi-elliptic density of states. In the limit of
very large disorder A > D, almost in the whole band,
widened by disorder, we have |¢ — A’2R| > D and in the
expression for the local Green’s function we can
neglect the €'-dependence in the denominator of the
integrand:

R-il=G,= Id i No(€)
cE- g — A G, (A4)
o 1
e— A’R+iNT
Then we immediately obtain

€

e—A'R = 5 = —

2N’
whence the density of states “dressed” by disorder

—lImG : J28) - (a6)

Tc(ZA)

becomes semi-elliptic, Eq. (5), with the half-width
D = 2A. Thus, at strong enough disorder, any “bare”
band becomes semi-elliptic, restoring the universal
dependence of single-particle properties on disorder
discussed above. In this sense, the model of the “bare”
band with a semi-elliptic density of states is most
appropriate for the studies of the effects of strong dis-
order.

4N - (AS)

N(e) =
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Abstract—We derive a Ginzburg—Landau (GL) expansion in the disordered attractive Hubbard model within
the combined Nozieres—Schmitt-Rink and DMFT+X approximation. Restricting ourselves to the homoge-
neous expansion, we analyze the disorder dependence of GL expansion coefficients for a wide range of attrac-
tive potentials U, from the weak BCS coupling region to the strong-coupling limit, where superconductivity
is described by Bose—Einstein condensation (BEC) of preformed Cooper pairs. We show that for the a semi-
elliptic “bare” density of states of the conduction band, the disorder influence on the GL coefficients A and
B before quadratic and quartic terms of the order parameter, as well as on the specific heat discontinuity at
the superconducting transition, is of a universal nature at any strength of the attractive interaction and is
related only to the general widening of the conduction band by disorder. In general, disorder growth increases
the values of the coefficients A and B, leading either to a suppression of the specific heat discontinuity (in the
weak-coupling limit), or to its significant growth (in the strong-coupling region). However, this behavior
actually confirms the validity of the generalized Anderson theorem, because the disorder dependence of the
superconducting transition temperature 7, is also controlled only by disorder widening of the conduction

band (density of states).

DOI: 10.1134/81063776116020072

1. INTRODUCTION

The problem of superconductivity in the BCS—
BEC crossover region (and up to the strong coupling
limit) has a long history, starting with early works by
Leggett and Nozieres and Schmitt-Rink [1, 2]. Prob-
ably the simplest model to study this crossover is the
Hubbard model with attractive interaction. The most
successive approach to the studies of the Hubbard
model (both repulsive and attractive) is the dynamical
mean field theory (DMFT) [3—5]. The attractive
Hubbard model was already studied within DMFT in
a number of papers [6—10]. However, up to now there
are only a few works where disorder effects were taken
into account, either in normal or in superconducting
phase of this model. Qualitative analysis of disorder
effects on the critical temperature 7, in the BCS—BEC
crossover region was presented in [11], which claimed
the validity of the Anderson theorem in this region in
the case of s-wave pairing. A diagram analysis of disor-
der effects on 7, and the properties of the normal state
in the crossover region were recently presented in [12].

We have developed the generalized DMFT+X
approach to the Hubbard model [13—16], which is
quite convenient for including various “external”

IThe article is published in the original.

375

interactions, such as disorder scattering [17, 18]. This
approach is also well suited to the studies of two-par-
ticle properties, such as dynamic (optical) conductiv-
ity [17, 19]. In recent paper [10], we used this
approach to analyze the single-particle properties of
the normal phase and optical conductivity in the
attractive Hubbard model. Subsequently, the
DMFT+X approximation was combined with the
Nozieres—Schmitt-Rink approach to study the influ-
ence of disorder on the superconducting critical tem-
perature 7, in the BCS-BEC crossover and strong-
coupling regions [20, 21], demonstrating the validity
of the generalized Anderson theorem. Disorder
effects on 7, are essentially due to only the general
widening of the conduction band by random scatter-
ing. This was demonstrated exactly (for the whole
range of attractive interactions) in the case of a semi-
elliptic density of states of the conduction band
(three-dimensional case) at any disorder level and is
also valid in the case of a flat band (two-dimensional
case) in the limit of strong enough disorder.

The Ginzburg—Landau (GL) expansion in the
BCS—BEC crossover region was derived in a number
of papers [22—24], but no effects of disorder scattering
on the GL expansion coefficients were considered.
Here, we derive the microscopic coefficients of a



376

(homogeneous) GL expansion for the attractive Hub-
bard model and study disorder effects on these coeffi-
cients including the BCS—BEC and strong-coupling
regions, as well as on the specific heat discontinuity at
the superconducting transition, demonstrating a cer-
tain universality of disorder behavior of these charac-
teristics.

2. DISORDERED HUBBARD MODEL
IN THE DMFT+X APPROACH

We consider the disordered attractive Hubbard
model with the Hamiltonian

H = —tz afcajc + Z:os,-n,»(s - UZ”;T”iis ()

(ij)o ic

where ¢ > 0 is a transfer integral between the nearest
neighbors and U is the onsite Hubbard attraction,

Rig = a,Tca,o is electron number operator at site i, and a,,

(a;) is the annihilation (creation) operator of an elec-
tron with spin o. Local energy levels €; are assumed to
be independent random variables on different lattice
sites. We assume the Gaussian distribution of €; at each
site for the validity of the standard “impurity” scatter-
ing diagram technique [25]:

2
P(e,) = ﬁexp[—%}. )

Here, A is the measure of disorder scattering.

The generalized DMFT+ZX approach [13—16] sup-
plies the standard DMFT [3—5] with an additional
“external” self-energy (in general, momentum depen-
dent) due to any interaction outside the DMFT, which
provides an effective method to calculate both single-
and two-particle properties [17, 19]. The additive form
of the total self-energy preserves the structure of the
self-consistent DMFT equations [3—5]. The “exter-
nal” self-energy is recalculated at each step of the stan-
dard DMFT iteration scheme, using some approxima-
tions corresponding to the form of the additional
interaction, while the local Green’s function (central
for DMFT) is also “dressed” by the additional interac-
tion.

For the disordered Hubbard model, we take the
“external” self-energy entering the DMFT+X loop in
the simplest form of a self-consistent Born approxi-
mation, neglecting the “crossing” diagrams due to
disorder scattering:

S(e) = A Gep), (3)
p

where G(e, p) is the complete single-particle Green’s
function.

To solve the effective Anderson impurity model of
DMFT, we here use the effective algorithm of the
numerical renormalization group (NRG) [26].
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In what follows, we consider the model of a “bare”
conduction band with the semi-elliptic density of
states (per unit cell and spin projection)

Noe) = —2D* - ¢?, )
nD

where D determines the half-width of the conduction
band. This is a good approximation in the three-
dimensional case.

In [21], we have shown analytically that in the
DMFT+X approach, within these approximations, all
the disorder influence on the single-particle proper-
ties reduces to the simple effect of band widening by
disorder scattering, D — D, where D is the effective
band half-width in the presence of disorder (in the
absence of correlations, i.e., for U= 0):

A2
Dy = D1+ 4;, (%)

and the conduction band density of states (in the
absence of U) “dressed” by disorder is given by
Y 2
No® = =Dy — ¢, (6)
eff
preserving its semi-elliptic form.

For other models of the “bare” conduction band
density of states, besides band widening, disorder scat-
tering changes the form of the density of states, and
hence the complete universality of disorder influence
of single-particle properties, strictly speaking, is
absent. But in the limit of strong enough disorder, the
“bare” band density effectively becomes elliptic for
any reasonable model, and the universality is thus
restored [21].

All calculation below were performed for the quar-
ter-filled band (n = 0.5 per lattice site).

3. GINZBURG-LANDAU EXPANSION

The critical temperature of the superconducting
transition 7, in the attractive Hubbard model was ana-
lyzed using direct DMFT calculations in a number of
papers [6, 7, 9]. In [10], we determined 7, from the
instability condition of the normal phase (instability of
the DMFT iteration procedure). The results obtained
in this way were in good agreement with the results in
[6, 7, 9]. Additionally, in [10], we calculated 7, using
the approximate Nozieres—Schmitt-Rink approach in
combination with DMFT (used to calculate the chem-
ical potential of the system), demonstrating that being
much less time consuming, it provides a semi-quanti-
tative description of the 7, behavior in the BCS—BEC
crossover region, in good agreement with direct
DMFT calculations. In [20, 21], the combined
Nozieres—Schmitt-Rink approach was used to study
the detailed dependence of 7, on disorder. Below, we
use this combined approach to derive the GL expan-
Vol. 122
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€D+ €,p
Fop A A* A } *
s Tn g g ¢=0 7=0
€, P (a) €, P
~4=0 s
A > 7 A*

Fig. 1. Diagram representation of the Ginzburg—Landau
expansion.

sion including the disorder dependence of the GL
expansion coefficients.

We write the GL expansion for the difference of
free energies of superconducting and normal phases in
the standard form

F,—F, = AA* + ¢*ClA + §|A.,|“, )

where A, is the spatial Fourier component of the
amplitude of the superconducting order parameter.
Microscopically, this expansion is determined by dia-
grams of the loop expansion for the free energy of an
electron in the “external field” of (static) supercon-
ducting order parameter fluctuations with a small
wave vector ¢, shown in Fig. 1 (where fluctuations are
represented by dashed lines) [25]. Below, we limit our-
selves to the case of a homogeneous expansion with
q = 0 and calculations of its coefficients 4 and B, leav-
ing the (much more complicated) analysis of the gen-
eral inhomogeneous case of finite q and calculations of
the coefficient C in (7) for the future work.

Within the Nozieres—Schmitt-Rink approach [2],
we use the weak-coupling approximation to calculate
loop diagrams with two and four Cooper vertices
shown in Fig. 1, dropping all corrections due to the
Hubbard U, while including “dressing” by disorder

scattering.” However, the chemical potential, which
essentially depends on the coupling strength U and
determines the BEC condition in the strong-coupling
region, is calculated via the full DMFT+Z procedure.

The coefficient A before the square of the order
parameter in the GL expansion is given by the dia-
grams in Fig. 1a with ¢ = 0 [25]:

A(T) = %0(qg = 0,T) —xo(g =0,7,), ¢))

where

211 the absence of disorder, this approach just coincides with that
used in [22—24], involving the Hubbard—Stratonovich transfor-
mation in the functional integral over fluctuations of the super-
conducting order parameter.
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K@ =0.T)=-TY > ®,.(€,) ©)
n pp’

is the two-particle loop in the Cooper channel
“dressed” only by disorder scattering, while @, (¢,) is
the disorder-averaged two-particle Green’s function
in the Cooper channel (¢, = n7(2n + 1) is the corre-
sponding Matsubara frequency). Subtraction of the
second diagram in Fig. 1a, i.e., that of x,(¢ = 0, T.)
in (8), guarantees the validity of A(T = 7,) = 0, which
necessarily holds in any kind of Landau expansion [25].

To obtain Z @, (¢,), we use the exact Ward
pp
identity derived in [19]:

G(e,.p) — G(-€,,—p) = —Y @, (€,)
.
X(Gy ' (€,,0") = Gy (=€,,~D").

Here, G(g,, p) is the disorder-averaged single-par-

ticle Green’s function (not “dressed” by Hubbard

interaction!). With the symmetry e(p) = e(—p) and

G(e,, —p) = G(g,, p), we use Ward identity (10) to
obtain

(10)

D Ge,.p) - ) G(—€,,p)

® (g, =—-2L L , 11
S <>
PP
whence we obtain Cooper susceptibility (9)
Z G(ana p) - Z G(_ann p)
=0,7)=T P £
Xo(q ) z 2ie,
" (12)
Y G(e,.p)
p .

:TZT

Performing the standard summation over Matsub-
ara frequencies [25], we now obtain

Xo(qg =0,7)
. D.G'ep-) G'Em
:%midg p - p tanh% (13)
=—}d8N2—(88)tanh%,

where N (¢) is the “bare” (U = 0) density of states
“dressed” by disorder scattering, which in the case of
a semi-elliptic band takes the form (6). In Eq. (13), the
origin of € is at the chemical potential. Replacing ¢ —
€ — p to shift the origin of energy to the center of con-
duction band, we finally write
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(14)

Yo(g =0,T) = —J. de 2(2,(_81[) tanh 82_Tu'

The Cooper instability of the normal phase, deter-
mining the superconducting transition temperature
T., is written as

We then obtain the following equation for the crit-
ical temperature:

tanh((e —w)/27,)
e—1 '

U5
== J' deN(€) (16)

Using (15) to determine y,(¢ = 0, 7,) and (14) for
¥o(g = 0, T), we obtain the coefficient A4 in (8):

tanh((e — p)/27)
2e-p)

The chemical potential for different values of U and
A is to be determined here from direct DMFT+X cal-
culations, i.e., from the standard equation for the total
number of electrons (band filling), defined by the
Green’s function obtained in the DMFT+X approxi-
mation. This allows us to find both 7, and GL expan-
sion coefficients in a wide range of parameters of the
model, including the BCS—BEC crossover region and
the limit of strong coupling, for different disorder lev-
els. Actually, this is the essence of the Nozieres—
Schmitt-Rink approximation in the weak-coupling
region, transition temperature is controlled by the
equation for Cooper instability, while in the strong-
coupling limit, it is defined as the temperature of Bose
condensation, which is controlled by the equation for
the chemical potential. The joint solution of Egs. (16)
and (17) with the DMFT+X equation for the chemical
potential provides the correct interpolation for 7, and
GL coefficient 4 from the weak-coupling region via
the BCS—BEC crossover towards the strong coupling.

For T— T, the coefficient A(7) is written as

AT)=aT -T,), (18)

where in the case of a temperature independent chem-
ical potential,

(s
AT) =~ _j deN(€) (17)

=

1 Y 1
=—— | deN . 19
‘ 4TfI N ety

In the BCS approximation with the conduction
band of an infinite width with a constant density of

states N, 0(0), we obtain the standard result a =

N,(0)/T. from (19) [25]. However, in the BCS—BEC
crossover region, the temperature dependence of p is
essential and we have to use the general expression (17)
in conjunction with the equation for p to calculate a.
At the same time, it is clear from Eq. (17) that disorder
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scattering influences a only through the changes of the

density of states N, o(¢) and the chemical potential p,
which is a typical single-particle property. Thus, in the
case of a semi-elliptic “bare” conduction band, the
dependence of a on disorder is due to only the band
widening by disorder, with the replacement D — D .
Therefore, in the presence of disorder, we expect the
universal dependence of a(2D,4)? on U/2 D (all ener-
gies are to be normalized by the effective bandwidth
2D.y), which is confirmed by the results of direct
numerical computations in the next section (cf.
Fig. 4a).

The coefficient B is determined by a “square” dia-
gram with four Cooper vertices with ¢ = 0, “dressed”
in an arbitrary way by disorder scattering, which is
shown in Fig. 1b [25]:

1 . .
B =5TZ D (Glig,;p1,p2)G (g, ~ps,—D3)

n pipaP3P4

XG(lgna Ps, p4)G(_i8n;_p49 _p1)>n

(20)

where (...) denotes averaging over disorder, and G(ig,;
Pi, P,) (and other similar expressions) represent exact
single-particle Green’s functions for a fixed configu-
ration of the random potential. Performing standard
summation over Matsubara frequencies, we obtain

B :l ﬁtanhi

29 2mi 2T

—oo

X Y (G*Ep,p)G (€ ;-priDs)
PiP2P3P4

x G*(&;p5,p4)G " (~&—p4y—D)))-

(21)

Due to the zero momentum q = 0 in Cooper verti-
ces and the static nature of disorder scattering, we can
now use a certain generalization of Ward identity (10)
to obtain (at 7= T)

e/2T,

— e INy(e). (22
cosh28/2ch o). 23

© 4e 2T.
A detailed derivation is presented in Appendix A.

In the BCS approximation, using the conduction
band of an infinite width with a constant density of

states NN, 0(0), we immediately obtain the standard
result from Eq. (22): B = (7¢(3)/872T,”) N, (0) [25].

Again, replacing here € — € — p to shift the origin
of energy to the middle of the conduction band, we
can write
Vol. 122
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Fig. 2. Universal dependence of the superconducting crit-
ical temperature on disorder for different values of the
Hubbard attraction.

o

de
B=| %<
£4<a—u)3

(23)

x| tanh E- B _ EZW/2T. | g oy
26— U

c

¢ cosh

It follows that the disorder dependence of the coef-
ficient B (similarly to A) is also determined only by the

disorder-widened density of states N,(¢) and the
chemical potential, and hence in the case of a semi-

a(A)/a(0)

2.0 T T T T T4
1 —a— U/2D=10.6

1.8F 2 —o— 0.8 5
33— 1.0 3

1.6 4 —— 1.4 4
5 —e— 1.6

1.4 i

1.2

1.0 @ 1

08 1 1 1 1 1
0 0.1 0.2 0.3 0.4 0.5

A/2D

elliptic “bare” conduction band, it reduces to the sim-
ple replacement D — D, leading to a universal
dependence of B(2D.)? on U/2D., which is con-
firmed by the results of direct numerical computations
presented in the next section and shown in Fig. 4b.

We stress that Egs. (17) and (23) for the GL coeffi-
cients A and B were obtained with the use of exact
Ward identities, and are therefore valid also in the limit
of strong disorder (beyond Anderson localization).

The universal dependence on disorder, related to
the conduction band widening by disorder scattering,
is also valid for the specific-heat discontinuity at 7,

because it is completely determined by the coefficients
a and B:

2
c(T,)-C/(T,) = Tc%. (24)
Appropriate numerical results are also given in the
next Section (cf. Fig. 5b).

The coefficient C before the gradient term of the
GL expansion is determined essentially by two-parti-
cle characteristics (in particular, due to a nontrivial g-
dependence of the vertex, which is obviously changed
by disorder scattering). In particular, the behavior of C
is significantly changed at the Anderson transition
[27], and therefore no universality of the disorder
dependence is expected in this case.

4. MAIN RESULTS

‘We now discuss the main results of our numerical
calculations, directly demonstrating the universal
dependences of the GL coefficients A and B and the
specific heat discontinuity at 7, on disorder.

In Fig. 2, we show the universal dependence of the
critical temperature 7, on the Hubbard attraction U for

B(A)/B(0)
3.4+t ' ' ' ' 1 -
| 1 —=— U/2D=0.6 i
3.0 2—— 0.8 ]
L 3 —A— 1.0 i
26 4—0— 1.4 -
-5 —— 1.6 .
2.2: g
1.8+ f E
1.4+ -
(b) |
1.0 . L

A/2D

Fig. 3. Disorder dependence of the GL coefficients (a) a and (b) B, normalized by their values in the absence of disorder, for dif-

ferent values of the Hubbard attraction.
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Fig. 4. Universal dependence of the GL coefficients (a) a and (b) B on the Hubbard attraction for different values of disorder.
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Fig. 5. (a) Dependence of the specific heat discontinuity at the critical temperature, dC= C; — C,,, on disorder for different values
of the Hubbard attraction U and (b) universal dependence of this discontinuity on U for different values of disorder.

different levels of disorder, which was obtained and
discussed in detail in [20, 21]. A typical maximum of
T, at U/2D 4 ~ 1 is characteristic of the BCS—BEC

crossover region.

In Fig. 3, we present disorder dependences of the
GL coefficients a (Fig. 3a) and B (Fig. 3b) for different
values of the Hubbard attraction. We can see that @ in
general increases with an increase in disorder. Only in
the limit of a strong enough coupling U/2D > 1.4
(curves 4 and 5) in the region of weak disorder do we
observe weak suppression of a by disorder scattering.
The coefficient B grows sufficiently fast with disorder
in the region of weak coupling (curve / in Fig. 3b),
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while in the region of strong coupling, this growth
becomes more moderate (curves 4, 5in Fig. 3b), such
that the dependence of B on disorder in this region
becomes almost independent of the value of U
(curves 4 and 5 practically coincide).

However, this rather complicated dependence of
the coefficients a and B on disorder is determined
solely by the growth of the effective conduction band-
width with disorder, given by Eq. (5). In Fig. 4, we
show the universal dependences of the GL coefficients
a and B, normalized by appropriate powers of the
effective bandwidth, on the strength of Hubbard
attraction. In the absence of disorder (the dashed line
Vol. 122
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Fig. 6. Diagrams for the coefficient B and the derivation of
a generalized Ward identity.

with squares), the coefficients @ and B decrease fast as
Uincreases. Other symbols in Fig. 4 show the results of
our calculations for different levels of disorder. It is
clearly seen that all the data ideally fit the universal
curve obtained in the absence of disorder.

The coefficients ¢ and B determine the specific
heat discontinuity at the critical temperature,
Eq. (24). Because these coefficients and 7, [20, 21]
depend on disorder in a universal way due only to the
growth of the effective bandwidth (5), the same type of
universal dependence is also valid for the specific heat
discontinuity. In Fig. 5a, we show the dependence of
the specific heat discontinuity dC = C; — C, on disor-
der for different values of the Hubbard attraction U. It
is seen that in the region of weak coupling (curve 1),
the specific heat discontinuity is suppressed by disor-
der; for intermediate couplings (curves 2 and 3), weak
disorder leads to an increase in the specific heat dis-
continuity, while further increasing the disorder sup-
presses this discontinuity. In the region of strong cou-
pling (curves 4 and 5), the increase in disorder leads to
a significant increase in the specific heat discontinu-
ity, which is mainly related to the similar increase in 7,
(cf. [20, 21]). However, this complicated dependence
of the specific heat discontinuity on disorder is again
completely determined by the growth of effective
bandwidth (5). In Fig. 5b, we show the universal
dependence of the specific heat discontinuity on U,
normalized by the bandwidth 2D.. Black squares rep-
resent data in the absence of disorder. Other symbols
in Fig. 5b show the data for different disorder levels.
We see again that all the data precisely fit the universal
dependence of the specific heat discontinuity
obtained in the absence of disorder. The specific heat
discontinuity increases with an increases in U in the
region of weak coupling U/2D <« 1 and decreases
with an increase in U in the limit of strong coupling
U/2D.; > 1. The maximum of the specific heat dis-
continuity is observed at U/2D = 0.55. Actually, this
dependence of the specific heat discontinuity qualita-

JOURNAL OF EXPERIMENTAL AND THEORETICAL PHYSICS

tively resembles a similar dependence of the critical
temperature, although its maximum is attained at
smaller values of the Hubbard attraction.

5. CONCLUSION

Using a combination of the Nozieres—Schmitt-
Rink approximation with the generalized DMFT+X
approach, we have studied disorder influence on the
coefficients 4 and B determining the homogeneous
Ginzburg—Landau expansion and specific heat dis-
continuity at the superconducting transition in the
attractive Hubbard model.

We have demonstrated analytically that in the case
of a “bare” conduction band with a semi-elliptic den-
sity of states, disorder influence on the GL coeffi-
cients A and B and the specific heat discontinuity is
universal and is controlled only by the general con-
duction band (density of states) widening by disorder
scattering; we illustrated this conclusion with explicit
numerical calculations performed for a wide range of
attractive potentials U, from the weak-coupling
region, where U/2D. < 1 and the superconducting
instability is described by the usual BCS approach, to
the strong-coupling region, where U/2 D> 1 and the
superconducting transition is determined by Bose—
Einstein condensation of preformed Cooper pairs.

These results essentially prove the validity of the
generalized Anderson theorem in the BCS—BEC
crossover region and in the limit of strong coupling not
only for 7, [20, 21] but also for the homogeneous
Ginzburg—Landau expansion, determining appropri-
ate thermodynamic effects like the specific heat dis-
continuity at the transition point.
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APPENDIX
The Coefficient B in the Presence of Disorder

The coefficient B is determined by the “square”
diagram with four Cooper vertices with q = 0,
“dressed” by disorder scattering, shown in Fig. 1b.
The corresponding analytic expression is given in
Eq. (20). After the standard summation over Matsub-
ara frequencies, B is written as in (21), i.e., is deter-
mined by the following combination of four Green’s
functions with real frequencies:

Z <GR(8; P, Pz)GA(—8§ —P,,—P3)
PiP2P3P4

x G*(&;p5,04)G " (~&—psy—D)),

(A1)
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where {...) denotes averaging over disorder and GR(g;
p;, p,) are the exact retarded (advanced) single-parti-
cle Green’s functions for a fixed configuration of dis-
order.

A typical diagram of the fourth order of disorder
scattering (dashed lines) is shown in Fig. 6a. Arbitrary
diagrams for such a four-particle Green’s function can
be obtained from diagrams for the single-particle
Green’s function of the same order of disorder scatter-
ing by arbitrarily inserting three Cooper vertices into
the “bare” electron Green’s functions, as shown in
Fig. 6a. Taking the static nature of disorder scattering
and the zero transferred momentum q = 0 in Cooper
vertices into account, we can evaluate (A.l) using a
certain generalization of exact Ward identity (10),
derived in [19].

We take the diagram for the single-particle Green’
function, shown in the left part of Fig. 6b, and con-
sider a certain configuration of momenta transferred
by dashed lines. Here, we have nine “bare” electron
Green’s functions with momenta p,, ..., py. In what
follows, we use the short notation

R ~ A
G, =G, (E&p;), G, =G0G;(-&-p;), (A.2)
where G(f (A)(s; p) = 1/(¢ — &(p) £ id) is the “bare”
Green’s function. Inserting a Cooper vertex leads to
the sign change of momenta and frequencies (i.e., to

the replacement G; <> G,) in all Green’s functions
standing to the right of the vertex. We assume that the
central of the three Cooper vertices was inserted into
the fourth Green’s function, as shown in the right part
of Fig. 6b. An arbitrary insertion of the first Cooper
vertex into one of the first four of the Green’s func-
tions leads to the result

G,G,C,G, — G,G,G,G,G, + G,G,G,G,G,

T 3 (A.3)
+G,G,G+6+G, + G,G,G,G,G,,

whence, using the identify G, - G~[ b= 2e, we obtain

.. .G -¢
G1G1G2G3G4 ; + cee

G;'-G;! G’zgéé G,G,C,G A4

+G1G2G3G4G~4 4 4 _UboUsby bl

2e 2€

Then G,GG:G,G:Gy — G,GsGsG,G3Gy and after all
insertions of the last (third) Cooper vertex into one of
the six Green’s functions G, ..., Gy, we again obtain

(G4GsGG-GGy — G,GsGsG,GyGy)/ 2.
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‘We thus obtain
(G"(e)G" (~e)G " (e)G" (~¢))
_ <GA(—s> -G*e)G () - G"(e)>

2¢e 2¢

- L@ oo+ @eocte) ()
€

_ R A oy L d 1mA ow R
G (&)G"(-¢)) 482{ d£(<G (=€) —(G"(e))

_(G"e) - <G"<e>>},

€

where we can evaluate the two-particle Green’s func-
tions with ¢ = 0 again using an analogue of Ward iden-
tity (10) for real frequencies. Using (A.5) in (21) and
replacing € — —e in terms with {(G*(—¢)) in the integral
over €, we obtain

o | @tanh(e/zT)(i_l)

i 4¢? de ¢

x| Y G ep - G Ep
P P (A.6)

=3

_ Idatan};igz/ZT)(i_i)NO(e)

—oco

oo

= d—i(tanhi—géi] o).
7 4e 2T cosh”(g/2T)

This expression was used in the main part of the
paper.

REFERENCES

. A.J. Leggett, in Modern Trends in the Theory of Con-
densed Matter, Ed. by A. Pekalski and J. Przystawa
(Springer, Berlin, 1980).

2. P. Nozieres and S. Schmitt-Rink, J. Low Temp. Phys.

59, 195 (1985).
3. Th. Pruschke, M. Jarrell, and J. K. Freericks, Adv.
Phys. 44, 187 (1995).

4. A. Georges, G. Kotliar, W. Krauth, and M. J. Rozen-
berg, Rev. Mod. Phys. 68, 13 (1996).

5. D. Vollhardt, in Lectures on the Physics of Strongly Cor-
related Systems X1V, Ed. by A. Avella and F. Mancini,
AIP Conf. Proc., Vol. 1297 (Amer. Inst. Physics, Mel-
ville, New York, 2010), p. 339; arXiv: 1004.5069.

6. M. Keller, W. Metzner, and U. Schollwock, Phys. Rev.
Lett. 86, 4612 (2001); arXiv: cond-mat/0101047.

7. A. Toschi, P. Barone, M. Capone, and C. Castellani,
New J. Phys. 7, 7 (2005); arXiv: cond-mat/0411637v1.

8. J.Bauer, A. C. Hewson, and N. Dupis, Phys. Rev. B79,
214518 (2009); arXiv: 0901.1760v2.

9. A.Kogaand P. Werner, Phys. Rev. A 84, 023638 (2011);
arXiv: 1106.4559v1.

[

Vol. 122 No.2 2016



10

11

12.
13.

14.

15.

16.

17.

18.

ATTRACTIVE HUBBARD MODEL: HOMOGENEOUS

. N. A. Kuleeva, E. Z. Kuchinskii, and M. V. Sadovskii,
J. Exp. Theor. Phys. 119, 264 (2014); arXiv: 1401.2295.

. A. 1. Posazhennikova and M. V. Sadovskii, JETP Lett.

65, 270 (1997).

F. Palestini and G. C. Strinati, arXiv: 1311.2761.

E. Z. Kuchinskii, I. A. Nekrasov, and M. V. Sadovskii,
JETP Lett. 82, 198 (2005); arXiv: cond-mat/0506215.
M. V. Sadovskii, I. A. Nekrasov, E. Z. Kuchinskii,
Th. Pruschke, and V. 1. Anisimov, Phys. Rev. B 72,
155105 (2005); arXiv: cond-mat/0508585.

E. Z. Kuchinskii, I. A. Nekrasov, and M. V. Sadovskii,
J. Low Temp. Phys. 32, 528 (2006); arXiv: cond-
mat/0510376.

E. Z. Kuchinskii, I. A. Nekrasov, and M. V. Sadovskii,
Phys. Usp. 55, 325 (2012); arXiv: 1109. 2305.

E. Z. Kuchinskii, I. A. Nekrasov, and M. V. Sadovskii,
J. Exp. Theor. Phys. 106, 581 (2008); arXiv: 0706.2618.

M. V. Sadovskii, J. Exp. Theor. Phys. 110, 325 (2010);
arXiv: 0908.3747.

JOURNAL OF EXPERIMENTAL AND THEORETICAL PHYSICS

E. Z. Kuchinskii, N. A. Kuleeva, I. A. Nekrasov, and

19.

20.

21.

22.

23.

24.

25.

26.

27.

383

E. Z. Kuchinskii, I. A. Nekrasov, and M. V. Sadovskii,
Phys. Rev. B 75, 115102 (2007); arXiv: cond-
mat/0609404.

E. Z. Kuchinskii, N. A. Kuleeva, and M. V. Sadovskii,
JETP Lett. 100, 192 (2014); arXiv: 1406.5603.

E. Z. Kuchinskii, N. A. Kuleeva, and M. V. Sadovskii,
J. Exp. Theor. Phys. 120, 1055 (2015); arXiv: 1411.1547.
R. Micnas, Acta Phys. Pol. A 100 (s), 177 (2001); arXiv:
cond-mat/0211561v2.

M. Drechsler and W. Zwerger, Ann. Phys. (Leipzig) 1,
15 (1992).

S. Stintzing and W. Zwerger, Phys. Rev. B 56, 9004
(1997); arXiv: cond-mat/9703129v2.

M. V. Sadovskii, Diagrammatics (World Scientific, Sin-
gapore, 2006).

R. Bulla, T. A. Costi, and T. Pruschke, Rev. Mod. Phys.
60, 395 (2008).

M. V. Sadovskii, Superconductivity and Localization
(World Scientific, Singapore, 2000).

Vol. 122 No.2 2016



ISSN 1063-7761, Journal of Experimental and Theoretical Physics, 2017, Vol. 125, No. 1, pp. 111—122. © Pleiades Publishing, Inc., 2017.
Published in Russian in Zhurnal Eksperimental’noi i Teoreticheskoi Fiziki, 2017, Vol. 152, No. 1, pp. 133—146.

ORDER, DISORDER, AND

PHASE TRANSITION IN CONDENSED SYSTEM

Ginzburg—Landau Expansion in Strongly Disordered Attractive
Anderson—Hubbard Model!

E. Z. Kuchinskii#*, N. A. Kuleeva“, and M. V. Sadovskii*®**

¢ [nstitute for Electrophysics, Ural Branch, Russian Academy of Sciences,
Yekaterinburg, 620016 Russia

b Mikheev Institute for Metal Physics, Ural Branch, Russian Academy of Sciences,
Yekaterinburg, 620990 Russia

*e-mail: kuchinsk @iep.uran.ru
**e-mail: sadovski@iep.uran.ru
Received February 8, 2017

Abstract—We have studied disordering effects on the coefficients of Ginzburg—Landau expansion in powers
of superconducting order parameter in the attractive Anderson—Hubbard model within the generalized
DMFT+X approximation. We consider the wide region of attractive potentials U from the weak coupling
region, where superconductivity is described by BCS model, to the strong coupling region, where the super-
conducting transition is related with Bose—Einstein condensation (BEC) of compact Cooper pairs formed at
temperatures essentially larger than the temperature of superconducting transition, and a wide range of dis-
order—from weak to strong, where the system is in the vicinity of Anderson transition. In the case of semiel-
liptic bare density of states, disorder’s influence upon the coefficients 4 and B of the square and the fourth
power of the order parameter is universal for any value of electron correlation and is related only to the general
disorder widening of the bare band (generalized Anderson theorem). Such universality is absent for the gra-
dient term expansion coefficient C. In the usual theory of “dirty” superconductors, the C coefficient drops
with the growth of disorder. In the limit of strong disorder in BCS limit, the coefficient C is very sensitive to
the effects of Anderson localization, which lead to its further drop with disorder growth up to the region of
the Anderson insulator. In the region of BCS—BEC crossover and in BEC limit, the coefficient C and all
related physical properties are weakly dependent on disorder. In particular, this leads to relatively weak disor-
der dependence of both penetration depth and coherence lengths, as well as of related slope of the upper crit-

ical magnetic field at superconducting transition, in the region of very strong coupling.

DOI: 10.1134/S1063776117060139

1. INTRODUCTION

The studies of disorder influence on superconduc-
tivity have a rather long history. The pioneer works by
Abrikosov and Gor’kov [1—4] considered the limit of
weak disorder (pg/ > 1, where pg is the Fermi momen-
tum and / is the mean free path) and weak coupling
superconductivity well described by BCS theory. The
notorious “Anderson theorem” on superconducting
critical temperature 7, of superconductors with “nor-
mal” (nonmagnetic) disorder [5, 6] is usually also
referred to these limits.

The generalization of the theory of “dirty” super-
conductors to the case of strong enough disorder
(pe! ~ 1) (and further up to the region of Anderson
transition) was made in [7—9], where superconductiv-
ity was also considered in the weak coupling limit.

The problem of BCS theory generalization to the
strong coupling region has also been studied for a long

! The article is published in the original.
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time. Significant progress in this direction was
achieved by Nozieres and Schmitt-Rink [10], who
proposed an effective method to study the crossover
from BCS-type behavior in the weak coupling region
to Bose—Einstein condensation (BEC) in the strong
coupling region. At the same time, the problem of
superconductivity of disordered systems in the limit of
strong coupling and in the BCS—BEC crossover
region remains relatively undeveloped.

One of the simplest models to study the BCS—BEC
crossover is the attractive Hubbard model. The most
successful approach to the studies of Hubbard model,
both to describe strongly correlated systems in case of
repulsive interactions and to study BCS—BEC cross-
over in case of attraction, is the dynamical mean-field
theory (DMFT) [11—13].

In recent years, we have developed the generalized
DMFT+X approach to the Hubbard model [14—19],
which is very convenient to the description of different
additional “external” (as compared to DMFT) inter-
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actions. In particular, this approach is well suited to
describe also the two-particle properties, such as opti-
cal (dynamic) conductivity [18, 20].

In [21], we have used this approach to analyze sin-
gle-particle properties of the normal phase and optical
conductivity in the attractive Hubbard model. Further
on, we used the DMFT+X method in [22] to study
disorder effects on superconducting critical tempera-
ture, which was calculated within the Nozieres—
Schmitt-Rink approach. In particular, for the case of
the semielliptic model of the bare density of states,
which is adequate to describe three-dimensional sys-
tems, we have demonstrated numerically that disorder
influence upon the critical temperature (for the whole
range of interaction parameters) is related only to the
general widening of the bare band (density of states) by
disorder. In [23], we have presented an analytic deri-
vation of such disorder influence (in DMFT+X
approximation) on all single-particle properties and
the temperature of superconducting transition for the
case of the semielliptic band.

Starting with the classic paper by Gor’kov [3] it is
well known that Ginzburg—Landau expansion plays
the fundamental role in the theory of “dirty” super-
conductors, allowing the effective treatment of disor-
der dependence of different physical properties close
to superconducting critical temperature [6]. The gen-
eralization of this theory to the region of strong disor-
der (up to Anderson metal—insulator transition) was
also based upon microscopic derivation of the coeffi-
cients of this expansion [7—9]. However, as noted
above, all these derivations were performed in the
weak coupling limit of BCS theory.

In [24], we have combined the Nozieres—Schmitt-
Rink and DMFT+X approximations within the
attractive Hubbard model to derive coefficients of
homogeneous Ginzburg—Landau expansion A and B
before the square and the fourth power of supercon-
ducting order parameter, demonstrating the universal
disorder influence on coefficients A and B and the
related discontinuity of specific heat at the transition
temperature. After that, in [25], we have studied the
behavior of coefficient C before the gradient term of
Ginzburg—Landau expansion, where such universal-
ity is absent. In this work, we have only considered this
coefficient in the region of weak disorder (pg/ > 1) in
the “ladder” approximation for impurity scattering, as
it is usually done in the standard theory of “dirty”
superconductors [3], though for the whole range of
pairing interactions including the BCS—BEC cross-
over region and the limit of very strong coupling.
In fact, here we have neglected the effects of Anderson
localization, which can significantly change the
behavior of the coefficient C in the limit of strong dis-
order (pgl/ ~ 1) [7-9].

In this work, we shall concentrate mainly on the
study of the coefficient C in the region of strong disor-
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der, when Anderson localization effects become rele-
vant.

2. HUBBARD MODEL WITHIN DMFT+X
APPROACH AND THE NOZIERES—SCHMITT-
RINK APPROXIMATION

We consider the disordered nonmagnetic attractive
Anderson—Hubbard model, described by the Hamil-
tonian:

H = —fz a;fajc + Zeln’“ - UZ i (1

(ij)o ic

where ¢ > 0 is transfer amplitude between nearest
neighbors, U is the Hubbard-like onsite attraction,

R = ajG a,;; is electron number operator at a given site,

a5 (a,.TG) is annihilation (creation) operator of an elec-

tron with spin G, and local energies €, are assumed to
be independent random variables at different lattice
sites. For the validity of the standard “impurity” dia-
gram technique [26, 27] we assume the Gaussian dis-

tribution for energy levels €;:

2
Pe,) = Jﬁw e"p[_z;z]' )

Distribution width W is the measure of disorder, while
the Gaussian field of energy levels (independent on
different sites— “white” noise correlation) induces the
“impurity” scattering, which is described by the stan-
dard approach, based upon the calculation of the aver-
aged Green’s functions [27].

The generalized DMFT+X approach [14—17]
extends the standard dynamical mean-field theory
(DMFT) [11—13] introducing the additional “external”
self-energy part (SEP) X,(€) (in general momentum
dependent), which originates from any interaction out-
side the DMFT, and provides an effective procedure to
calculate both single-particle and two-particle proper-
ties [18, 20]. The success of such a generalized approach
is connected with the choice of single-particle Green’s
function in the following form:

1
e+ —e(p) — X&)~ Z,(e)

where €(p) is the “bare” electronic dispersion, while
the total SEP is an additive sum of Hubbard-like local
SEP X(¢) and “external” X,(€), neglecting the interfer-
ence between Hubbard-like and “external” interac-
tions. This allows us to conserve the system of self-
consistent equations of the standard DMFT [11—13].
At the each step of DMFT iterations the “external”
SEP X,(¢) is recalculated with the use of some approx-
imate scheme, corresponding to the form of additional
interaction, while the local Green’s function is also
“dressed” by X,(¢) at each step of the standard DMFT
procedure.

G(ep) = 3
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Fig. 1. (Color online) Universal dependence of the tem-
perature of superconducting transition on the strength of
Hubbard attraction for different levels of disorder.

The “external” SEP, entering DMFT+ZX cycle, in
the problem of disorder scattering under consideration
here [18, 19], is taken in the simplest (self-consistent
Born) approximation, neglecting the “crossing” dia-
grams of impurity scattering, which gives:

20(€) = Zinp®) = WY G(e,p). )
p

To solve the effective single Anderson impurity
problem of DMFT we use here, as in our previous
papers, the quite efficient impurity solver using the
numerical renormalization group (NRG) [28].

In the following, we are using the “bare” band with
semielliptic density of states (per unit cell with lattice
parameter a and single spin projection), which is a
rather good approximation in the three-dimensional
case:

Noe) = 2D - ¢, (5)
nD

where D defines the half—width of the conduction
band.

In [23], we have shown that in the DMFT+X
approach for the model with semi-elliptic density of
states all effects of disorder upon single-particle proper-
ties reduce only to the band widening due to disorder,
i.e., to the replacement D — D4, where D, is the effec-
tive half-width of the “bare” band in the absence of
electronic correlations (U = 0), widened by disorder:

w2
Dy = D,/l +42 (6)
ff D2

The “bare” density of states (in the absence of U)
“dressed” by disorder:
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Ny@ =—2-\D - ¢, %)
D eff

remains semielliptic also in the presence of disorder.
It should be noted, that in other models of the “bare”
band disorder effect is not reduced only to the widen-
ing of the band, changing also the form of the density
of states, so that there is no complete universality of
disorder influence on single-particle properties,
reducing to a simple substitution D — D However,
in the limit of strong enough disorder of interest to us,
the “bare” band becomes practically semielliptic,
restoring such universality [23].

All calculations below, as in our previous works,
were performed for the rather typical case of the quar-
ter—filled band (the number of electrons per lattice
site is n = 0.5).

To consider superconductivity for the wide range of
pairing interaction U, following [21, 23], we use the
Nozieres—Schmitt-Rink approximation [10], which
allows qualitatively correct (though approximate)
description of the BCS—BEC crossover region. In this
approach, we determine the critical temperature 7,
using the usual BCS-type equation [23]:

tanh[(e — W)/27.]
e—U ’

with chemical potential @ determined via DMFT+X
calculations for different values of U and W i.e., from
the standard equation for the number of electrons
(band filling), determined by the Green’s function
given by Eq. (3), allowing us to find 7, for the wide
range of the model parameters including the regions of
BCS—BEC crossover and strong coupling, as well as
for different levels of disorder. This reflects the physi-
cal meaning of the Nozieres—Schmitt-Rink approxi-
mation—in the weak coupling region, transition tem-
perature is controlled by the equation for Cooper
instability (8), while, in the strong coupling region, it
is determined as BEC temperature controlled by
chemical potential.

In [23], it was shown that disorder’s influence on
the critical temperature 7, and single-particle charac-
teristics (e.g., density of states) in the model with
semielliptic “bare” density of states is universal and
reduces only to the change of the effective bandwidth.
In Fig. 1, just for illustrative purposes, we show the
universal dependence of the critical temperature 7, on
Hubbard attraction for different levels of disorder [23].
In the weak coupling region, the temperature of super-
conducting transition is described well by the BCS
model (for comparison, in Fig. 1, the dashed line rep-
resents the dependence obtained for 7, from Eq. (8)
with chemical potential independent of U and deter-
mined by quarter filling of the “bare” band), while for
the strong coupling region the critical temperature is
mainly determined by the condition of Bose conden-

U5
== j deN(e) (8)
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Fig. 2. Diagrammatic representation of Ginzburg—Landau expansion p, = p +q/2.

sation of Cooper pairs and drops with the growth of U
as /U, going through the maximum at U/2D 4~ 1.

The review of these and other results obtained for
disordered Hubbard model in DMFT+ZX approxima-
tion can be found in [19].

3. GINZBURG—-LANDAU EXPANSION

Ginzburg—Landau expansion for the difference of
free-energy densities of superconducting and normal
states is written in the standard form [27]:

F,—F, = AAJ? +ClA S + fmqr‘, )

where A, is the Fourier component of the order
parameter A.

This expansion (9) is determined by the loop—
expansion diagrams for free-energy of an electron in
the field of fluctuations of the order parameter
(denoted by dashed lines) with small wavevector q
[27], shown in Fig. 2 [27].

In the framework of the Nozieres—Schmitt-Rink
approach [10], we use the weak coupling approxima-
tion to analyze Ginzburg—Landau coefficients, so that
the “loops” with two and four Cooper vertices, shown
in Fig. 2, do not contain contributions from Hubbard
attraction and are “dressed” only by impurity scatter-
ing. However, like in the case of T, calculation, the
chemical potential, which is essentially dependent on
the coupling strength and in the strong coupling limit
actually controls the condition of Bose condensation
of Cooper pairs, should be determined within full
DMFT+X procedure.

In [24] it was shown that in this approach the coef-
ficients 4 and B are determined by the following
expressions:

1[5 o tanh[(e—w/2T]
AT = ideNo(s) ey 0
_ [ de E—
B=| ——(tanh—+=
£2(e—u)3( 2T (1)

__ (e-w/2r J .
cosh’[(e—wy/211)
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For T — T, the coefficient A(T) takes the usual
form:

AT)=oT -T,). (12)

In BCS limit, where 7= T, — 0, we obtain for
coefficients oo and B the standard result [27]:

No(w) _ 7803 %
OC ) BBCS - 8 2TCZ NO(M)
In the general case, the coefficients A and B are
determined only by the disorder widened density of

states NV, (&) and chemical potential. Thus, in the case
of semielliptic density of states the dependence of
these coefficients on disorder is due only to the simple
replacement D — D4, leading to universal (indepen-
dent of the level of disorder) curves for properly nor-
malized dimensionless coefficients (0u(2D.5)? and
B(2D.)?) on U/2D,) [24]. In fact, the coefficients o
and B are rapidly suppressed with the growth of
dimensionless coupling U/2D .

It should be noted that Egs. (10) and (11) for coef-
ficients A and B were obtained in [24] using the exact
Ward identities and remain valid also in the limit of
arbitrarily large disorder (including the region of
Anderson localization).

Universal dependence on disorder, related to wid-
ening of the band D — D4, is observed, in particular,
for specific heat discontinuity at the transition point,
which is determined by coefficients o and B [24]:

Olpes =

(13)

C(T)-C,(T,) = TC%- (14)

From diagrammatic representation of Ginzburg—
Landau expansion, shown in Fig. 2, it is clear that the
coefTicient Cis determined by the coefficient before ¢

in a Cooper two-particle loop (first term in Fig. 2).
Then we obtain the following expression:

Yo, -%¥,(,0
C = -Tlim Z pp (Ena q) - pp (Sna ),
q—0 q

np,p’

5)

where ¥, (€, q) is a two-particle Green’s function in
a Cooper channel (see Fig. 3), “dressed” in the
Nozieres—Schmitt-Rink approximation only by
impurity scattering. In case of time-reversal invari-
Vol. 125
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Fig. 3. The equality of loops in Cooper and diffusion chan-
nels under time-reversal invariance.

ance (in the absence of magnetic field and magnetic
impurities) and because of the static nature of impu-
rity scattering “dressing” two-particle Green’s func-
tion¥, ,(€,, q), we can reverse here the direction of all
lower electron lines with simultaneous change of the
sign of all momenta (see Fig. 3). As a result, we obtain:

\Pp,p'(em q) = q)p,p'((’om = 28/19 q)a (16)

where ¢, are Fermionic Matsubara frequencies, p, =p *

q _ . . 5
5, ®, (o, =2¢,, q) is the two-particle Green’s func-

tion in the diffusion channel, dressed by impurities.
Then we obtain Cooper susceptibility as:

2@ =-TY ¥,,€,0

np.p’

=T @,,(0, =2,4q).

np,p’

A7)

Performing the standard summation over Fermi-
onic Matsubara frequencies [26, 27], we obtain:

1 RA €
=—— | deIm®™" (0w =2¢,q)tanh—, (18
x@=-5-[ (@=2e@tanh . (18)

where ®*(w, q) = Z,, p,cbl’,ff;,(m, q). To find the loop

®*(®, q) in strongly disordered case (e.g., in the
region of Anderson localization) we can use the
approximate self-consistent theory of localization [27,
29—33]. Then this loop contains the diffusion pole of
the following form [19]:

D AG,(e)

o (0=2e¢) =-——L——,
o+ iD(w)g

where AG,(e) = GR(g, p) — G*(—¢, p), G* and G are
the retarded and advanced Green’s functions, and
D(w) is frequency dependent generalized diffusion
coefficient. Then we obtain the coefficient C as:

19)

C = lim x(q) — Xz(q =0)

q—0 q
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-~ tanht iD(28)) AG,(e)
=-L[de—2L1m b
8 - € €+i0

(20)

| ot tanh%
= | de—2IRe D(28)> AG,(e)

P

1
16TIm{D(O)Zp:AGp(O)J.

The generalized diffusion coefficient of the self-
consistent theory of localization [27, 29—33] for our
model can be found as the solution of the following
self—consistency equation [18]:

2
D(w) = i%[m ~ AL @ + WY (AG,(©))’

p
O (21)
1
Xy ——— |,
Zq:m+ iD(o))qu
where @ = 2¢, AT () = % (8) — T, (=€), d is

space dimension, and velocity {v) is defined by the fol-
lowing expression:

D IV lAG,(e)
(Vy=L—— v, = —a‘;(p). (22)
P
D AG,(e)
p

Due to the limits of diffusion approximation sum-
mation over ¢q in Eq. (21) should be limited by the fol-
lowing cut-off [27, 32]:

q < ko= Minfl™, pi}, (23)
where / is the mean free path due to elastic disorder
scattering and pg is Fermi momentum.

In the limit of weak disorder, when localization
corrections are small, the Cooper susceptibility ¥ (q)
and coefficient C related to it are determined by the
“ladder” approximation. In this approximation coef-
ficient C was studied by us in [25], where we obtained
it in general analytic form. Let us now transform self-
consistency Eq. (21) to make the obvious connection
with exact “ladder” expression in the limit of weak dis-
order. In the “ladder” approximation, we just neglect
the “maximally intersecting” diagrams entering the
irreducible vertex. The second term in the r.h.s. of self-
consistency Eq. (21) vanishes. Let us introduce the
Vol. 125
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frequency dependent generalized diffusion coefficient
in “ladder” approximation as:

Dy(w = 2¢)

Then entering the self-consistency Eq. (21) can

vy’
d

be rewritten via this diffusion coefficient D, in “lad-

der” approximation, so that Eq. (21) takes the follow-

ing form:

Dy() =¥ v)’ i . (24)
d o- Azlmp( )
D(w = 2¢) =
1+

2¢e — AElmp(w 2¢)

Using the approach of [25], the diffusion coefficient
Dy(®w = 2¢) in the “ladder” approximation can be
derived analytically. In fact, in the “ladder” approxi-
mation the two-particle Green’s function (19) takes
the following form:

D AG(e)

O (w=12eq) =- .
‘ o+ iDy(o = 28)q”

(26)

Then we obtain:

@ (0 =2¢,q) - Py (0 = 26,4 = 0)

2

(e,q = 0) = lim

q—0 q

i) AG,(®)
= pTDO(O) = 28)

27)

Then the diffusion coefficient D, can be written as:
D, = 9&4=009)°"

iy AGy(e)

(28)

In [25] using the exact Ward identity we have shown,
that in the “ladder” approximation @(€, q = 0) can be
represented as:

®e.q=0)(2)° =3 viG"(enG (&)
ot (29)
1§59"&(p)
+52 2 e+ Gicem),

P

_ 9e(p)

ap,

Finally, using Egs. (28), (29) we find the diffusion
coefficient D, in the “ladder” approximation. Using
self-consistency Eq. (25) we determine the general-
ized diffusion coefficient, and then using Eq. (20) we
find the coefficient C. In the limit of weak disorder,
when the “ladder” approximation works well and gen-

where v,

JOURNAL OF EXPERIMENTAL AND THEORETICAL PHYSICS

Z(

(25)

»(€)) Z

2e + zD((o Ze)q

eralized diffusion coefficient just coincides with the
diffusion coefficient in the “ladder” approximation,
we obtain for coefficient C the result obtained in [25]:

xz (vi Im(G"(e,p)G"(~&,p))

P
2

2 ImGAe, p)] (30)
Px
1 2 R A
— R
672 (vx e(G"(0.p)G"(0.p)

2
+E;—£2"R6GR(O, p)J.

X

Now we can use the iteration scheme to find the coef-
ficient C, which in the limit of weak disorder repro-
duces the results of the “ladder” approximation, while
in the limit of strong disorder takes into account the
effects of Anderson localization (in the framework of
the self-consistent theory of localization).

In numerical calculations using Egs. (28) and (29)
we first find the “ladder” diffusion coefficient D, for
the given value of @ = 2¢. Then, solving by iterations
the transcendental self-consistency Eq. (25), we deter-
mine the generalized diffusion coefficient at this fre-
quency. After that, using Eq. (20) we calculate the
Ginzburg—Landau coefficient C.

In [18] it was shown, that in DMFT+X approxima-
tion for the Anderson—Hubbard model the critical
disorder for Anderson metal—insulator transition
W/2D = 0.37 and is independent of the value of the
Hubbard interaction U. The approach developed here
allows determination of the C coefficient also in the region
of Anderson insulator at disorder levels W/2D > 0.37.

Vol. 125

No. 1 2017



GINZBURG—-LANDAU EXPANSION IN STRONGLY DISORDERED 117

C-2D/d
1.5 T n T T T T T
—n—W/2D=0
—0—0.05
* - % 0.11
1.0F 0.19
—%—0.25
- 0.37
—a— 0 050
0.5+ ‘ ‘ ‘
0.2 04 06 08 1.0 12 1.4
U/2D |
1 N 1 1 N : otmie(™). ! 'd
0 02 04 06 038 1.0 1.2 1.4 1.6
U/2D

Fig. 4. (Color online) Dependence of C coefficient on the
strength of Hubbard attraction for different levels of disor-
der (a is lattice parameter). Filled symbols and continuous
lines correspond to calculations taking into account local-
ization corrections. Unfilled symbols and dashed lines
correspond to the “ladder” approximation.

4. MAIN RESULTS

The coherence length at given temperature &(7)
gives a characteristic scale of inhomogeneities of the
order parameter A:

Cc

2 —_———
ET) = = 31)

Coefficient A changes its sign and becomes zero at a
critical temperature: A = o(T — T,), so that

___ &
i(T)—m,

where we have introduced the coherence length of a

superconductor:
_|1C
e= <

which reduces to a standard expression in the weak
coupling region and in the absence of disorder [27]:

€ pes :\/ Caes :\/7C(3) VE
O pesT, 16n’d T,

Penetration depth of magnetic field into supercon-
ductor is defined by:

(32)

(33)

(34)

A(T) = _Li (35)
32me’ AC
Then:
MT) = ——% (36)

N

where we have introduced:
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M- B (37)
32’ aCT,’
which in the absence of disorder has the form:
Ao =€ ’ Bpcs
e 32me’ O pcsCpesT,
5 ¢ (38)
__c d .
16me” Ny(Wyvp

As Apcgisindependent of 7, i.e., of coupling strength,

it is convenient to use for normalization of penetration
depth A (37) at arbitrary Uand W.

Close to T, the upper critical magnetic field H,, is
determined by the Ginzburg—Landau coefficients as:

__ % _ 204
mEXT) 2mC’

where @, = cm/e is a magnetic flux quantum. Then the
slope of the upper critical filed close to T, is given by:

dH, _ %0
dT 2nC’

In Fig. 4 we show the dependence of coefficient C
on the strength of Hubbard attraction for different dis-
order levels. In this figure and in the following we use
filled symbols and continuous lines corresponding to
the results of calculations taking into account localiza-
tion corrections, while unfilled symbols and dashed
lines correspond to calculations in the “ladder”
approximation. Coefficient C is essentially a two-par-
ticle characteristic and it does not follow universal
behavior on disorder, as in case of coefficients A and B,
and disorder dependence here is not reduced only to
widening of effective bandwidth by disorder. Corre-
spondingly, in the dependence of C on coupling
strength, where all energies are normalized by effective
bandwidth 2D, we do not observe a universal curve
for different levels of disorder [25], in contrast to sim-
ilar dependencies for coefficients oo and B. In fact,
coefficient C is rapidly suppressed with the growth of
coupling strength. Especially strong suppression is
observed in the weak coupling region (cf. insert in Fig. 4).
Localization corrections become relevant in the limit
of strong enough disorder (W/2D > 0.25). Under such
strong disordering localization corrections signifi-
cantly suppress coefficient C in weak coupling region
(cf. dashed lines (“ladder” approximation) and con-
tinuous curves (with localization corrections) for
W/2D = 0.37 and 0.5). In strong coupling region for
U/2D > 1 localization corrections, in fact, do not
change the value of coefficient C, as compared to the
results of “ladder” approximation, even in the limit of
strong disorder for W/2D > 0.37, where the system
becomes an Anderson insulator.

In Fig. 5, we show the dependencies of coefficient C
on disorder level for different values of coupling strength
U/2D. In the limit of weak coupling (U/2D = 0.1), we

(39)

HCZ

(40)
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Fig. 5. (Color online) Dependence of coefficient C nor-
malized by its value in the absence of disorder for different
values of Hubbard attraction U. Dashed lines—“ladder”
approximation, continuous curves—calculations with the
account of localization corrections.

observe rather rapid suppression of coefficient C with
the growth of disorder in case of weak enough impurity
scattering. In the region of strong enough disorder in
the “ladder” approximation, we can observe some
growth of coefficient C with the increase of disorder,
which is related mainly with significant widening of
the band by such strong disorder and corresponding
drop of the effective coupling U/2 D . However, local-
ization corrections, which are significant at large dis-
order W/2D > (.25, actually lead to suppression of
coefficient C with the growth of disorder in the limit of
strong impurity scattering. In the intermediate cou-
pling region (U/2D = 0.4—0.6) coefficient C in the
“ladder” approximation is only growing slightly with
increasing disorder. In the BEC limit (U/2D > 1) coef-
ficient C is practically independent of impurity scat-
tering both in the “ladder” approximation and with
the account of localization corrections. In the BEC
limit the account of localization corrections in fact do
not change the value of C in comparison with the “lad-
der” approximation.

As the Ginzburg—Landau expansion coefficient o
and B demonstrate the universal dependence on disor-
der, Anderson localization in fact does not influence
them at all, while coefficient C in the weak coupling
region is strongly affected by localization corrections,
being almost independent of them in the BEC limit,
the physical properties depending on C will be also sig-
nificantly changed by localization corrections in the
weak coupling region, becoming practically indepen-
dent of localization in the BEC limit.

Let us now discuss the behavior of physical proper-
ties. Dependence of coherence length on Hubbard
attraction strength is shown in Fig. 6. We can see that
in the weak coupling region (cf. insert at Fig. 6) coher-
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Fig. 6. (Color online) Dependence of coherence length on
the strength of Hubbard attraction U for different disorder
levels. Inset: the rapid growth of coherence length with
diminishing coupling in BCS limit.

ence length rapidly drops with the growth of U for any
disorder, reaching the value of the order of lattice
parameter a in the intermediate coupling region of
U/2D = 0.4—0.6. Further growth of coupling strength
changes the coherence length only slightly. The account
of localization corrections for coherence length is sig-
nificant only at large disorder (W/2D > 0.25). We see
that localization corrections lead to significant sup-
pression of coherence length in the BCS limit of weak
coupling and practically do not change the coherence
length in the BEC limit.

In Fig. 7, we show the dependence of penetration
depth, normalized by its BCS value in the absence of
disorder (38), on the strength of Hubbard attraction U
for different levels of disorder. In the absence of impu-
rity scattering, penetration depth grows with the
increase of the coupling strength. In BCS weak cou-
pling limit disorder leads to a fast growth of penetra-
tion depth (for “dirty” BCS superconductors A ~ [~1/2,
where / is the mean free path). In BEC strong coupling
limit disorder only slightly diminish the penetration
depth (cf. Fig. 10a). This leads to suppression of penetra-
tion depth with disorder with the growth of Hubbard
attraction strength in the region of weak enough cou-
pling and to the growth of A with U in BEC strong cou-
pling region. The account of localization corrections is
significant only in the limit of strong disorder (W/2D >
0.25) and leads to noticeable growth of penetration
depth as compared to the “ladder” approximation in the
weak coupling region. In the BEC limit the influence of
localization on penetration depth is just insignificant.

Dependence of the slope of the upper critical mag-
netic field on the strength of Hubbard attraction for
different disorder levels is shown in Fig. 8. In the limit
of weak enough impurity scattering, until Anderson
Vol. 125
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Fig. 7. (Color online) Dependence of penetration depth,
normalized by its BCS value in the limit of weak coupling,
on the strength of Hubbard attraction U for different levels
of disorder.

localization corrections remain unimportant, the
slope of the upper critical field grows with the growth
of the coupling strength. The fast growth of the slope
is observed with the growth of U in the region of weak
enough coupling, while in the limit of strong coupling
the slope is rather weakly dependent on U/2D. In the
region of strong enough disorder (W/2D > 0.25) the
account of localization corrections becomes quite
important—it qualitatively changes the behavior of the
upper critical held. While the “ladder” approximation
(dashed curves) conserves the behavior of the slope of
the upper critical held typical for the region of weak dis-
order, where the slope grows with the growth of the cou-
pling strength, the account of Anderson localization
(W/2D = 0.37) leads to a strong increase of the slope of
the upper critical held in the weak coupling limit. As a
result, in Anderson insulator the slope of the upper criti-
cal hied rapidly drops with the growth of U in the weak
coupling limit and just insignificantly grows with the
growth of Uin BEC limit. Note that the account of local-
ization corrections is also unimportant for for the slope
of the upper critical held in the strong coupling limit.

Let us consider now dependencies of physical
properties on disorder. In Fig. 9 we show dependence
of coherence length & on disorder for different values
of coupling. In the BCS limit for weak coupling and
for weak enough impurity scattering we observe the
standard “dirty” superconductor dependence & o< ['/2,
i.e., the coherence length rapidly drops with the
growth of disorder (cf. insert in Fig. 9a). However, at
strong enough disorder in “ladder” approximation
(dashed lines) coherence length starts to grow with
disorder (cf. Fig. 9b and insert in Fig. 9a), which is
mainly related to the widening of the band by disorder
and corresponding suppression of U/2D.. Taking into
account localization corrections leads to noticeable
suppression of coherence length in comparison with
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Fig. 8. (Color online) Dependence of the slope of the
upper critical field on the strength of Hubbard attraction U
for different level of disorder.

the “ladder” approximation in the limit of strong dis-
order, which leads to restoration of general suppres-
sion of § with the growth of disorder in this limit.
Inthe standard BCS model with a bare band of
infinite width coherence length drops with the growth
of disorder & o /'/? and close to Anderson transition
this suppression of § even accelerates, so that & o /3
[7-9], which differs from the present model here,
where close to Anderson coherence length is rather
weakly dependent on disorder, which is related to sig-
nificant widening of the band by disorder. With growth
of coupling, for U/2D > 0.4—0.6 coherence length &
becomes of the order of lattice parameter and is almost
disorder independent, while in BEC limit of very
strong coupling U/2D = 1.4, 1.6 the growth of disorder
up to very strong values (W/2D = 0.5) leads to sup-
pression of coherence length approximately by the fac-
tor of two (cf. Fig. 9b). Again we see, that in the limit
of strong coupling the account of localization correc-
tions is rather insignificant.

Dependence of penetration depth on disorder for dif-
ferent values of Hubbard attraction is shown in Fig. 10a.
In weak coupling limit disorder in accordance with the
theory of “dirty” superconductors leads to the growth
of penetration depth (A o< /~1/2). With increase of the
coupling strength the growth of penetration depth
slow down and in the limit of very strong coupling, for
U/2D = 1.4, 1.6, penetration depth is even slightly sup-
pressed by disorder. The account of localization cor-
rections leads to some quantitative growth of penetra-
tion depth in comparison with the results of the “lad-
der” approximation in the weak coupling region.
Qualitatively the dependence of penetration depth on
disorder does not change. In BEC limit of strong cou-
pling the account of localization corrections is rather
irrelevant. In Fig. 10b we show the disorder depen-
dence of dimensionless Ginzburg—Landau ¥ = A/E.
Vol. 125
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Fig. 9. (Color online) Dependence of coherence length on disorder for different values of Hubbard attraction, (a) coherence
length normalized by lattice parameter a. Inset: dependence of coherence length on disorder in weak coupling limit, (b) coher-

ence length normalized by its value in the absence of disorder.
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Fig. 10. (Color online) Dependence of penetration depth (a) and Ginzburg—Landau parameter (b) on disorder level for different
values of Hubbard attraction. Inset shows the growth of the Ginzburg—Landau parameter with disorder in weak coupling limit.

We can see, that in the weak coupling limit Ginzburg—
Landau parameter is rapidly growing with disorder (cf.
insert in Fig. 10b) in accordance with the theory of
“dirty” superconductors, where k¥ o /~!. With the
increase of coupling strength the growth of the Ginz-
burg—Landau parameter with disorder slows down
and in the limit of strong coupling U/2D > 1 parameter
K is practically disorder independent. The account of
localization corrections quantitatively increases Ginz-
burg—Landau parameter in Anderson insulator phase
(W/2D = 0.37) in the strong coupling region. In the
strong coupling region localization corrections are
again irrelevant.

In Fig. 11 we show the disorder dependence of the
slope of the upper critical field. In the weak coupling
limit we again observe the behavior typical for “dirty”
superconductors—the slope of the upper critical field
grows with the growth of disorder (cf. Fig. 11a and the
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insert in Fig. 11b). The account of localization correc-
tions in weak coupling limit sharply increases the slope
of the upper critical field in comparison with the result
of the “ladder” approximation in the region of Ander-
son insulator (W/2D > 0.37). As a result, in an Ander-
son insulator the slope of the upper critical field grows
with the increase of impurity scattering much faster
than in the “ladder” approximation. In intermediate
coupling region (U/2D = 0.4—0.8) the slope of the
upper critical field is practically independent of impu-
rity scattering in the region of weak disorder. In the
“ladder” approximation such behavior is conserved
also in the region of strong disorder. However, the
account of localization corrections leads to significant
growth of the slope with disorder in Anderson insula-
tor phase. In the limit of very strong coupling and
weak disorder the slope of the upper critical field can
even slightly diminish with disorder, but in the limit of
Vol. 125
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Fig. 11. (Color online) Dependence of the slope of the upper critical field (a) and this slope, normalized by its value in the absence
of disorder (b), on disorder for different values of Hubbard attraction strength. In the inset we show the growth of the slope with

disorder in weak coupling region.

strong disorder the slope grows with the growth of
impurity scattering. In the BEC limit the account of
localization corrections is irrelevant and only slightly
changes the slope of the upper critical field as com-
pared with the results of the “ladder” approximation.

5. CONCLUSIONS

In this paper in the framework of the Nozieres—
Schmitt-Rink approximation and DMFT+X general-
ization of dynamical mean field theory we have stud-
ied the effects of disorder (including the strong disor-
der region of Anderson localization) on the Ginz-
burg—Landau coefficients and related physical
properties close to 7, in disordered Anderson—Hub-
bard model with attraction. Calculations were done
for the wide range of attractive potentials U, from weak
coupling region U/2D < 1, where instability of nor-
mal phase and superconductivity is well described by
the BCS model, up to the strong coupling limit
U/2D. ;> 1, where the transition into the supercon-
ducting state is due to Bose condensation of compact
Cooper pairs, forming at a temperature much higher
than the temperature of superconducting transition.

The growth of the coupling strength U leads to
rapid suppression of all Ginzburg—Landau coeffi-
cients. The coherence length & rapidly drops with the
growth of coupling and for U/2D = 0.4 becomes on the
order of lattice spacing and only slightly changes with
further increase of coupling. Penetration depth in
“clean” superconductors grows with U, while in “dirty”
superconductors it drops in the weak coupling and
grows in BEC limit, passing through the minimum in
the intermediate coupling region U/2D = 0.4—0.8.
In the region of weak enough disorder (W/2D < 0.37),
when Anderson localization effect are not very
important, the slope of the upper critical field grows
with the growth of U. However, in the limit of weak
coupling in Anderson insulator phase localization
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effects sharply increase the slope of the upper critical
field, while in BEC limit of strong coupling localiza-
tion effects become unimportant. As a result, the slope
of the upper critical field drops with the growth of Uin
BCS limit, passing through the minimum at U/2D =
0.4—0.8. The specific heat discontinuity grows with
Hubbard attraction Uin the weak coupling region and
drops in the strong coupling limit, passing through the
maximum at U/2D;= 0.55 [24].

Disorder influence (including the strong disorder
in the region of Anderson localization) upon the criti-
cal temperature 7, and Ginzburg—Landau coefficients
A and B and the related discontinuity of specific heat
is universal and is completely determined only by dis-
order widening of the bare band, i.e., by the replace-
ment D — D.. Thus, even in the strong coupling
region, the critical temperature and Ginzburg—Lan-
dau coefficients A and B satisfy the generalized Ander-
son theorem—all influence of disorder is related only
to the change of the density of states. Disorder influ-
ence on coefficient Cis not universal and is related not
only to the bare band widening.

Coefficient C is sensitive to the effects of Anderson
localization. We have studied this effect for a wide
range of disorder, including the region of Anderson
insulator. To compare and extract explicitly effects of
Anderson localization we also studied coefficient Cin
the “ladder” approximation for disorder scattering.
In the weak coupling limit U/2D.; < 1 and weak dis-
order W/2D < 0.37 the behavior of coefficient C and
related physical properties is well described by the the-
ory of “dirty” superconductors—coefficient C and
coherence length rapidly drop with the growth of dis-
order, while penetration depth and the slope of the
upper critical field grow. In the region of strong disor-
der (in an Anderson insulator) in BCS limit the behav-
ior of coefficient C is strongly affected by localization
effects. In the “ladder” approximation the band wid-
ening effect leads to the growth of coefficient C with
Vol. 125
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the growth of W [25], however localization effects
restore suppression of coefficient C by disorder and in
Anderson insulator phase. Correspondingly, localiza-
tion effects significantly change physical properties,
related to coefficient C, so that for these properties
qualitatively follow the dependencies characteristic for
“dirty” superconductors—the coherence length is sup-
pressed by disorder, while the penetration depth and the
slope of the upper critical field grow with the growth of
disorder. In the BCS—BEC crossover region and in the
BEC limit coefficient C and all related physical proper-
ties are rather weakly dependent on disorder. In partic-
ular, in BEC limit both coherence length and penetra-
tion depth are slightly suppressed by disorder, so that
their ratio (Ginzburg—Landau parameter) is practically
disorder independent. In the BEC limit the effects of
Anderson localization rather weakly affect the coeffi-
cient C and the related physical characteristics.

It should be noted that all results were derived here
under implicit assumption of the self-averaging nature
of superconducting order parameter entering the
Ginzburg—Landau expansion, which is connected
with our use of the standard “impurity” diagram tech-
nique [26, 27]. It is well known [9], that this assump-
tion becomes, in the general case, inapplicable close to
Anderson metal—insulator transition, due to strong
fluctuations of the local density of states developing
here [34] and inhomogeneous picture of supercon-
ducting transition [35]. This problem is very interest-
ing in the context of the superconductivity in the
BCS—BEC crossover region and in the region of
strong coupling and deserves further studies.
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Abstract—We study disorder effects upon the temperature behavior of the upper critical magnetic field in an
attractive Hubbard model within the generalized DMFT+Z approach. We consider the wide range of attrac-
tion potentials U—from the weak coupling limit, where superconductivity is described by BCS model, up to
the strong coupling limit, where superconducting transition is related to Bose—Einstein condensation (BEC)
of compact Cooper pairs, formed at temperatures significantly higher than superconducting transition tem-
perature, as well as the wide range of disorder—from weak to strong, when the system is in the vicinity of
Anderson transition. The growth of coupling strength leads to the rapid growth of H_,(T), especially at low
temperatures. In BEC limit and in the region of BCS—BEC crossover H,(7), dependence becomes practi-
cally linear. Disordering also leads to the general growth of H_,(7). In BCS limit of weak coupling increasing
disorder lead both to the growth of the slope of the upper critical field in the vicinity of the transition point
and to the increase of H,(7) in the low temperature region. In the limit of strong disorder in the vicinity of
the Anderson transition localization corrections lead to the additional growth of H,(T) at low temperatures,
so that the H,(7) dependence becomes concave. In BCS—BEC crossover region and in BEC limit disorder
only slightly influences the slope of the upper critical field close to 7. However, in the low temperature region
H_,(T) may significantly grow with disorder in the vicinity of the Anderson transition, where localization cor-
rections notably increase H,, (7'= 0) also making H,(7) dependence concave.

DOI: 10.1134/51063776117120159

INTRODUCTION slope of the temperature dependence of the upper crit-
ical field at T, [6] and of H,,(T) in the whole tempera-
ture region [11]. The effects of Anderson localization
in the limit of strong enough disorder are also mostly
reflected in the temperature dependence of the upper
critical field. At the point of the Anderson metal—
insulator transition itself, localization effects lead to a
rather sharp increase of H,, at low temperatures and
temperature dependence of H,,(7) is qualitatively dif-
“ " G . ferent from the dependence derived by Werthamer,
normal” (nonmagnetic) disorder [5, 6] is usuallyalso  peifand and Hohenberg (WHH) [11], which is char-
attributed to this limit. acteristic for the theory of “dirty” superconductors,
The generalization of the theory of “dirty” super- and the H,(T) dependence becomes concave, i.e.,
conductors for the case of strong enough disorder demonstrates positive curvature [7—9].
(pp! ~ 1) (and up to the region of Anderson transition)
was done in [7—10], where superconductivity was also
analyzed in the weak coupling limit.

The studies of disorder influence on superconduc-
tivity have a rather long history. In pioneer papers by
Abrikosov and Gor’kov [1—4] they analyzed the limit
of weak disorder (pg/ > 1, where pp is the Fermi
momentum and /is the mean free path) and weak cou-
pling superconductivity, which is well described by
BCS theory. The well-known “Anderson theorem” on
the critical temperature 7, of superconductors with

The problem of the generalization of BCS theory
into the strong coupling region has been known for a
pretty long time. Significant progress in this direction

Most dramatically, the effects of disordering are ~ Was achieved in a paper by Nozieres and Schmitt—
reflected in the behavior of the upper critical magnetic ~ Rink [12], who proposed an effective method to study
field. In the theory of “dirty” superconductors the the crossover from BCS—like behavior in the weak
growth of disorder leads to the increase both of the coupling region towards Bose—Einstein condensation
(BEC) in the strong coupling region. At the same
! The article was translated by the authors. time, the problem of superconductivity of disordered
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systems in the limit of strong coupling and in BCS—
BEC crossover region is still rather poorly developed.

One of the simplest models to study BCS—BEC
crossover is the Hubbard model with attractive inter-
action. The most successful approach to the Hubbard
model, both to describe strongly correlated systems in
the case of repulsive interaction, as well as to study the
BCS—BEC crossover for the case of attraction, is the
dynamical mean field theory (DMFT) [13—15].

In recent years, we have developed the generalized
DMFT+X approach to the Hubbard model [16—21],
which is very convenient for the studies of different
external (with respect to those accounted by DMFT)
interactions. In particular, this approach is well suited
for the analysis of two-particle properties, such as
optical (dynamic) conductivity [20, 22].

In [23] we have used this approach to analyze sin-
gle-particle properties of the normal phase and optical
conductivity in attractive Hubbard model. This was
followed by our use of DMFT+X in [24] to study dis-
order influence on the temperature of superconduct-
ing transition, which was calculated within Nozieres—
Schmitt-Rink approach. In particular, in this work for
the case of semi-elliptic “bare” density of states (ade-
quate for three-dimensional case) we have numeri-
cally demonstrated the validity of the generalized
Anderson theorem, so that all effects of disordering on
the critical temperature (for all values of interaction
parameter) are related only to general widening of the
“bare” band (density of states) by disorder.

An analytic proof of this universality of disorder
influence on all single-particle properties in
DMFT+X approximation and on superconducting
critical temperature for the case of a semi-elliptic band
was given in [25].

Starting with the classic work by Gor’kov [3], it is
well known that the Ginzburg—Landau expansion is
of fundamental importance for the theory of “dirty”
superconductors, allowing the effective studies of the
behavior of various physical parameters close to super-
conducting critical temperature for different disorder
levels [6]. The generalization of this theory (for weak
coupling superconductors) to the region of strong dis-
order (up to the Anderson metal—insulator transition)
was done in [7-9].

In [26—28] combining Nozieres—Schmitt-Rink
approximation with DMFT+ZX for attractive Hubbard
models we provided microscopic derivation of the
coefficients of Ginzburg—Landau expansion taking
into account disordering, which allowed the general-
ization of Ginzburg—Landau theory to BCS—BEC
crossover region and BEC limit of very strong cou-
pling for different levels of disorder. In particular, in
[28] using the generalization of self-consistent theory
of localization this approach was extended to the case
of strong disorder, where Anderson localization effects
become important. It was shown, that in the weak
coupling limit the slope of the H,,(T) dependence at
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T = T,increases with disordering in the region of weak
disorder in accordance with the theory of “dirty”
superconductors, while in the limit of strong disorder
localization effects lead to the additional increase of
the slope of the upper critical field. However, in the
region of BCS—BEC crossover and in BEC limit the
slope of H,,(T) close to T, only slightly increases with
the growth of disorder and the account of localization
effects is more or less irrelevant.

In the present paper, using the combination of
Nozieres—Schmitt-Rink and DMFT+X approxima-
tions for the attractive Hubbard model we shall ana-
lyze disorder effects on the complete temperature
dependence of H,,(T) for the wide range of U interac-
tion values, including the region of BCS—BEC cross-
over, and the wide range of disorder levels up to the
vicinity of the Anderson transition.

HUBBARD MODEL WITHIN DMFT+X
APPROACH IN NOZIERES—SCHMITT-RINK
APPROXIMATION

We consider the disordered nonmagnetic Ander-
son—Hubbard model with attraction described by the
Hamiltonian:

+
H= —tz Q0 + Z:e,n,-(j - UZ nan,|, Q8
{ij)o ic i

where ¢t > 0 is a transfer integral between nearest neigh-
bors, U is the Hubbard attraction on the lattice site,

R = a,laic—number of electrons operator on the site,

;s (als)—annihilation (creation) operator for an elec-

tron with spin ¢, and local energies €, are assumed to
be independent random variables on different lattice
sites. For the validity of the standard “impurity” dia-
gram technique [29, 30] we assume the Gaussian dis-

tribution for energy levels €;:

2
P(e,) = ﬁexp (—ﬁj )

Distribution width A serves as a measure of disorder
and the Gaussian random field of energy levels (inde-
pendent on different lattice sites— “white noise” cor-
relations) induces the “impurity” scattering, which is
considered within the standard approach, based on
calculations of the averaged Green’s functions [30].

The generalized DMFT+X approach [16—19]
extends the standard dynamical mean field theory
(DMFT) [13—15] by addition of an “external” self-
energy (SE) X,(¢) (in general case momentum depen-
dent), which is related to any interaction outside the
limits of DMFT, and provides an effective method of
calculations for both single-particle and two-particle
properties [20, 22]. It completely conserves the stan-
dard self-consistent equations of DMFT [13—15],
while at each step of DMFT iteration procedure the
No. 6
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external SE X, (€) is recalculated again using some
approximate scheme, corresponding to the form of an
external interaction and the local Green’s function of
DMEFT is also “dressed” by X,(€) at each stage of the
standard DMFT procedure.

In our problem of scattering by disorder [20, 21] for
the “external” SE, entering the DMFT+X cycle, we
use the simplest (self-consistent Born) approximation
neglecting “crossing” diagrams for impurity scatter-
ing. This “external” SE remains momentum indepen-
dent (local).

To solve the effective single-impurity Anderson
model of DMFT in this paper, as in our previous
works, we use the very efficient method of numerical
renormalization group (NRG) [31].

In the following we assume the “bare” band with
semi-elliptic density of states (per unit cell with lattice
parameter a and for single spin projection), which is
reasonable approximation for three-dimensional case:

Ny(e) = ﬁwz — ¢, 3)

where D defines conduction band half-width.

In [25] we have shown that in DMFT+X approach
for the model with semi-elliptic density of states all the
influence of disorder on single-particle properties
reduces simply to disorder induced band widening,
i.e., to the replacement D — D, where D is the
effective band half-width of conduction band in the
absence of correlations (U = 0), widened by disorder:

AZ
Dy = Dyfl+45 (4)

The “bare” (in the absence of U) density of states,
“dressed” by disorder,
Y 2
No@®) = == Dy - €, (5)
eff
remains semi-elliptic also in the presence of disorder.

It should be noted that in other models of “bare”
band disorder induces not only widening of the band,
but also changes the form of the density of states.
Thus, in the general case there will be no complete
universality of disorder influence on single-particle
properties, which are reduced to the simple replace-
ment D — D ;. However, in the limit of strong disor-
der, which is of primary interest to us, the “bare” band
always becomes, in practice, semi-elliptic and the uni-
versality is restored [25].

All calculations in this work, as in the previous,
were done for rather typical case of a quarter-filled
band (number of electrons per lattice site # = 0.5).

To analyze superconductivity for a wide range of
pairing interaction U, following [23, 25], we use
Nozieres—Schmitt-Rink approximation [12], which
allows qualitatively correct (though approximate)
description of BCS—BEC crossover region. In this
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approach, to determine the critical temperature 7, we
use [25] the usual BCS-like equation:

tanh((e — W)/277)

-1 ’
where the chemical potential u for different values of
U and A is determined from DMFT+2X-calculations,
i.e., from the standard equation for the number of
electrons (band filling), which allows us to find 7, for
the wide interval of model parameters, including the
BCS—BEC crossover region and the limit of strong
coupling, as well as for different levels of disorder. This
reflects the physical meaning of Nozieres—Schmitt-
Rink approximation: in the weak coupling region
transition temperature is controlled by the equation
for Cooper instability (6), while in the limit of strong
coupling it is determined as BEC temperature con-
trolled by chemical potential.

It was shown in [25], that disorder influence on the
critical temperature 7, and single-particle characteris-
tics (e.g. density of states) in the model with semi-
elliptic density of states is universal and reduces only to
the change of the effective bandwidth. In the weak
coupling region the temperature of superconducting
transition is well described by the BCS model, while in
the strong coupling region the critical temperature is
mainly determined by the condition of Bose—Einstein
condensation of Cooper pairs and decreases with the
growth of U as f*/U, passing through a maximum at
U / 2D6ff ~ 1

The review of this and similar results obtained for
disordered Hubbard model in DMFT+X approxima-
tion can be found in [21].

(6)

_UT g
1= 5 _J;dsNO(e)

BASIC RELATIONS FOR THE UPPER
CRITICAL FIELD

In Nozieres—Schmitt-Rink approach the critical
temperature of superconducting transition is deter-
mined by combined solution of the weak coupling
equation for Cooper instability in particle—particle
(Cooper) channel and the equation for chemical
potential for all values of Hubbard interaction within
DMFT+X procedure. The usual condition for Cooper
instability is written as:

1=-Uy(q), (7

where %(q) is Cooper susceptibility, determined by the
loop diagram in Cooper channel, shown in Fig. 1. In
the presence of an external magnetic field total
momentum in Cooper channel q acquires contribu-
tion from the vector potential A

q—>q—%A. 8)

As we assume isotropic electron spectrum, Cooper
susceptibility x(q) depends on q only via ¢>. The min-
imal eigenvalue of (q — 2e/c)A)?, determining
Vol. 125
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Fig. 1. Equivalence of loops in the Cooper and diffusion
channels in the case of time inversion invariance.

(orbital)? upper critical magnetic field H = H,, is given
by [30]

2 H
=2n—, O
40 @, )
where @, = ch/2e = mh/e is magnetic flux quantum.
Then the equation for 7.(H) or H.(7T) remains the
same:

1=-Uxd" = @) (10)
In the following, we shall neglect relatively weak mag-
netic field influence on diffusion processes (broken
time reversal invariance), which is reflected in non
equality of loop diagrams in Cooper and diffusion
channels. This influence was analyzed in [9, 10, 31,
32], where it was shown that the account of this broken
symmetry only slightly decreases the value of H,,(7) at
low temperatures, even close to the Anderson transi-
tion. In the case of time reversal invariance and due
the static nature of impurity scattering “dressing” two-
particle Green’s function ¥, ,(€,, q) we can change
directions of all lower electronic lines in the loop with
simultaneous sign change of all momenta on these
lines (cf. Fig. 1). Then we obtain:

\Pp,p'(gnaq) = q)p,p'(mm = 28nsq)a (11)

where ¢, are Fermionic Matsubara frequencies, p;, =
p* q/2, and @, ,(®, = 2¢,, q) is the two-particle
Green’s function in diffusion channel, dressed by
impurities. The we obtain the Cooper susceptibility as:

2@ =-TY ¥, (€,

np.p’

=-TY ®,,(, =2,9q.

np,p’

(12)

Performing the standard summation over Fermi-
onic Matsubara frequencies [29, 30] we obtain for
Cooper susceptibility entering Eq. (10):

2 1 R RA 2 €
=—— | delm®™ (w = 2¢,qy) tanh —, (13
2@ 2n_£ ( ai)tanh 2. (13)

where ®*(, q) = Zp p,qaf,f’;. (o, q). To find the loop
DR1(, q) in the case of strong disorder (including the

2 In this paper we do not consider paramagnetic effect due to
electronic spin.
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region of Anderson localization) we use the approxi-
mate self-consistent theory of localization [30, 35—
40]. Then this loop contains the diffusion pole contri-
bution, which is written as [20]:

D AG,(e)

o0 =2e,¢5) =~
o+ iD(W)q,

where AG,(e) = G*(g, p) — G*(—¢, p), GX and G are
retarded and advanced Green’s functions, while D(®)

is frequency dependent generalized diffusion coeffi-
cient. As a result, Eq. (10) for H,,(7) takes the form:

(14)

- ZAG (€)
1:—deelm e
2w Y

tanh £ .(15)
2e +iDQ2e)2nH,, /D, 2T

The generalized diffusion coefficient in self-con-
sistent theory of localization [30, 35—40] for the
model under consideration is determined by the fol-
lowing self-consistence equation [20]:

2
D(@) = i%(m - AT @)+ AY AGE)

P

Xz%j_l ,

~ 0+ iD(0)g°

(16)

where ® = 2m, AT (0) = = (e) — X1, (=), d is
space dimensionality, while the average velocity (v) is
defined here as:

V,|AG,(€)
D N YU
3 AG,(©) %
p

Taking into account the limits of diffusion approxima-
tion summation over g in Eq. (16) should be limited by
[30, 39]

(18)

where / is the mean-free path due to elastic scattering
by disorder and py is the Fermi momentum.

q < ky = min{l”", pg},

In the limit of weak disorder, when localization
corrections are small, Cooper susceptibility x(q) is
determined by ladder approximation. In this approxi-
mation Cooper susceptibility was studied by us in [27].
Let us now rewrite self-consistency Eq. (16) so that in
the limit of weak disorder it explicitly reproduces the
results of ladder approximation. In this approximation
we neglect all contributions to irreducible vertex from
“maximally crossed” diagrams and the last term in the
r.h.s. of Eq. (16) just vanishes. Now we introduce the
No. 6
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frequency dependent generalized diffusion coefficient
in ladder approximation as:

(V) i

D - -
() = d o- AT ()

(19)

The value of <V>2/d, entering the self-consistency
Eq. (16), can now be expressed via this diffusion coef-
ficient D, in ladder approximation. Then the self-con-
sistency Eq. (16) takes the form:

A4
2e — AT (@ = 2¢)

D(w = 2¢) = Dy(® = 2¢) (1 +
(20)

xz AG (e)z

In the framework of the approach of [27] the diffusion
coefficient D, (0 = 2¢) in ladder approximation can be
obtained in analytic form. In fact, in the ladder
approximation, the two-particle Green’s function (14)

can be written as:
D AG,(®)

P
o+ iDy(® = 28)q”

-1
28+1D(u) 2e)qj '

Dy (0= 2¢,q) = - Q1)

Let us introduce

o @ (0=2e,q)- @) (0=2¢,q= 0)
('p(eaq_o):!?ll;% )

q
zZ AG,(€)
Dy(o = 2¢).

(22)

Then the diffusion coefficient D, can be written as:
D 9&q=0Qe)"
i) AG,(®)
p

(23)

In [27], using the exact Ward identity, written in ladder
approximation, it was shown that @(e, ¢ = 0) can be
expressed as

0(e,q = 0)(2e)" = D_viG"(e,p)G" (&, p)
i P (24)
A3 LG e + 6.
P X

where v, = 0e(p)/0p,.

The procedure for the numerical now looks as fol-
lows. First, using Egs. (24), (23) we find the diffusion
coefficient D, in the ladder approximation. Then using
self-consistency Eq. (20) we find the generalized dif-
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fusion coefficient and solve Eq. (15) to determine

Hc2(T)-

MAIN RESULTS

The chemical potential enters Eq. (15) defining
H_,(T) as a parameter, which is to be determined from
the condition of band (quarter) filling using the
DMFT+X procedure. Chemical potential depends
not only on the coupling strength, but also on the tem-
perature, and this dependence is quite important in
determining the value of H,,(7) in the limit of strong
enough coupling. We use the NRG algorithm as an
impurity solver of DMFT neglects electronic levels
quantization in magnetic field, i.e., magnetic field
influence on electron orbital motion and correspond-
ingly on the chemical potential. In [23] we have shown
that in an attractive Hubbard model our DMFT pro-
cedure becomes unstable for 7'< 7, which is reflected
in finite difference of even and odd iterations of
DMFT. This instability is apparently related to instabil-
ity of the normal state for 7< T,. In particular, it is most
sharp in BEC strong coupling limit (for U/2D > 1),
which makes it impossible to determine the chemical
potential at 7 < 7. In the weak coupling limit the dif-
ference between the results of even and odd DMFT
iterations is very small, which allows us to find the val-
ues of W(7) with high accuracy even for 7' < 7,. In
Fig. 2, we show the temperature dependence of the
chemical potential for different values of coupling
strength. In the weak coupling limit (U/2D = 0.4, 0.6)
in Fig. 2 we show data obtained from DMFT+X cal-
culations, including the region of T < T,. In the limit
of strong coupling we can determine the chemical
potential directly form DMFT+ZX procedure only at
T > T, and appropriate data points are also shown in
Fig. 2. From Fig. 2, we can see that in the presence of
interactions the chemical potential acquires the linear
temperature dependence, which is quite important for
us. In the weak coupling limit the chemical potential
does not have any singularities for 7 < T, and we can
assume, that in the strong coupling region [ follows
the same type of temperature dependence, which can
be found from linear extrapolation (dashed lines for
U/2D = 1.0, 1.4 in Fig. 2) from the region of 7> T,.
This procedure was used in our calculations for the
strong coupling region.

In the limit of weak disorder (A/2D = 0.05 in
Fig. 3a) and weak coupling (U/2D = 0.2) we observe
the temperature dependence of the upper critical field
similar to the standard WHH dependence [11] with
negative curvature. The growth of the coupling
strength in general leads to significant increase of the
upper critical field up to extremely high values over
®,/2na’ (a—lattice spacing) in the low temperature
region. At intermediate couplings (U/2D = 0.4, 0.6)
the temperature dependence of H,,(T) acquires weak
maximum at 7/7T, ~ (0.2—0.4). Further increase of the
Vol. 125
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Fig. 2. (Color online) Temperature dependences of the
chemical potential for A/2D = 0.05 and different values of
the interaction.

coupling strength leads to the growth of the upper crit-
ical field and for U/2D = 1 the temperature depen-
dence H,,(T) becomes almost linear and for higher
couplings the temperature dependence the value of the
upper critical field remains practically the same for all
temperatures. With the growth of disorder (U/2D =
0.11 in Fig. 3b), the situation remains qualitatively
similar. The increase of the coupling strength leads at
first to the growth of H,, for all temperatures. The
small maximum of H,(7T), observed at intermediate
couplings (U/2D = 0.4, 0.6) and weak disorder
(A/2D = 0.05) vanishes. In the strong coupling region
(U/2D = 1) H,(T) is in fact linear and only weakly
changes with coupling strength. At strong enough dis-
order (A/2D = 0.25) with the growth of coupling
strength the upper critical field also grows in the whole
temperature region.

This growth continues up to BEC region of very
strong coupling (U/2D = 1.4), after that H_,(7) depen-
dence becomes linear and only weakly dependent on
the coupling strength. For comparison on the left
panel of Fig. 3c for U/2D = 0.6 we show both data
obtained using a self-consistent theory of localization
(filled triangles and continuous curve) and those cal-
culated from ladder approximation for impurity scat-
tering (unfilled triangles and dashed curve). Weak dif-
ference between these dependencies demonstrates
that corrections from Anderson localization at this
disorder level (A/2D = 0.25) are rather weak.

In the model under consideration in DMFT+X
approximation the Anderson metal—insulator transi-
tion occurs at A/2D = 0.37 and this value of critical
disorder is independent of the coupling strength (cf.
[20]). Temperature behavior of the upper critical field
precisely at the point of Anderson transition and in
Anderson insulator phase for different values of cou-

JOURNAL OF EXPERIMENTAL AND THEORETICAL PHYSICS

KUCHINSKII et al.

pling strength is shown in Fig. 4. In this figure filled
symbols and continuous curves show results of calcu-
lations using the self-consistent theory of localization,
while unfilled symbols and dashed curves correspond
to the results of calculations using the ladder approxi-
mation for impurity scattering. At the point of Ander-
son transition (A/2D = 0.37 in Fig. 4a) and in the limit
of weak coupling localization effects strongly change
the temperature dependence of H,,(7). In particular,
these effects enhance H,,(7) in the whole temperature
region. However, the greatest increase is observed at
low temperatures, so that H,,(7T) dependence acquires
positive curvature, as was first shown in [7, 8]. The
increase of the coupling strength leads to the growth of
the upper critical field in the whole temperature inter-
val. The curves of H,(7T) in the intermediate coupling
region (U/2D = 0.6, 1) still have positive curvature.
Further increase of the coupling up to U/2D = 1.4 also
enhance Hc2 at all temperatures. However, the
account of localization corrections at such a strong
coupling is relevant only at low temperatures (7/7, <
0.1). In this region, the H,,(T) dependence has posi-
tive curvature, while at other temperatures H,(7) is,
in fact, linear. With further increase of coupling
strength (U/2D = 1.6) H_(T) becomes practically lin-
ear and localization correction become irrelevant at all
temperatures. Thus, in the BEC limit of very strong
coupling, the influence of Anderson localization on
the behavior of the upper critical field is rather weak.
In Anderson insulator phase (Fig. 4b) and in BCS
weak coupling limit (U/2D = 0.2) the account of local-
ization effects leads to significant growth of H,(7) (cf.
insert in Fig. 4b). The increase of coupling strength
leads to the growth of the upper critical field in the
whole temperature region. At intermediate couplings
(U/2D = 0.6, 1.0) the account of localization effects
notably increases H,, for all temperatures. However,
the most significant increase is observed in the region
of low temperatures, leading to the positive curvature
of H,(T) dependence and very sharp growth of
H,(T= 0). In BEC limit of very strong coupling
(U/2D = 1.4, 1.6) the upper critical field almost does
not grow with coupling strength. Contribution from
localization effects for 7'~ T, is irrelevant and H,(T)
dependence is practically linear. However, at low tem-
peratures (7' T,) contribution from Anderson local-
ization still significantly enhances the upper critical
field and H,.,(T) curve has positive curvature. Thus,
both in Anderson insulator phase and in BEC limit of
very strong coupling the influence of Anderson local-
ization on the behavior of the upper critical field is
noticeably suppressed, though at low temperatures it
still remains quite significant changing the value of
HCZ(T = 0)

In Fig. 5 we show temperature dependencies of the
upper critical field for different levels of disorder in
three characteristic regions of coupling strength: in
Vol. 125
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Fig. 3. (Color online) Temperature dependences of the upper critical field for different values of the coupling strength for different
disorder levels. The upper critical field on the left panels is normalized to @/ (21ta2); on the right panels, the upper critical field

is normalized to its value at 7= 0.
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(DO/(ZTCGZ); the upper critical field on the right panels is normalized to its value at 7= 0.

BCS weak coupling limit (U/2D =0.2), in BCS—BEC
crossover region (intermediate coupling U/2D = 1.0)
and in BEC limit of strong coupling (U/2D = 1.6). In
weak coupling limit (Fig. 5a) the growth of disorder
leads to the increase of the upper critical field in the
whole temperature region in the limit of weak disorder
(A/2D < 0.19), while the temperature dependence has
the negative curvature and is close to the standard
WHH dependence [11]. With further increase of dis-
order with no account for localization corrections, the
upper critical field decreases for all temperatures.
However, taking into account localization corrections
in the weak coupling limit for the case of strong disor-
der (A/2D > 0.37) significantly increases the upper
critical field and qualitatively changes its temperature
dependence, so that the curves of H,,(7T) acquire pos-

JOURNAL OF EXPERIMENTAL AND THEORETICAL PHYSICS

itive curvature. The upper critical field rapidly grows
with disorder at all temperatures. For intermediate
coupling (Fig. 5b) in the limit of weak disorder the
temperature dependence of the upper critical field
becomes practically linear. The upper critical field
grows with disorder at all temperatures. In the limit of
strong disorder (A/2D > 0.37) localization corrections,
as in the weak coupling limit, increase the upper criti-
cal field at all temperatures and the curves of H,,(7T)
acquire positive curvature. However, in the intermedi-
ate coupling region the influence of localization cor-
rections is much weaker, than in the weak coupling
limit and is relevant only at low temperatures. In BEC
limit of the strong coupling (Fig. 5¢) and in the limit
of weak disorder the curves of H,,(7T) are in fact linear.
The upper critical field grows with disorder at all tem-
No. 6
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Fig. 5. (Color online) Temperature dependences of the
upper critical field for different disorder levels: (a) BCS
weak coupling limit, (b) BCS—BEC crossover region at
intermediate coupling, (c) BEC strong coupling limit.
Dark symbols and solid curves correspond to calculations
taking localization corrections into account. Light symbols
and dashed curves correspond to the ladder approximation

for impurity scattering.
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peratures. In the limit of strong disorder at the point of
Anderson transition (A/2D = 0.37) the H,,(T) depen-
dence remains linear and the account of localization
corrections in fact does not change the temperature
dependence of the upper critical field. Further
increase of disorder leads to the increase of H (7).
Deeply in the Anderson insulator phase (A/2D = 0.5)
the H,,(T) dependence acquires the positive curvature
and the account of localization effects enhances
H_,(T) in the low temperature region, while close to 7,
localization corrections are irrelevant even at such a
strong disorder. Thus, the strong coupling signifi-
cantly decreases the influence of localization effects of
the temperature dependence of the upper critical field.

CONCLUSIONS

In this paper, within the combined Nozieres—
Schmitt-Rink and DMFT+X generalization of the
dynamical mean field theory we have investigated the
influence of disordering, in particular the strong one
(including the region of Anderson localization), and
the growth of the strength of pairing interaction upon
the temperature dependence of the upper critical field.
Calculations were performed for the wide range of
attractive potentials U, from the weak coupling limit of
U/2D < 1, where instability of the normal phase and
superconductivity is well described by BCS model, up
to the strong coupling limit of U/2D > 1, where the
superconducting transition is due to Bose—Einstein
condensation of compact Cooper pairs, which are
formed at temperatures much higher than the tem-
perature of superconducting transition.

The growth of the coupling strength U leads to the
fast increase of H,,(7), especially at low temperatures.
In BEC limit and in the region of BCS—BEC cross-
over H,(7T) dependence becomes practically linear.
Disordering also leads to the increase of H,,(T) at any
coupling. In the weak coupling BCS limit the growth
of disorder increases both the slope of the upper criti-
cal field close to 7= T, and H_,(T) in low temperature
region. In the limit of strong disorder in the vicinity of
Anderson transition localization corrections lead to
additional sharp increase of the upper critical field at
low temperatures and H,.(7T) dependence becomes
concave, i.e., acquires positive curvature. In BCS—
BEC crossover region and in BEC limit weak disorder
is insignificant for the slope of the upper critical field
at T, though the strong disorder in the vicinity of
Anderson transition leads to noticeable increase of the
slope of the upper critical field with the growth of dis-
order. In the low temperature region H,.,(7) signifi-
cantly grows with the growth of disorder, especially in
the vicinity of Anderson transition, where localization
corrections noticeably increase H,.,(T = 0) and H_,(T)
curve instead of linear temperature dependence, typi-
cal in the strong coupling limit at weak disorder,
becomes concave.

Vol. 125

No.6 2017



1136

In our model, the upper critical field at low tem-
peratures may reach extremely large values signifi-
cantly exceeding ®,/2na®. This makes important the
further analysis of the model, taking into account
paramagnetic effect and inevitable role of electron
spectrum quantization in magnetic field. Actually, we
can hope that effects of quantization of the spectrum
are irrelevant in the limit of the strong disorder, while
paramagnetic effect is much weakened in the region of
strong and very strong coupling. These questions will
be the task of further studies.
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Abstract—Within the generalized DMFT+X approach, we study disorder effects in the temperature depen-
dence of paramagnetic critical magnetic field H,,(T) for Hubbard model with attractive interaction. We con-
sider the wide range of attraction potentials U—from the weak coupling limit, when superconductivity is
described by BCS model, up to the limit of very strong coupling, when superconducting transition is related
to Bose—Einstein condensation (BEC) of compact Cooper pairs. The growth of the coupling strength leads
to the rapid growth of H,,(T) at all temperatures. However, at low temperatures, paramagnetic critical mag-
netic field H,, grows with U much more slowly, than the orbital critical field, and in BCS limit, the main con-
tribution to tfle upper critical magnetic filed is of paramagnetic origin. The growth of the coupling strength
also leads to the disappearance of the low temperature region of instability towards type I phase transition and
Fulde—Ferrell—-Larkin—Ovchinnikov (FFLO) phase, characteristic of BCS weak coupling limit. Disordering
leads to the rapid drop of H,,(7) in BCS weak coupling limit, while in BCS—BEC crossover region and BEC
limit H.,(T — 0) dependence on disorder is rather weak. Within DMFT+ZX approach, disorder influence on
H_,(T) is of universal nature at any coupling strength and is related only to disorder widening of the conduc-
tion band. In particular, this leads to the drop of the effective coupling strength with disorder, so that disor-

dering restores the region of type I transition in the intermediate coupling region.

DOI: 10.1134/S1063776118100047

1. INTRODUCTION

In the weak coupling region and for the weak dis-
order, the upper critical magnetic field of a supercon-
ductor is determined by orbital effects and usually is
much lower than the paramagnetic limit. However,
the growth of the coupling strength and disordering
lead to the rapid growth of the orbital H,, possibly
overcoming the paramagnetic limit.

In this paper, we study the behavior of paramag-
netic critical field in the region of very strong coupling
of electrons of the Cooper pair and in the crossover
region from BCS-like behavior for the weak coupling
to Bose—Einstein condensation (BEC) in the strong
coupling region [1], taking disorder into account
(including the strong enough).

The simplest model to study the BCS—BEC cross-
over is Hubbard model with attractive interaction.
Most successful approach to the studies of Hubbard
model, both to describe the strongly correlated sys-
tems in the case of repulsive interactions and to study
the BCS—BEC crossover for the case of attraction, is
the dynamical mean - field theory (DMFT) [2—4].

! The article is published in the original.
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In recent years, we have developed the generalized
DMFT+X approach to Hubbard model [5—11], which
is quite effective for the studies of the influence of dif-
ferent external (outside those taken into account by
DMFT) interactions. This DMFT+X method was
used by us in [12—14] to study the disorder influence
on the temperature of superconducting transition. In
particular, for the case of semi-elliptic initial density of
states, adequate to describe three-dimensional sys-
tems, it was demonstrated that disorder influence on
the critical temperature (in the whole region of inter-
action strengths) is related only to the general widen-
ing of the initial conduction band (density of states) by
disorder (the generalized Anderson theorem). In [15],
using the combination of the Nozieres—Schmitt-Rink
approximation and DMFT+ZX in attractive Hubbard
model we have analyzed the influence of disordering
on the temperature dependence of the orbital upper
critical field H(T) both for the wide region of cou-
pling strengths U, including the BCS—BEC crossover
region, and in the wide region of disorder up to the
vicinity of Anderson transition. Both the growth of the
coupling strength and disorder lead to the rapid
growth of H,,, leading in the BEC-limit to unrealisti-
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cally high values of H_,(T — 0), significantly overcom-
ing the paramagnetic limit.

In this work we perform the detailed analysis of dis-
order influence on the temperature dependence of
paramagnetic critical magnetic field of a supercon-
ductor for the wide range of coupling strengths U,
including the BCS—BEC crossover region and the
limit of very strong coupling.

It is well known, that in BCS weak coupling limit
paramagnetic effects (spin splitting) lead to the exis-
tence of a low temperature region at the phase diagram
of a superconductor in magnetic field, where para-
magnetic critical field H,, decreases with further low-
ering of the temperature. This behavior signifies the
instability leading to the region of type I phase transi-
tion, where also the so called Fulde—Ferrell—Larkin—
Ovchinnikov (FFLO) phase may appear [ 16—18] with
Cooper pairs with finite momentum q and spatially
periodic superconducting order parameter. In the fol-
lowing we limit ourselves to the analysis of type 11
transition and homogeneous superconducting order
parameter, allowing us to determine the border of
instability towards type I transition in BCS—BEC
crossover and strong coupling regions at different dis-
order levels. The problem of stability of FFLO phase
under these conditions is not analyzed here.

2. HUBBARD MODEL WITHIN DMFT+X
APPROACH IN NOZIERES—SCHMITT-RINK
APPROXIMATION

We are considering the disordered Hubbard model
with attractive interaction, taking into account spin-
splitting by external magnetic field H, and described
by the Hamiltonian:

H = —IZ a,TGa it Z:e,n,-(7

(if)o ic (D)

- UZ il — MBHZ Ois»
- i

where ¢ > 0 is transfer amplitude between nearest
neighbors, U is the onsite Hubbard attraction, n;; =

a;;aic is electron number operator on a given site, @;;

(a,i,) is electron annihilation (creation) operator, ¢ =

1, ug= ;—h is the Bohr magneton, and local energies

mc
€, are assumed to be independent and random on dif-

ferent lattice sites. We assume Gaussian distribution
for energy levels g; at a given site:

2
1 €;
exp| ——= |. 2)
V2mA [ 2A2J
Distribution width A represents the measure of disor-

der, and Gaussian random field of energy levels (inde-
pendent on different lattice sites) produces “impurity”

P(e;) =
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scattering, which is analyzed within the standard
approach, based on calculations of the averaged
Green’s functions.

The generalized DMFT+X approach [5-9]
extends the standard dynamical mean field theory
(DMFT [2—4] by addition of an “external” self-
energy X,(€) (in general case momentum dependent)
due to any kind of interaction outside the DMFT,
which gives an effective calculation method both for
single-particle and two-particle properties [8, 10].
This approach conserves the standard system of self-
consistent DMFT equations [2—4], with “external”
self-energy X,(€) being recalculated at each iteration
step using some approximate scheme, corresponding
to the type of additional interaction, while the local
Green’s function of DMFT is “dressed” by X,(¢) at
each step of the standard DMFT procedure.

In the problem of disorder scattering under discus-
sion here [10, 11] for “external” self-energy we are
using the simplest (self - consistent Born) approxima-
tion, neglecting diagrams with “crossing” interaction
lines due to impurity scattering. Such an “external”
self-energy remains momentum independent (local).

To solve the single-impurity Anderson problem of
DMFT in this paper, as in our previous works, we use
quite efficient method of numerical renormalization
group (NRG) [19].

In the following we assume the “bare” conduction
band with semi-elliptic density of states (per unit cell
with lattice parameter a and single spin projection),
which gives a good approximation for three-dimen-
sional case:

2 2 2
Ny(e)=—==VD" —¢", 3)
’ nD*

where D defines the half-width of the conduction
band.

In [14] we have shown, that in DMFT+ZX approach
in the model with semi-elliptic density of states all the
effects of disorder on single-particle properties reduce
only to widening of conduction band by disorder, i.e.
to the replacement D — D, where D, is the effective
“bare” band half-width in the absence of correlations
(U= 0), widened by disorder:

A2
Dp = Dyl +45 )

The “bare” (in the absence of U) density of states,
“dressed” by disorder

No(®) = %wfﬁ ¢, (5)

eff
remains semi-elliptic also in the presence of disorder.

It is necessary to note, that in other models of the
“bare” band disorder not only widens the band, but
also changes the form of the density of states. In gen-
eral, there is no complete universality of disorder
Vol. 127

No. 4 2018
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influence on single-particle properties, which reduces
to the replacement D — D4 However, in the limit of
strong enough disorder the “bare” band becomes
almost semi-elliptic and this universality is restored
[14].

All calculations in the present paper, as in our pre-
vious works, were performed for rather typical case of
quarter-filled band (electron number per lattice site
n=20.5).

To analyze superconductivity for the wide range of
pairing interactions U, following [14], we use
Nozieres—Schmitt-Rink approximation [1], which
allows qualitatively correct (though approximate)
description of BCS—BEC crossover. In this approach,
to determine the critical temperature 7, (in the
absence of H) we use [14] the conventional BCS weak
coupling equation, but the chemical potential of the
system L for different values of U and A is determined
from DMFT+X calculations, i.e. from the standard
equation for the number of electrons in conduction
band, which allows us to find T, for the wide range of
model parameters, including the BCS—BEC cross-
over region, as well as for different levels of disorder.
This reflects the physical meaning of Nozieres—
Schmitt-Rink approximation: in the weak coupling
region transition temperature is controlled by the
equation for Cooper instability, while in the strong
coupling limit it is determined as BEC temperature,
which is controlled by chemical potential. It was
demonstrated, that such an approach guarantees the
correct interpolation between the limits of weak and
strong couplings, including also the effects of disorder
[1, 12, 14]. In particular, in [12, 14] it was shown, that
disorder influence on critical temperature 7, and sin-
gle-particle characteristics (e.g. density of states) in
the model with semi-elliptic “bare” density of states is
universal and is reduced only to the changes of the
effective bandwidth.

3. MAIN RESULTS

In the framework of WNozieres—Schmitt-Rink
approach the critical temperature in the presence of
spin-splitting of electron level in external magnetic
field (and neglecting the orbital effects) or paramag-
netic critical magnetic field H,, at temperatures 7'< T,
is determined by the following BCS-like equation:

TN €—U—UgH,

=Y I e No® (tanh H=Hp e
47 e—p 2T

€— M + MBHcpj

2T ’
where the chemical potential p for different values of
U and A is determined from DMFT+X calculations,
i.e. from the standard equation for the number of elec-

trons in conduction band. The general derivation of
Eq. (6) in the presence of disorder is given in the

(6)
+tanh
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Appendix. Note that Eq. (6) is derived from the exact
Ward identity and remains valid even in the case of
strong disorder, including the vicinity of Anderson
transition. Equation (6) explicitly demonstrates, that
all disorder effects on H,, are reduced to the renormal-
ization of the initial density of states by disorder, so
that for the case of initial band with semi-elliptic den-
sity of states disorder influence on H,, is universal and
is only due to the band widening by disorder, i.e. to the
replacement D — D .

In Fig. 1 we show the temperature dependence of
paramagnetic critical magnetic field for different val-
ues of coupling strength. Chemical potential entering
Eq. (6) is, in general, dependent not only on the cou-
pling strength, but also on the values of magnetic filed
and temperature. In Figs. 1la—1e, for the sake of com-
parison, dashed lines show the results of calculations
with chemical potential taken at H = 0 and 7'= 7, for
the given value of U/2D, while continuous curves with
symbols represent the results of full calculations with
W=u#H, 7).

In the weak coupling limit (U/2D = 0.2) we obtain
the standard behavior of temperature dependence of
paramagnetic critical field of BCS theory [18]. At low
temperatures we observe the region of decreasing H,
as temperature diminishes, with maximum #H,, at
finite temperature. It is well known, that in this region
the system is unstable with respect to type I phase
transition [18], where is also a possibility of transition
to FFLO phase [16, 17] with Cooper pairs with finite
momentum (q # 0) and inhomogeneous supercon-
ducting order parameter. Critical field in BCS limit is
relatively weakly dependent on the value of chemical
potential, so that we can neglect weak field and depen-
dence of W on the magnetic field and temperature
(dotted curve in Fig. la in fact coincides with the
result of an exact calculation). With the growth of the
coupling strength the region of instability towards type
I transition shrinks (cf. Figs. 1a, 1b, 1c¢) and it com-
pletely disappears with further increase of coupling
(Figs. 1d, 1e). With the increase of coupling strength the
critical magnetic field becomes more and more depen-
dent on the value of the chemical potential, so that the
account of its temperature and magnetic field depen-
dence W(H, T) becomes very important (cf. Figs. 1c—1e).

At intermediate coupling (U/2D = 0.6) the account
of temperature and magnetic field dependence of W
leads to small changes of the critical field, however we
observe significant qualitative changes for 7~ T. The
small growth of chemical potential with increase of H
at weak fields leads to noticeable growth of 7,, which
overcomes the decrease of T, with the growth of mag-
netic field due to explicit H-dependence in Eq. (6),
leading to some increase of T,(H) at small H.

In Fig. 1fwe show temperature dependencies of the
critical magnetic field for different values of U. It is
known that the critical temperature 7, grows with
coupling strength in BCS limit and decreases in BEC
Vol. 127
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Fig. 1. (Color online) Dependence of paramagnetic critical magnetic field on temperature for different values of coupling
strength. Dotted curves were obtained neglecting the dependence of chemical potential on temperature and magnetic field at
given U.
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TEMPERATURE DEPENDENCE OF PARAMAGNETIC CRITICAL MAGNETIC FIELD

strong coupling limit, passing through a maximum at
U/2D = 1 [12—14]. The critical magnetic field at low
temperatures grows with coupling strength both in BCS
and BEC limits, though in BCS—BEC crossover region
(U/2D = 0.6—1) we observe rather weak dependence of
the critical magnetic field on coupling strength.

The physical reason of the growth of paramagnetic
critical field with coupling strength is pretty obvious—
it is more difficult for magnetic field to break the pairs
of strongly coupled electrons.

In Fig. 2 we present our results on disorder influ-
ence on temperature dependence of paramagnetic
critical magnetic field. In BCS weak coupling limit
(Fig. 2) the increase of disorder leads both to decrease
of the critical temperature in the absence of magnetic
field T, (cf. [13, 14]) and to decrease of the critical
magnetic field at all temperatures. The region of insta-
bility to type I transition is conserved also in the pres-
ence of disorder. In fact, as was noted above, disorder
influence on H,,(7) is actually universal and related
only to the replacement D — D.. As a result, disorder
growth leads to decrease of the effective coupling,
which is defined by dimensionless parameter U/2D .
This leads to the increase of the relative width T/ T ,(H)
of the temperature region of type I transition.

At intermediate coupling (U/2D = 0.8) in BCS—
BEC transition region (Fig. 2b) disorder growth rela-
tively weakly changes the critical temperature 7, (cf. [13,
14]), leading to some increase of H,,(7). As all the effects
of disordering are due to the replacement D — D, the
increase of disorder again leads to the decrease of the
effective coupling strength U/2 D and restoration of the
region of instability towards type I transition.

In BEC-limit of strong coupling the growth of dis-
order leads to significant increase of the critical tem-
perature 7, (cf. [13, 14]). At the same time, the critical
magnetic field at low temperatures only weakly
increases with increasing disorder. In BEC-limit
instability to type I transition does not appear even in
the presence of very strong disorder (A/2D = 0.5). In
fact, in BEC-limit disorder influence is again univer-
sal and related only to the replacement D — D 4. As a
result, if we make the spin splitting and temperature
dimensionless dividing both by the effective band-
width 2D and keep the effective coupling strength
U/2D fixed, we obtain the universal temperature
dependence of paramagnetic critical magnetic field.
In Fig. 3 we show examples of such universal behavior
for typical cases of weak and strong coupling an the
absence and in the presence of disorder.

In the absence of disorder in BEC strong coupling
limit with U/2D = 1.6 for T — 0 we have (cf. Fig. 1)
2upH,,/2D = 0.125, so that for characteristic value of the
bandwidth 2D ~ 1 eV we get H,, ~ 10’ G. For orbital
critical magnetic field (cf. [15]) in the same model and
for the same coupling strength, for T'— 0 and typical
value of lattice parameter ¢ = 3.3 x 10~% cm, we obtain
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Fig. 2. (Color online) Temperature dependences of para-
magnetic critical magnetic field for different levels of dis-
order: (a) BCS weak coupling limit (U/2D = 0.2);
(b) BCS—BEC crossover region (intermediate coupling:
U/2D = 0.8); (c) BEC strong coupling region (U/2D = 1.6).

H,, = 1.6 x 10* G. Thus, the orbital critical magnetic
field at low temperatures grows with increase of the
coupling strength much faster, than paramagnetic
critical field, and in BEC strong coupling limit the
main contribution to the upper critical field at low
Vol. 127
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Fig. 3. (Color online) Universality of temperature depen-
dence of paramagnetic critical magnetic field on disorder.
(a) weak coupling U/2D;=0.2, A=0,A=0.11, (b) strong
coupling U/2Dy= 1.6, A=0,A=0.11.

temperatures is actually due to the paramagnetic
effect. The growth of disorder leads to significant
growth of the orbital critical magnetic field [15], while
H,, (T — 0) in the region of BCS—BEC crossover and
in BEC limit is relatively weakly dependent on disor-
der. Thus, also in the presence of disorder in BEC
limit the main contribution to the upper critical field
at low temperatures comes from paramagnetic effect.

4. CONCLUSIONS

In this paper, within the combination of Nozieres—
Schmitt-Rink and DMFT+X approximations, we
have studied disorder influence on temperature
behavior of paramagnetic critical magnetic field. Cal-
culations were done for a wide range of the values of
attractive potential U, from the weak coupling region
U/2D < 1, where superconductivity is well described
by BCS model, up to the limit of strong coupling
U/2D > 1, where superconducting transition is due to
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Bose condensation of compact Cooper pairs, which
are formed at temperatures much exceeding the tem-
perature of superconducting transition.

The growth of coupling strength U leads to a fast
increase of H,.(T) and disappearance, both in the
region of BCS—BEC crossover and in BEC limit, of
the region of instability, leading to type I transition,
which appears at low temperatures in BCS weak cou-
pling region. Physically this is due to the fact, that it
becomes more and more difficult for magnetic field to
break pairs of strongly coupled electrons.

The growth of disorder in BCS weal coupling limit
leads both to decrease of critical temperature and
decrease of H,,(T). The region of instability to type I
transition at low temperatures remains also in the
presence of disorder. In the intermediate coupling
region (U/2D = 0.8) disorder only weakly affects both
the critical temperature and H. (7). However, the
growth of disorder leads to restoration of the low tem-
perature region of instability to type I transition, which
is not observed in the absence of disorder. This, rather
unexpected, conclusion is related to specifics of the
attractive Hubbard model, which in disordered case is
controlled by dimensionless coupling parameter
U/2D . As was shown in our previous works, in BEC
strong coupling limit the growth of disorder leads to
noticeable growth of the critical temperature in the
absence of magnetic field. However, the value of H,,
(T — 0) in this model is relatively weakly dependent
on disorder. In BEC limit at low temperatures and for
reasonable values of model parameters paramagnetic
critical magnetic field is much smaller, than the orbital
critical field, so that the upper critical field in this
region is mainly determined by paramagnetic critical
filed. In the presence of disorder this conclusion is
even more valid, as the orbital critical field rapidly
grows with increasing disorder, while paramagnetic
critical field is weakly disorder dependent in this limit.

This work was performed under the State Contract
no. 0389-2014-0001 with partial support of RFBR
Grant no. 17-02-00015 and the Program of Funda-
mental Research of the RAS Presidium no. 12 “Fun-
damental problems of high-temperature supercon-
ductivity.”

APPENDIX

EQUATION FOR PARAMAGNETIC CRITICAL
MAGNETIC FIELD

In general case the Noziers—Schmitt-Rink
approach [1] assumes, that corrections from strong
pairing interaction significantly change the chemical
potential of the system, but possible vertex corrections
from this interaction in Cooper channel are irrelevant,
so that to analyze Cooper instability we can use the
weak coupling approximation (ladder approximation).
In this approximation the condition of Cooper instabil-
ity in disordered attractive Hubbard model is written as:
Vol. 127
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1 = UXO(q = 05 O)m = 0)9 (7)

where

%0(@ = 0,0, =0) =TY > ®,.(c,) ()

n pp'
is two-particle loop in Cooper channel “dressed” only
by impurity scattering, while ®;(€,) is the averaged
over impurities two-particle Green’s function in Coo-
per channel at Matsubara frequencies €, = tT(2n + 1).

To obtain z @, (¢,) we use an exact Ward
PP
identity, derived by us in [8]:

GT (snv p) - G\L(_ana _p)

-1 . . )]
= =D @, €,)(Gy1(€,n D) — Gyl (€, D))
p

Here Gy y(g,, p) = (ie, + L — &(p) £ pgH)~" is the
“bare” Green’s function and Gy |(€,, p) is averaged over
impurities (but not “dressed” by Hubbard interaction!)
single-particle Green’s function. Using the symmetry
€(p) = €(—p) we obtain from Ward identity (9):

z GT(Sna p) - 2 Gi(_sn: p)

® (g, =—-L E , 10
; w(En) 2ie, + 2ugH (10)
so that for Cooper susceptibility (8) we get:
XO(q = Oa (Dm = 0)
. D Gie,p) — Y Gy(-€,.p)
=_1 p P 11
2 ; ie, + UgH (h

> G Y Gie,D)
:__z p +-2
2 n i8n+uBH

ign - HBH .

Performing the standard summation over Fermion
Matsubara frequencies, we obtain:

=[2Gl e - Gl

1
=——| de| -2 -
xo 8mi _J; €+ UugH

> Gle.p-Y Gl
+ P P

12
— (12)

tanh £
2T

e B )
27 \e+ugH e—-ugH 2T
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where NoT, 1(®) is the “bare” (U = 0) density of states
for different spin projections, “dressed” by impurity
scattering. Spin splitting can be considered as an addi-
tion to chemical potential, so that introducing the
“bare” density of states “dressed” by disorder in the

absence of external magnetic field N (), we obtain
the final result for Cooper susceptibility:

4377 ¢ 2T 2T

In Eq. (13) energy ¢ is counted from the chemical
potential level. If we count it from the middle of the
conduction band we have to replace € — € — L and the
condition of Cooper instability (7) leads to the equa-
tion defining critical temperature depending on the
external magnetic field, which gives the equation for
paramagnetic critical magnetic filed (6). The chemical
potential for different values of U and A should be
determined from DMFT+ZX calculations, i.e. from the
standard equation for electron number (band filling),
which allows us to find H,, for the wide range of model
parameters, including the region of BCS—BEC cross-
over and the limit of strong coupling at different levels
of disorder. This reflects the physical meaning of
Nozieres—Scmitt-Rink approximation—in the weak
coupling region the temperature of superconducting
transition is controlled by the equation for Cooper
instability (6), while in the strong coupling limit it is
defined as the temperature of BEC, which is con-
trolled by chemical potential. The joint solution of
Eq. (6) and the equation for the chemical potential
guarantees the correct interpolation for H,, in the
region of BCS—BEC crossover.
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Abstract—Eliashberg—McMillan theory of superconductivity is essentially based on the adiabatic approxi-
mation. Small parameter of perturbation theory is given by k& < 1, where A is the dimensionless electron—

phonon coupling constant, €2, is characteristic phonon frequenFcy, while Eris Fermi energy of electrons. Here
we present an attempt to describe the electron—phonon interaction within Eliashberg—McMillan approach
in situation, when characteristic phonon frequency €, becomes large enough (comparable to, or exceeding,
the Fermi energy Ep). We consider the general definition of electron—phonon pairing coupling constant A,
taking into account the finite value of phonon frequency. Also, we obtain the simple expression for general-
ized coupling constant A that determines the mass renormalization, with the account of finite width of con-
duction band, which describes the smooth transition from the adiabatic regime to the region of strong nona-

diabaticity. In the case of strong nonadiabaticity, when Q, > Ef, the new small parameter appears, 7»& ~
0

kﬂ < 1 (D is conduction band half-width), and corrections to electronic spectrum become irrelevant. At
0
the same time, the temperature of superconducting transition 7, in antiadiabatic limit is still determined by

Eliashberg—McMillan coupling constant A, while the preexponential factor in the expression for 7, conserv-
ing the form typical of weak-coupling theory, is determined by the bandwidth (Fermi energy). For the case
of interaction with a single optical phonon, we derive the single expression for 7, valid both in adiabatic and
antiadiabatic regimes and describing the continuous transition between these two limiting cases. The results

obtained are discussed in the context of superconductivity in FeSe/STO.

DOI: 10.1134/S1063776119020122

1. INTRODUCTION

Eliashberg—McMillan superconductivity theory is
the most successful approach to microscopic descrip-
tion of the properties of conventional superconductors
with electron—phonon mechanism of Cooper pairing
[1-3]. It basic principles can be directly generalized
also for the description of non-phonon pairing mech-
anism in new high-temperature superconductors.
Recently this theory was successfully applied to the
description of record breaking superconductivity in
hydrides at high pressures [4].

It is widely known that Eliashberg—McMillan the-
ory is essentially based on the applicability of adiabatic
approximation and Migdal’s theorem [5], which
allows the neglect of vertex corrections in calculations
of electron—phonon coupling in typical metals. In this

! The article is published in the original.

case the correct small parameter of perturbation the-
ory is k% < 1, where A is the dimensionless Eliash-

berg—Mcli\/[illan electron—phonon coupling constant,
Q) is characteristic phonon frequency and Ep is Fermi
energy of electrons. In particular, this leads to the
common opinion, that vertex corrections in this the-
ory can be neglected even for A > 1, due to the validity

of inequality % < 1, characteristic for typical metals.
F

This is certainly correct in continuous approximation,

when we neglect the effects of lattice discreteness on

electron spectrum.

The discreteness of the lattice leads to the breaking
of Migdal’s theorem for A ~ 1 due to polaronic effects
[6, 7]. At the same time, for the region of A < 1 we can
safely neglect these effects [7]. In the following we

455



456

\D(O)(q: io*)n - lo‘)m)

~ // G(p + q, i(’)n) \
X(p, i0,) = & ]

Fig. 1. Second-order diagram for self-energy. Dashed
line—phonon Green’s function D'/, continuous line—
electron Green’s function G in Matsubara representation.

shall consider only the continuous case, limiting our
discussion to not so large values of electron—phonon
coupling A.

Recently a number of superconductors was discov-
ered, where the adiabatic approximation can not be
considered valid, and characteristic frequencies of
phonons are of the order or even greater than Fermi
energy. We bear in mind mainly superconductors
based on FeSe monolayers, mostly the systems like
single-atomic layer of FeSe on the SrTiO; substrate
(FeSe/STO) [8]. For these systems this was first noted
by Gor’kov [9, 10], while discussing the idea of possi-
ble T, enhancement in FeSe/STO due to interaction
with high-energy optical phonons in SrTiO; [8].

2. SELF-ENERGY AND ELECTRON—-PHONON
COUPLING CONSTANT

Consider the second-order (in electron—phonon
coupling) diagram shown in Fig. 1. At first it is suffi-
cient to consider a metal in normal (non supercon-
ducting) state.

We can perform our analysis either in Matsubara
technique (7# 0) orin 7= 0 technique. In particular,
making all calculations in finite temperature tech-
nique, after the analytic continuation from Matsubara
to real frequencies i®, — € + id and in the limit of 7=
0, the contribution of diagram Fig. 1 can be written in
the standard form [1, 11]:

o 1y
S(e,p) = [ p
(e.p) .,E-,a Igppl{ o 75

E—&p p-p (1)

1- £,
bk |
e—¢g, — €, , +i0

where in notations of Fig. 1 we have p' = p + q. Here,

g;(ip' is Frohlich electron—phonon coupling constant,
€, is electronic spectrum with energy zero taken at the

Fermi level, Qq“ is phonon spectrum, and f, is the
(step-like) Fermi distribution.

In particular, for the imaginary part of self-energy
at positive frequencies we have:
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ImX(e > 0,p)

o o 2
=) lgp (1= f,)8(e — &, — Qp ). )
p'.o

In these expressions index o, enumerates the branches
of phonon spectrum. In the following we just drop it
for brevity.

Equation (1) can be identically written as:

2ep) = [do) gy 40 -Q, )
4

3 P /)
-y +0—id £-¢g, —®+id|

In Eliashberg—McMillan approach we usually get rid
of explicit momentum dependence here by averaging
the matrix element of electron—phonon interaction
over surfaces of constant energies, corresponding to
initial and final momenta p and p', which usually
reduces to the averaging over corresponding Fermi
surfaces, as phonon scattering takes place only within
the narrow energy interval close to the Fermi level,
with effective width of the order of double Debye fre-
quency 2Qp, and in typical metals we always have
Qp < Eg. This is achieved by the following replace-
ment:

(3)

|gpp‘|28(0~) - Qp—p')

N(O)ZN(O)ZIgDD (= €2y, )0(E,)(E,) (4
=1
= N(O)a (m)F((o)

where in the last expression we have introduced the
definition of Eliashberg function o*(®w) and F(®) =

Zq d(w — €,) is the phonon density of states.

In the case, when phonon energy becomes compa-
rable with or even exceeds the Fermi energy, electron
scattering is effective not in the narrow energy layer
around the Fermi surface, but in a wider energy interval
ofthe order of Q, ~ Er, where Q) is a characteristic pho-
non frequency (e.g. of an optical phonon). Then, for the
case of initial |p| ~ pr the averaging over p' in expression
like (4) should be done over the surface of constant
energy, corresponding to Ep + €, _ , as is shown in
Fig. 2. Then the Eq. (4) is directly generalized as:

S o P
N(0) Zp: N(0) ; By

X O(0 — €2, ,)0(€,)0(e, — Q

|gpp'|26((0 - Qp—p') =
Q)
2

) =——o (0)F(w),
p-p) NO) () F(
which in the last 0-function simply corresponds to
transition from chemical potential | to i + €2, _ . We
remind that, as usual, the energy zero is taken at [L = 0.
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After the replacement like (4) or (5) the explicit
momentum dependence of the self-energy disappears
and in fact in the following we are dealing with Fermi

surface average X(€) = Z d(g,)Z(g, p), which is

N(0)
now written as:

() = j de'jdmaz(m)F(co)
&), _1-se | ©)

—e'+0—id e—-¢e+m—id

This expression forms the basis of Eliashberg—

McMillan theory and determines the structure of

Eliashberg equations for the description of supercon-
ductivity.

X

3. MASS RENORMALIZATION AND
ELECTRON—PHONON COUPLING
CONSTANT

For the case of self-energy dependent only on fre-
quency (and not on momentum) we have the follow-
ing simple expressions, relating mass renormalization
of an electron to the residue a the pole of the Green’s
function [12]:

M , (7)

88 e=0
m*:mzm[l—% j 8)
A 0€ le=o

Then from Eq. (6) by direct calculations (all integrals

here are in infinite limits) we obtain:

_dX(e)
oe

Z'=1-

f(€)
(©—¢ —id)’

= j de’ j dcoocz((o)F(co){

| - ©)
(0+ €' +id) ) ©

so that introducing the dimensionless Eliashberg—
McMillan electron—phonon coupling constant as:

r=2f 4902 (@) F(w), (10)
5 ©

we immediately obtain the standard expression for

electron mass renormalization due to electron—pho-

non interaction:

* = ml+ ). (11)

The function 0*(®w)F(®) in the expression for
Eliashberg—McMillan electron—phonon coupling
constant (10) should be calculated according to (4) or
(5) depending on the relation between Fermi energy
Er and characteristic phonon frequency €2 (roughly
estimated by Q). As long as 2 < Fp we can use the
standard expression (4), while in case of Q ~ Fr we
should use (5). In principle all these facts are known
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(b) e

SF+ QO

Fig. 2. (Color online) (a) Elementary act of electron—pho-
non scattering in the vicinity of the Fermi surface. (b) Sur-
faces of constant energy for initial and final states of an
electron scattered by an optical phonon with energy com-
parable to Fermi energy. Averaging of the matrix element
of interaction in (12) or (14) goes over the intersection
region of these surfaces.

for a long time—implicitly these results were men-
tioned e.g. in Allen’s paper [13], but misunderstand-
ings still appear [14]. Using Eq. (5) we can rewrite (10)
in the following form:

_ do
N(O)J. Zzlg""
X O(w — Qp_p-)é}(ap)ﬁ(sp-

which gives the most general expression to calculate
the electron—phonon constant A, determining Cooper
pairing in Eliashberg—McM illan theory.

(12)

p—p')’

4. ELECTRON INTERACTION WITH OPTICAL
PHONONS WITH “FORWARD” SCATTERING

The discovery of high-temperature superconduc-
tivity in single—atomic layers of FeSe on SrTiO;
(FeSe/STO) and similar substrates, with record—
breaking, for iron—based superconductors, critical
temperature 7., nearly an order of magnitude higher
Vol. 128
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than in the bulk FeSe (see review in [8]), has sharp-
ened the problem of search of microscopic mechanism
of T, enhancement. It was followed by the discovery in
ARPES experiments on FeSe/STO of the so called
“replicas” of conduction band [15], which lead to the
idea of T, enhancement due to interaction of conduc-
tion electrons with optical phonons of SrTiO;, with
rather high energies (frequencies) ~100 meV and
“nearly forward” scattering (i.e. with small transferred
momentum of the phonon) due to the peculiarities of
interaction with optically active Ti—O dipoles at the
interface with STO. The model of such scattering
introduced in [15] has revived the interest to earlier
model of 7, enhancement, proposed by Dolgov and
Kulic, due to “forward” scattering [16, 17], which was
further developed and applied to FeSe/STO in [18,
19]. In fact, this model explains the formation of the
“replicas” of conduction band and the possibility to
achieve high values of T, though its basic conclusions
were criticized (from different points of view) in [20—
22] and are still under discussion.

One of the major circumstances, which was not
payed much attention in [15, 18, 19], was the nonadi-
abatic character, as noted by Gor’kov [9, 10], of FeSe
electrons interaction with optical phonons of STO.
The Fermi energy in conduction band of FeSe/STO is
small, of the order of 50—60 meV [8, 15], which by
itself is a serious problem for theoretical explanation
[20, 21]. Correspondingly, the energy of optical pho-
nons (~100 meV) exceeds is nearly twice, leading to
strong enough breaking of adiabaticity. Let us see, first
of all, the consequences of this fact for calculations of
electron—phonon coupling constant in Eliashberg—
McMillan approach.

Consider a particular example of electrons inter-
acting with a single optical (Einstein-like) phonon
mode with high-enough frequency €, which scatters
essentially “forward”. The general qualitative picture
of such scattering is shown in Fig. 2. In this case in
Eq. (12) the density of phonon states is simply F(®) =
d(w — Q), and for the momentum dependence of
interaction with optical phonon at FeSe/STO inter-
face we can assume the characteristic dependence,
obtained in [15]:

g(q) = gy exp(-dl/q,), (13)

where the typical value of g, ~ 0.1% « pr (where a is

a
the lattice constant and pf is the Fermi momentum),
leading to nearly “forward” scattering of electrons by
optical phonons.

Then the dimensionless pairing constant of elec-
tron—phonon interaction in Eliashberg theory is writ-
ten as:

2 ZZnglzﬁ(sp)S(ep+q -Q,)). (14

CNO)Q, 44
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As in FeSe/STO we have in fact €, > Ep the finite
value in the second d-function here should be taken
into account.

For simple estimates let us assume the linearized
form of electronic spectrum (vg is Fermi velocity): €, =
ve(p| — pr), which allows to perform all calculations
analytically. Then, substituting (13) into (14) and con-

sidering two-dimensional case, after calculating all
integrals here we obtain [21]:

22

a 2Q
k:go 2K1( oj’
Vido

where K (x) is Bessel function of imaginary argument
(McDonald function). Using the well-known asymp-
totic form of K,(x) and dropping a number of irrele-
vant constants, we have:

(15)

A~ by Lo (16)
47tpy
for £ < 1, and
VEdo
A~ A ) }VF% exp(zgoj, (17)
TE: \ Q VEqo
for & > 1.
VEd)

Here we introduced the standard dimensionless
electron—phonon coupling constant:

2g2
Ao =Q—°N(0), (18)

0
where N(0) is the density of electronic states at the
Fermi level per single spin projection.

The result (16) is known [18, 19] and by itself is
rather unfavorable for significant 7, enhancement in
model under discussion. Even worse is the situation if
we take into account the large values of €, as pairing

. Q
constant becomes exponentially suppressed for —2- >

V4o
1, which is typical for FeSe/STO interface, whereFQ0 >

Er > viq, [8]. This makes the enhancement of 7, due
to interaction of FeSe electrons with optical phonons
of STO rather improbable. In fact, similar conclusions
were made from first—principles calculations in [23],
where the dependence of Eliashberg coupling con-
stant on frequency of the optical phonon in STO was
also taken into account. However, the effect of sup-
pression of this constant was much smaller, which was
probably due to unrealistically large values of the
Fermi energy, obtained form LDA calculations of
electronic spectrum of FeSe/STO, which does not
account for the role of correlations [23]. Correspond-
ingly, in [23] they always had ), < Ep. The account of
correlations within LDA+DMFT calculations, per-
Vol. 128
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formed in [20, 21], allowed to obtain the values of
Fermi energy in conduction band of FeSe/STO in
accordance with ARPES data, which show that in this
system we meet with antiadiabatic situation with
Q, > EF.

Certainly, the results obtained above in the asymp-
totic of high frequencies €, depend on the form of
momentum dependence in Eq. (13). For example, if
we choose the Gaussian form of interaction fall with
transferred momentum, we shall obtain more fast
Gaussian suppression with frequency in the limit of
Eq. (17). In general case, for fast enough fall of inter-
action in (13) on the scale of g, we shall always obtain
rather fast suppression of coupling constant for €2, >

VEd)-

For a more realistic case, when the optical phonon
scatters electrons not only in “forward” direction, but
in a wide interval of transferred momenta (as it follows
e.g. from first - principles calculations of [23]), in the
above expression we have simply to use large enough
value of the parameter g,. Choosing e.g. g, ~ 4npg and
using the low frequency limit (16) we immediately
obtain A = A,, i.e. the standard result. Similarly,
parameter g, can be taken equal to an inverse lattice
vector 21/a. Then for g, ~ 21/a from (16) we obtain:

L 2
0 (19)

7\« ~ ;\«0
2ppa

for typical pp ~ 1/2a. In general case there always
remain the dependence on the value of Fermi momen-
tum and cutoff parameter (cf. similar analysis in [12]).

In the limit of (17), assuming g, ~ pr we immedi-
ately obtain:

A~ Q?\,O %exp(—%),
T Ex Ex

which simply signifies the effective interaction cutoff
for Q, > Er in antiadiabatic limit. This fact was
stressed by Gor’kov in [9, 10].

(20)

5. EFFECTS OF FINITE BANDWIDTH
AND ANTIADIABATIC LIMIT

As was already noted above, the usual Migdal—
Eliashberg approach is totally justified in adiabatic
approximation, related for usual electron—phonon
systems (metals) with the presence of a small parame-
ter Qp/Ep < 1 (or Qy/Er < 1 for the case of a single
optical phonon with frequency €2,). The true parame-
ter of perturbation theory in this case is given by
Mo/ Er), which is small even for A ~ 1. The presence
of this small parameter allows us to limit ourselves to
calculations of a simple diagram of the second order
over electron—phonon interaction considered above,
and neglect all vertex corrections (Migdal’s theorem)
[5]. These conditions are broken in FeSe/STO system,
where Q, ~ 2Ep.
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Our discussion up to now implicitly assumed the
conduction band of an infinite width. It is clear that in
case of large enough characteristic phonon frequency
it may be comparable not only with Fermi energy, but
also with conduction band width. Below we shall show
that in the limit of strong nonadiabaticity, when €, >
FEr ~ D (where D is the conduction band half-width),
in fact, we are dealing with the situation, when a new
small parameter of perturbation theory AD/Q, ~
AER/Q, appears in the theory.

Let us consider the case of conduction band of the
finite width 2D with constant density of states (which
formally corresponds formally to two-dimensional
case). The Fermi level as above is considered as an ori-
gin of energy scale and we assume the typical case of
half-filled band. Then (6) reduces to:

D
) = j de’ j dwo () F(w)
D

fE) ) }

- +m—-id - -w+id

X

D
- j de’ j dwo () F () 1)
)]

. L]
e+e+m—id £—¢—-m+id
=Idmaz(m)F(m){ln8+D+m_’6—ln8+m_’6}.

e—D-w+id E—W+id

For the model of a single optical phonon F(w) =
d(w — Q) and we immediately obtain:

2(e) = 0 (Q)F(Qy)

y 1ne+D+QO—i8_ma+QO—i6 22)
e-D—-Q,+id e&—-Q,+id
— A(Qy)F(Q)In e+ D+Q,—ide—Q,+id ‘
Correspondingly, form (21) we get:
D oo
_ZE _, [ de [ dwo @) @) ——
as e=0 0 0 ( +8')
B (23)
D
= 2| dwo’ (®) F(0) —=—
! @F©

and we can define the generalized coupling constant as:

A=2f 40 52 () F(o)—2—, (24)
5 O o+ D

which for D — oo reduces to the usual Eliashberg—

McMillan constant (10), while for D — 0 is gives the

“antiadiabatic” coupling constant:

Ap = 2D j i—?ocz(m)F(co). (25)
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Equation (24) describes the smooth transition
between the limits of wide and narrow conduction
bands. Mass renormalization in general case is deter-

mined by A:
m* =m(l+X). (26)

In strong antiadiabatic limit of D <« Q,, after elemen-
tary calculations we obtain from (21):

Re X(e) = 2D[ doo’(@)F ()~ (27)
8 —
and from (22)
2
ReX(e) = o, (QO) = Qo =% 2‘30; 0 (28)

For the model of a s1ngle optical phonon with fre-
quency €, we have:

A=Z2ot@)—L =L ), 9
Q, Q,+D Q,+D Q,+D
where Eliashberg—McMillan constant is:
r=2f 4952y F(w) = 02(Qy) = (30)
5 O Q,
and A, reduces to:
Ap =207(Q) 5 = 207(Q 31
D ( o) o ( o) o Q (3

where in the last expression we have introduced the
new small parameter D/CQ, < 1, appearing in strong
antiadiabatic limit. Correspondingly, in this limit we
always have:

= A2~ fe (32)

Q, 0

so that for reasonable values of A (even up to a strong
coupling region of A ~ 1) “antiadiabatic” coupling
constant remains small. Obviously, all vertex correc-
tions are also small in this limit, as was shown by direct
calculations in [24], which went rather unnoticed.
Thus we come to an unexpected conclusion—in the
limit of strong nonadiabaticity the electron—phonon
coupling becomes weak!

For imaginary part of self-energy in strong antiadi-
abatic limit we easily obtain:

ImX(e > 0) = —i2nDe '[ dwo’ (W) F(0)dE* — o)
= —i2nDe dmocz(w)F(oa)zis{S(s — ) + 8 + ®)} (33)

= —inDo’(e)F(€),
which in a single phonon model reduces to:
Im3(e > 0) = —inDo’(€,)d(€ — Q)

- 34
—%‘ngééS(e - Q). G
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From these expressions it is clear that this imaginary
part is not particularly important in this limit (being
non zero only for € = €,), and equation for the real
part of electronic dispersion:

e—¢,—ReX(e) = (35)
is now:
E—§g, —(x(Q) =0. (36)
0 _ QO
Correspondingly, for € ~ €, we can write:
e—g,— 0 (Qo) =0, (37)

_QO

which for €, — 0 gives a small correction to the spec-
trum:

2 2D
E=¢g,—0 (QO)Q—(Z)
obviously reducing to a small (A, < 1) renormaliza-
tion of the effective mass (26).

Physically, the weakness of electron—phonon cou-
pling in strong nonadiabatic limit is pretty clear—
when ions move much faster than electrons, these
have no time to “fit” the rapidly changing configura-
tion of ions and, in these sense, only weakly react on
their movement.

€, =€, —Apg, =€,(1-24p) (38)

6. ELIASHBERG EQUATIONS
AND THE TEMPERATURE
OF SUPERCONDUCTING TRANSITION

All analysis above was performed for the normal
state of a metal. The problem arises, to which extent
the results obtained can be generalized for the case of
a metal in superconducting state? In particular, what

coupling constant (A, A, or Ap) determines the tem-
perature of superconducting transition 7, an antiadia-
batic limit? Let us analyze the situation within appro-
priate generalization of Eliashberg equations.

Taking into account that in antiadiabatic approxi-
mation vertex corrections are irrelevant and neglecting
the direct Coulomb interaction, Eliashberg equations
can be derived by calculating the diagram of Fig. 1,
where electronic Green’s function in superconducting
state is taken in Nambu’s matrix representation. For
real frequencies this is written in the following stan-
dard form [2]:

Z()ET) + €,T; + Z()A(E)T,

G(e,p) = , (39
ZXe)E’ - Z (o)A (e) - &,
which corresponds to the matrix of self-energy:
2ep) =[1-Z(@©)t, + Z(&A(®)T, (40)

where T, are standard Pauli matrices, while functions
of mass renormalization Z(€) and energy gap A(€) are
determined from solution of integral Eliashberg equa-
Vol. 128
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tions, which in representation of real frequencies are
written as [2]:

I
Vet = AXE)

Lsign g,
Ve =A%)

where integral equation kernel has the following form:

[1— Z(e)e=— I de'K(e,€)Re sign e, (41)
Ry}

Z(e)A(e) = j K(e',€)Re (42)
“p

K(e',e) = % J' Ao’ (@) F(o)
0

tanhi’ +coth-& tanhi' —coth & (43)
% 2T 2T 2T 2T )

g+mw—e—id e —-mw—-e—1id

The only difference here from the similar equations of
[2] is the appearance of the finite integration limits,
determined by the bandwidth, as well as the absence of
the contribution of direct Coulomb repulsion, which
will not be discussed here. In fact, Eqgs. (41) and (42)
are the direct analog of Egs. (6) and (21) for normal
metal and replace them after the transition into super-
conducting phase.

To determine the temperature of superconducting
transition it is sufficient, as usual, to analyze the lin-
earized Eliashberg equations, which are written as:

D .
- Z@)k = jds j doo’ () F(m) f(—€")
0 0

(44)
( 1 _ 1
e+e+m+id € —-e+w0—id
D
Z(©)A(E) = | — tanh 2— Re A(g")
0
x j dwo’ () F(m) (45)
0

x( 1 1 )
g+e+w+id € —-e+w®—id
For us it is sufficient to consider in these equations the

limit of € — 0 and look for the solutions Z(0) = Z and
A(0) = A. Then from (44) we obtain:
oo D ,
[1-ZJe =-2¢ _[ dmocz(m)F(m)J‘%
. 0 0 ( (D) (46)
D
= 2¢| dwo’’ (@) F(0) ——
! @F©
or
Z =1+, (47)
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where the constant A was defined above in Eq. (24).
Thus, precisely this effective constant determines
mass renormalization both in normal and supercon-
ducting phases. As was shown above, in the limit of
strong antiadiabaticity this renormalization is very
small and determined by the limiting value of A, (31).

Situation is different in Eq. (45). In the limit ofe —
0, using (47) we immediately obtain from (45) the fol-
lowing equation for 7,

oo D
1+h=2 j armz(a))F(m)j“’—“3 (48)
0 o E(E +

)
In antiadiabatic limit, when characteristic frequencies
of phonons exceed the width of the conduction band,
we can neglect €' as compared to ® in the denominator
of the integrand in (48), so that the equation for T, is
rewritten as:

" 2 B .
| e (49)

tanh i
27T,

D
=A J. €' tanh-&,
o € 27,
where A is Eliashberg—McMillan coupling constant as
defined above in Eq. (10). From here we immediately

obtain the BCS-type result:

1+ k)
A

We have seen above, that in antiadiabatic limit we

always have A — Ap < A, so that in the exponent in
(50) we can neglect it, so that the expression for 7, is
reduced simply to BCS weak coupling formula, with
preexponential factor determined by the half-width of
the band (Fermi energy), while the pairing coupling
constant in the exponential is determined the general
Eliashberg—McMillan expression (taking account the
discussion above).

In the model with single optical phonon of fre-
quency €, Eq. (49) has the form:

T, ~ Dex p( (50)

1+% =20 (Qo)j

tanh £ 51
SNC)

Qo)

Equation (51) is easily solved (the integral here can be
taken, as usual, by partial integration) and we obtain:

1+X+Mn(£+lj

0

1. ~ Dexp| — x

(52)

Vol. 128 No.3 2019



462

where for A is naturally defined by Eq. (30). We see,

that in antiadiabatic regime, for D < 1 this expres-
0

sion reduces to (50), while in adiabatic limit D > 1

0
we obtain the usual expression for 7, of Eliashberg the-
ory for the case of intermediate coupling:

(53)
Thus, Eq. (51) gives the unified expression for T,
which is valid both in adiabatic and antiadiabatic lim-
its, smoothly interpolating between these two limits.

Finally, we come to rather unexpected conclu-
sions—in the limit of strong nonadiabaticity 7, is
determined by an expression like BCS weak coupling
theory, with preexponential determined not by a char-
acteristic phonon frequency, but by Fermi energy (the
same conclusion was reached in a recent paper by
Gor’kov [10]), while the pairing coupling constant
conserves the standard form of Eliashberg—McMillan

theory. The effective coupling constant A, tending in
antiadiabatic limit to Ap, determines the mass renor-
malization, but not the temperature of superconduct-
ing transition.

7. CONCLUSIONS

In this work we have considered the electron—pho-
non coupling in Eliashberg—McMillan theory outside
the limits of the standard adiabatic approximation. We
have obtained some simple expressions for interaction
parameters of electrons and phonons in the situation,
when the characteristic frequency of phonons €,
becomes large enough (comparable or even exceeding
the Fermi energy Ey). In particular, we have analyzed
the general definition of the pairing constant A, taking
into account the finite value of phonon frequency. It
was shown, that in a popular model with dominating
“forward” scattering it leads to exponential suppres-
sion of the coupling constant for the frequencies >

vrqy, Where g, defines the characteristic size of the
region of transferred momenta, where electrons inter-
act with phonons. Similar situation appears also in the
usual case, when g, is of the order of inverse lattice
vector, and phonon frequency exceeds the Fermi
energy Ef.

We have obtained a simple expression for elec-

tron—phonon coupling constant, A, determining the
mass renormalization in Eliashberg—McMillan the-
ory, taking into account the finite width of conduction
band, which describes the smooth transition from adi-
abatic regime to the region of strong nonadiabaticity.
It was shown, that under the conditions of strong non-
adiabaticity, when €, > FE, a new small parameter
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7\,& A2« (D is the half-width of conduction

Q Q

banod) appe?ars in the theory, and corrections to elec-
tron spectrum become, in fact, irrelevant, as well as all
vertex corrections. In fact, this allows us to apply the
general Eliashberg equations outside the limits of adi-
abatic approximation in strong antiadiabatic limit.
Our results show, that outside the limits of adiabatic
approximation, in the limit of strong nonadiabaticity,
for superconductivity we have a weak coupling regime.
Mass renormalization is small and determined by
effective coupling constant A, while the strength of
the pairing interaction is determined by the standard
Eliashberg—McMillan coupling constant A > Ap,
appropriately generalized with the account of finite-
ness of phonon frequency (comparable or exceeding
the Fermi energy). The cutoff of pairing interaction in
Cooper channel in antiadiabatic limit, as we have seen
above (cf. also Gor’kov’s paper [10]), takes place at the
energies ~Ep, in weak approximation (supported by
our estimates) possible vertex corrections are irrele-
vant and for 7, we can use the usual expression of BCS
theory (50), which was also stressed in [10]. The small
value of Ep in FeSe/STO system leads to the conclu-
sion, that the only interaction with antiadiabatic pho-
nons of STO is insufficient to explain the experimen-
tally observed values of T, as far as we limit ourselves
to weak coupling approximation ant the value of A dies
not exceed 0.25. In this case it is necessary to take into
account two pairing mechanisms, those responsible
for the formation of initial 7}, in the bulk FeSe (pho-
nons or spin fluctuations in FeSe) and those enhanc-
ing the pairing due interaction with optical phonons of
STO. Appropriate estimates of 7, performed in [8, 10]
are in reasonable agreement with experiments on
FeSe/STO, with no use of the ideas on pairing mech-
anisms with “forward” scattering. At the same time,
our analysis show, that the expression for 7, like
Eq. (50), which formally has the form of weak cou-
pling approximation of BCS theory, in reality “works”
(in the limit of strong nonadiabaticity) also for large
enough values of A, at least up to A ~ 1, when polaronic
effects become relevant. Correspondingly, to explain
the experimentally observed values of 7, in FeSe/STO
it may be sufficient to deal only with electron interac-
tions with optical phonons of STO, as far as the values
of A ~ 0.5 can be realized in this system. However, the
realization of such large values of coupling constant
here seems rather doubtful in the light of our discus-
sion above (cf. also the results of first—principles cal-
culations of A in [23]).

The separate question, which remained outside our
discussion, is the account of direst Coulomb repul-
sion. In standard Eliashberg—McMillan theory, in
adiabatic approximation, when the frequency of pho-
nons is orders of magnitude smaller, than Fermi
energy, this repulsion enters via Coulomb pseudopo-
Vol. 128
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tential u* which is significantly suppressed by Tol-
machev logarithm [2]. In antiadiabatic situation this
mechanism of suppression does not operate, which
creates additional difficulties for realization of super-
conductivity. In general, the problem of the possible
role of Coulomb repulsion in antiadiabatic regime of
electron—phonon coupling deserves serious further
studies.

This work was partially supported by RFBR grant
no. 17-02-00015 and the Program of Fundamental
Research of the Presidium of the Russian Academy of
Sciences no. 12 “Fundamental problems of high-tem-
perature superconductivity.”
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The influence of antiadiabatic phonons on the superconducting transition temperature is considered within
Eliashberg—McMillan approach in the model of discrete set of (optical) phonon frequencies. A general
expression for superconducting transition temperature 7, is proposed, which is valid in situation, when one
(or several) of such phonons becomes antiadiabatic. We study the contribution of such phonons into the Cou-
lomb pseudopotential pL*. It is shown that antiadiabatic phonons do not contribute to Tolmachev’s logarithm
and its value is determined by partial contributions from adiabatic phonons only. The results obtained are dis-
cussed in the context of the problem of an unusually high superconducting transition temperature of the FeSe

monolayer on STO.
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1. INTRODUCTION

The most developed approach to description of
superconductivity in the system of electrons and pho-
nons is Eliashberg—McMillan theory [1—4]. It is well
known that this theory is completely based on the
applicability of adiabatic approximation and Migdal
theorem [5], which allows neglecting vertex correc-
tions in calculations of the effects of electron—phonon
interaction in typical metals. The real small parameter

of perturbation theory is l% <1, where A is the

F
dimensionless electron—phonon coupling constant,

Q, is the characteristic phonon frequency, and Ey is
the Fermi energy of the electrons. In particular, this
leads to a conclusion that vertex corrections in this
theory can be neglected even for A > 1, because of the

validity of inequality 2 < 1 characteristic of typical

F
metals.

In a recent paper [6] we have shown that under the

conditions of strong nonadiabaticity, when Q, > Ep,
a new small parameter appears in the theory

Ap ~ xfTF ~ AL <1 (D is the half-width of electron
band), so0 that 0corrections to electronic spectrum
become irrelevant and vertex correction can be simi-
larly neglected [7]. In general case, the renormaliza-
tion of electronic spectrum (effective mass of an
electron) is determined by the new dimensionless

! The article is published in the original.

constant A, which reduces to the usual A in adiabatic
limit, while in the strong antiadiabatic limit it tends to

Ap- At the same time, the superconducting transition

temperature 7, in antiadiabatic limit is determined by
Eliashberg—McMillan pairing coupling constant A,
while the pre-exponential factor in the expression for
T., which is of the typical weak-coupling form, is
determined by band half-width (Fermi energy). For
the case of the interaction with a single optical phonon
in [6] we obtained the unified expression for T, valid
both in adiabatic and antiadiabatic regimes, and pro-
ducing a smooth interpolation in the intermediate
region.

In [6] we also noted that the presence of high pho-
non frequencies of the order of or even exceeding the
Fermi energy, leads to the obvious suppression of Tol-
machev’s logarithm in the expression for Coulomb
pseudopotential pL*, which creates additional difficul-
ties for the realization of superconducting state in the
system with antiadiabatic phonons.

The interest to this problem is stimulated by the
discovery of a number superconductors, where adia-
batic approximation is not valid, while characteristic
phonon frequencies are of the order of or even higher
than Fermi energy of electrons. Most typical in this
sense are intercalated systems with monolayers of
FeSe, as well as monolayers of FeSe on Sr(Ba)TiO;
(and similar) substrates (FeSe/STO) [8]. For the first
time, the nonadiabatic character of superconductivity
in FeSe/STO was noted by Gor’kov [9, 10], while dis-
cussing the idea of possible mechanism of the
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enhancement of superconducting transition tempera-

ture 7, in FeSe/STO system due to interaction with
high-energy optical phonons of SrTiO; [8].

In this work, we consider the generalized model
with discrete set of the frequencies of (optical) pho-
nons, part of which may be andiabatic. We obtain the
general expressions for 7, valid both in adiabatic and
antiadiabatic limits. We also present the general anal-
ysis of the problem of the Coulomb pseudopotential in
such model. The results obtained are used for simple

estimates of 7, in situation typical for FeSe/STO.

2. SUPERCONDUCTING TRANSITION
TEMPERATURE

Linearized Eliashberg equations, determining

superconducting transition temperature 7., written in
real frequencies representation, have the following
form [2]:

D oo
[1— Z(e)e = j de' j dao () F(w) f(—¢)
0 0

(1)
« ( | ~ 1
e+e+0+id € —-e+w—id
D

— [9€ canh £ Reace

Z@E©)Ae) = ! o tanh 2= ReA®)
% J.doxxz(w)F(co) )

0

e o)

e+e+m+id €-e+m0—1id

Here, A(w) is the gap function of a superconductor,
Z(w) is the electron mass renormalization function,
and f(¢) is the Fermi distribution function. In differ-
ence with the standard approach [2], we have intro-
duced the finite integration limits, determined by the
(half)bandwidth D. In the following we assume the
half—filled band of degenerate electrons in two
dimensions, so that D = Eg > T,, with constant den-
sity of states. For simplicity, we first neglect the con-
tribution of direct Coulomb repulsion. In these (inte-

gral) equations ocz(m) represents Eliashberg—McMil-
lan function, determining the strength electron—
phonon interaction, and F(w) is the phonon density of
states. The Eliashberg—McMillan coupling constant
is defined as:

A= 2] 492 () F(w). 3)
) o

The details concerning its calculation for systems with
nonadiabatic phonons were discussed in details in [6].
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Situation is considerably simplified [6], if we con-
sider these equations in the limit of ¢ — 0 and look for
the solutions Z(0) = Z and A(0) = A. Then, from
Eq. (1) we obtain:

e — e [ dan? _D
[1-ZJ =-2¢ ! dao’ (®)F(w) oo:D) (4)
or
Z=1+AX (3)
where
& mdw 2 D
- D 6
A 2_([;0( (@F(@) ", (6)

which for D — o reduces to the usual Eliasberg—
McMillan constant (3), while for D significantly
smaller than characteristic phonon frequencies it gives
the “antiadiabatic” coupling constant:

2Dj 4942 (@) F(w). 7

Equation (6) describes smooth transition between the
limits of wide and narrow conduction bands. Mass
renormalization is, in general case, determined exclu-

sively by constant %

m* = m(l + A). (8)

In the limit of strong nonadiabaticity, this renormal-
ization is quite small and determined by the limiting

expression A, [6].

From Eq. (2) in the limit of € — 0 and using (5),
we immediately obtain the following expression for 7 :

o D
1+ 1 = 2f doo’@F (@) —2E—tanh £ (9)
% 0 E'(€"+ o) 2T,
Consider now the situation with discrete set of phonon
modes (dispersionless, Einstein phonons). In this
case, the phonon density of states is written as:

F(®) = Z&(w - ), (10)

where @, are discrete frequencies modeling the optical
branches of the phonon spectrum. Then, from
Egs. (3) and (6) we have:

_ N 0C(@) _
h=2) =2 (11
& ocz(co,-)D _ D _~x-
" 22,-“ o, + D) 22‘%" o+D Z)"" (12)
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Correspondingly, in this case:
o (@F(@) = Y 0(@)d(0 - o)

(13)
= Z%w,ﬁ(w - ).

The standard Eliashberg equation (in adiabatic limit)
for such model were consistently solved in [11]. For
our purposes, it is sufficient to analyze only Eq. (9),
which takes now the following form:

D
5 de' €'
1+A=2>0a’ ;)| ————tanh—. 14
Z: ( )£815-+ ) 27, (1
Solving Eq. (14), we obtain:
N
A ~
D 1+ x)
T, ~ exp| ————|. 15
HL N g] p( x ()

For the case of two optical phonons with frequencies
o, and ®, we have:

M )

vy "
1+2) |1+ 2

where L =X, + A, and A = A, + A,. For the case of
o, < D (adiabatic phonon), and ®, > D (antiadia-
batic phonon) Eq. (16) is immediately reduced to:

M I R

T, ~ (@) (D) exp (—%j

Here, we can see that the frequency of antiadiabatic

phonon in the pre-exponential factor is replaced by

band half-width (Fermi energy), which plays a role of

cutoff for logarithmic divergence in Cooper channel in
antiadiabatic limit [6, 9, 10].

The general result (15) gives the unified expression
for 7, for the discrete set of optical phonons, valid in
both adiabatic and antiadiabatic regimes and interpo-
lating between these limit in intermediate region.

1+ A
LA 16
L ) (16)

A7)

3. COULOMB PSEUDOPOTENTIAL

Above, we had neglected the direct Coulomb
repulsion of electrons, which in the standard approach
[1—3] is described by the Coulomb pseudopotential
w*, which is effectively suppressed by large Tol-
machev’s logarithm. As noted in [6] antiadiabatic
phonons suppress Tolmachev’s logarithm, which
apparently leads to a sufficient suppression of the
superconducting transition temperature. To clarify
this situation let us consider the simplified version of
integral equation for the gap (2), writing it as:

D
Z(e)A(e) = I de'K (e, 8')5 tanh % A(e), (18)
0 c

SADOVSKII

where the integral kernel we write as a combination of
two-step functions:

K(e,€) = AO(D — [e)6(D — |e')
— U6(D — [ehB(D — [¢')),
where U is the dimensionless (repulsive) Coulomb

potential, while the parameter D, determining the
energy width of attraction region due to phonons is
determined by pre-exponential factor of Eq. (15):

Ai

0

D= HL fg] .
;

(19)

(20)

i

Note that we always have D < D. Equation (18) is now
rewritten as:

D
Z@AE) = (- %tanh %A(e')
0

) ‘ 1)
— u[ ).
% €
Writing the mass renormalization due to phonons as:
1+X for e<D
Z(e) = o = (22)
1 for e>0D,

we look for the solution of Eq. (18) for A(g), as usual,
also in the two-step form [1—3]:

A, f <D
Ae) = 1N or € ),
A, for €>D.

Then, Eq. (21) transforms to the system of two homo-
geneous linear equations for constants A, and A,:

(23)

A+ DA, = (0 —u)ln]gA, —umn?2a,,

5 ¢ b 24)
A, =—In=A, —uln=A
2 u T 1 — U 52

with the condition for nontrivial solution taking the
form:

1+4 = A—LD In
1+uln=
uin

(25)

~N |bz

Correspondingly, for the transition temperature we get:
T = f)exp(— 1+ A )’
A —u*
where the Coulomb pseudopotential is determined by
the expression

(26)

Trpinz t+pm [T (1+2)
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Thus, the phonon frequencies enter Tolmachev’s log-
arithm as the product of partial contributions, with
values determined also by corresponding coupling
constants. Similar structure of Tolmachev’s logarithm
was first obtained (in somehow different model) in
[12], where the case of frequencies going outside the
limits of adiabatic approximation was not considered.
In this sense, Eq. (27) has a wider region of applicabil -
ity. In particular, for the model of two optical phonons
with frequencies m, < D (adiabatic phonon) and

w, > D, from Eq. (27) we get:

* u — u 28
e R T (28)
+},Lln(—) I1+p—In—=
o Lo

We can see that the contribution of antiadiabatic pho-
non drops out of Tolmachev’s logarithm, while the
logarithm itself remains, with its value determined by
the ratio of the band half-width (Fermi energy) to the
frequency of adiabatic (low frequency) phonon. The
general effect of suppression of Coulomb repulsion
also remains, though it becomes weaker proportion-
ally to the partial interaction of electrons with corre-
sponding phonon. This situation is conserved also in
the general case, where Tolmachev’s logarithm and
corresponding Coulomb pseudopotential are deter-
mined by contributions of adiabatic phonons, while
antiadiabatic phonons drops out. Thus, in general
case, situation becomes more favorable for supercon-
ductivity, as compared to the case of a single antiadia-
batic phonon, considered in [6].

4. CONCLUSIONS

To summarize, we have considered the electron—
phonon coupling in Eliashberg—McMillan theory in
situation, when antiadiabatic phonons with high
enough frequency (comparable or exceeding the

Fermi energy Ey) are present in the system. The value
of mass renormalization, in general case, is deter-

mined by the coupling constant A, while the value of
the pairing interaction is always determined by the
standard coupling constant A of Eliashberg—McMil-
lan theory, appropriately generalized by taking into
account the finite value of phonon frequency [6].
Mass renormalization due to antiadiabatic phonons is
small and determined by the coupling constant

Ap < A. In this sense, in the limit of strong antiadia-
baticity, the coupling of such phonons with electrons
becomes weak and corresponding vertex correction
are irrelevant [7], similarly to the case of adiabatic
phonons [5]. Precisely this this fact allows us to use
Eliashberg—McMillan approach in the limit of strong
antiadiabaticity. In the intermediate region all expres-
sions proposed above are of interpolating nature and
for more deep understanding of this region we have to
use other approaches (see, e.g., [13, 14]).
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Fig. 1. (Color online) Superconducting transition tem-
perature versus the coupling constant with a high-energy
phonon for the typical parameters of the FeSe/STO sys-
tem.

The cutoff of pairing interaction in Cooper channel
in antiadiabatic limit takes place at energies ~FEy, as
was previously noted in [6, 9, 10]), so that correspond-
ing phonons do not contribute to Tolmachev’s loga-
rithm in Coulomb pseudopotential, though large
enough values of this logarithm (and corresponding
smallness of pu*) can be guaranteed due to contribu-
tions from adiabatic phonons.

Note that above we have used rather simplified
analysis of Eliashberg equations. However, in our
opinion, more elaborate approach, e.g., along the
lines of [11], will not lead to qualitative change of our
results.

In conclusion, let us discuss the current results in
the context of possible explanation of high-tempera-
ture superconductivity in a monolayer of FeSe on
Sr(Ba)TiO; (FeSe/STO) [8]. The presence in
Sr(Ba)TiO; of high-energy optical phonons indicates

the possibility of significant enhancement of 7, in this
system due to interactions of FeSe electrons with these
phonons on FeSe/STO interface [8, 15]. ARPES
experiments [15] and LDA + DMFT calculations [ 16,
17] have shown that Fermi energy Er in this system is
significantly (practically two times) lower than the
energy of the optical phonon, which unambiguously
indicates the realization, in this case, of antiadiabatic
situation [9, 10]. Let us look if we can explain the
observed high values of 7, in this system using the
expressions derived in this work. Assuming for FeSe
on STO the characteristic value of phonon frequency
o, =350 K, Fermi energy Er = D = 650 K, and the
energy of the optical phonon in SrTiO; ®, =1000 K

[8, 15], we calculate T, using Egs. (16), (26) (the case
two phonon frequencies), considering u* as a free
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model parameter. Let us choose the value of A; to
obtain, in the absence of interactions with high-energy

phonon of STO, the value of 7, = 9 K, typical for the

bulk FeSe, which gives A, > 0.4. Results of our calcu-
lations are shown in Fig. 1. We can see that the exper-
imentally observed [8] high values of 7, ~ 60-80 K
can be obtained only for large enough values of the
coupling constant of FeSe electrons with high-energy
optical phonon of STO A, > 0.5, so that the total pair-
ing coupling constant A=A, +A, >0.9. Strictly
speaking, such values of the coupling constants cannot
be considered something unusual. However, the
appearance of these large values in FeSe/STO system
seems rather improbable in the light of qualitative esti-
mates of A for nonadiabatic case in [6], as well as the
results of ab initio calculations of A for this system [18].
Note also that the values of the parameters used here
for FeSe/STO belong to the intermediate region
between adiabatic or nonadiabatic regions, where our
expressions, as was stressed above, are of interpolating
nature. Variation of the values of these parameters in
relatively wide range does not lead to the qualitative
change of our results. Traditionally low values of pu*
used here, cannot be obtained for the assumed values
of D= Eg, o and coupling constants from expres-
sions like (28) with usual values of u, due to rather
small values of corresponding Tolmachev’s logarithm.
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We consider the simplest model for temperature-linear growth of the resistivity in metals. It is shown that the
so-called “Planckian” limit for the temperature dependent relaxation rate of electrons follows from a certain
procedure for representation of experimental data on the resistivity and, in this sense, is a kind of delusion.
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Linear with temperature growth of electrical resis-
tivity in cuprates and some other correlated systems in
a wide region from very low to pretty high tempera-
tures for many years remains one of the major puzzles
of the physics of high-temperature superconductors.
In recent years, a number of interesting papers
appeared [1, 2], where by the analysis of experiments
on rather wide range of compounds, it was shown that
in the T-linear region of resistivity growth, the scatter-
ing rate of electrons (inverse relaxation time) with

rather high accuracy is described as I 1 OCM,
T
where o0 ~ 1 and is weakly depending on the choice of
the material. In particular, for systems being close to a
quantum critical point (on the phase diagram of
cuprates and some other similar systems) o belongs to
the interval 0.7—1.1. More so, a similar dependence
describes rather well the data for a number of usual
metals (Cu, Au, Al, Ag, Pb, Nb, etc.) in the region of
T-linear growth of the resistivity (which is usually real-
ized at temperatures T > ©,/5, where O, is the
Debye temperature). In this case, o covers a signifi-
cantly wider interval from 0.7 to 2.7 [1, 2]. In connec-
tion with these (and some similar) results the notion of
the universal (independent of interaction strength)
“Planckian” upper limit of scattering rate was intro-
duced L =, = KoL
Tp h
behavior of the resistivity for such different systems,
also starting from very low temperatures, up to now a
number of relatively complicated theoretical models
were proposed [4—7], including some rather exotic,
based on the analogies taken from black hole physics,
cosmology and superstring theory (e.g., see [8§—11]).
In usual metals, the temperature dependence of the
resistivity (conductivity) is almost completely related
to inelastic scattering of electrons by phonons. In

usual metals at high enough temperatures 7" > O /5,

[3]. To explain this temperature

it dominates and leads to 7-linear growth of the resis-
tivity

p(T) —py = AT, (1)

where p, is the residual resistivity at 7 = 0 due to the
scattering by random impurities.

In terms of the conductivity, we may write the sim-
ple Drude expression

o(T) = 6y +o(T), (2)

where o, is the residual conductivity at 7 = 0 and

oT) = "—ezr(T) = ”—ezr“(T). (3)
m m

Here and below, m is understood to be the band effec-
tive mass, while I'(T") = LT is the temperature depen-
T

dent relaxation (scattering) rate due to inelastic scat-
tering of electrons by phonons, which grows linearly
with temperature for 7 > 0.20. Correspondingly, we
obtain the resistivity as

p(T) = py = "5 T(T). 4)
ne

The concept of the Planckian relaxation rate can be
introduced via elementary estimates [9]. At 7" > 0, the
processes of inelastic scattering appear due to different
interactions (electron—phonon, spin fluctuations,
quantum fluctuation of arbitrary origin). In particular,
these processes are responsible for thermodynamic
equilibrium of electronic subsystem leading to Fermi
distribution. The conductivity of a metal (degenerate
case) is determined by electrons distributed in a layer

of the width ~k7" around the Fermi level (chemical
potential).

188
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Let us perform elementary estimates using the
energy—time uncertainty relation

AET > R, (%)

where 7T is the lifetime of a quantum state and AF is its
energy uncertainty. Naturally, in our case T = (7)),
while AE ~ kgT, which immediately leads to an esti-
mate
(T = L <okl —or, = & (6)
«T) h Tp
where o ~ 1. We conclude that, according to such an
elementary estimate, the Planckian relaxation rate
determines precisely the upper limit for the resistivity
due to inelastic scatterings:
m _kgT
p(T) —py = LT(T) < o
ne h
However, it is obvious that thls estimate is of rather
speculative nature for the system of many interacting
particles.
Consider the following Hamiltonian for interaction
of metallic electrons with arbitrary quantum Bose-

type fluctuations: !

= app(T). (1)

Hint = ngqa;+qappq' (8)
N Pq

Here we use the standard notations for creation and
annihilation operators of electrons, p, is the quantum
fluctuation operator of “any kind” (e.g., the ion den-
sity in a lattice), g, is the appropriate coupling con-
stant (matrix element of interaction potential) [12, 13].
Let us introduce the appropriate (Matsubara) Green’s
function as

F(a,0) = ~(Tip,(0p,(0)). O)

For this function, we can write the standard (Bose)
spectral representation [14]

A(q, ©)
- (D

F(q,im,) = j dop 2% (10)

where ®,, = 2nm T and the spectral density is defined
as

A(q, ®)

~ _En _Omn 11
= Z lze Tl(pq)nm|2(1 —e ! )6(0‘)_ (Dm”), ( )

where ®,, = E,, = E,. (0)um = AP = (Pg)n-

The dynamic structure factor of fluctuations is
defined as [12, 13]

S@® = 2" e T p)mfd0-0,). (1)

1 Below, we assume that 1 = kg = 1.
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Fig. 1. Diagram of the second order for the electron self-
energy, where the dashed line is the Green’s function of
quantum fluctuations F and the solid line is the electron
Green’s function G.

Comparing Egs. (11) and (12), we obtain

A0 = S@o)|1-¢ . (13)
Electronic Green’s function in the Matsubara repre-
sentation is written as

1
ien - E.;p - E(Em p),

where €, = 2n+1)nT and &, is the electronic spec-
trum measured from the chemical potential. Assum-
ing the validity of Migdal’s theorem [15] we can take
the electron self-energy in the simplest approxima-
tion, shown in Fig. 1:

(14)

G(e,,p) =

2(e,, p)

T .
= NZ&?Z F(q,i®0,)G(€, + ®,,,p +q)
q m

w (15)
T 2 S(q, ®) ( —9)
=— do—>—=(1-e"
RN L
X 1 .
ig, +i0, — &,

Consider now the case where the average frequency of
fluctuations (Q) is significantly lower than the tem-
perature 7. Then in Eq. (15) we can limit ourselves
only by term with m = 0 and thus to the picture of qua-
sielastic scattering by fluctuations:

(e, p) = lzngj'dm S(q,éﬂ)
€, p+q

= quSm)
E.']H—q

where we have mtroduced the structure factor of fluc-
tuations as [13]

(16)

_1
S@ =~ j doS(q, o). (17)
In fact, this is a direct analog the well-known Ziman—
Edwards approximation in the theory of liquid metals.
The case of S(q) = const corresponds to chaotic dis-
tribution of static scattering centers [15].
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Fluctuation operator p, for the case of some collec-
tive mode can be expressed via (boson) annihilation
and creation operators for corresponding quanta (e.g.,
phonons) [13]:

1
pqzﬁ

Then, we have

(b +.)- (18)
S(q, )

= 27" e [(mlp, b 1m0 — @) (19)

+ (mlb’b_Jm)&(® + coq)},

where , is the spectrum of corresponding excitations.
Introducing the usual Bose distribution

ny = 27 P b bylm) = (20)
m e
we get [13]
S(q, ®) = |(n, + D0 — ©,) + 1,80 + ) | an
= 3(0— ) + 1, [ — ) + H 0+ 0|
In case of T > w,, we have
py =+ (22)
0‘)(1
and, correspondingly,
S =2, (23)
,

q

i.e., we obtain the structure factor linear in 7" and its
momentum dependence is determined simply by exci-
tation spectrum of the appropriate collective mode
(fluctuation). Then,

o281
e, p) =Ty = ——.
q O 1€, — §p+q

To simplify the model further let us assume the spec-
trum of fluctuations to be dispersionless (like Einstein
phonon or optical phonon with weak dispersion)
®, = €. Then performing all calculations similarly to
the problem of an electron in the field of random
impurities [15], we get

(24)

2
S(e,.p) = —imsgne, %N(om (25)

0
where N (0) is the density of states at the Fermi level.

Correspondingly, the scattering rate (damping) is
written as

2
o _ nzgﬁN(O)T = T,

0

(26)

where we introduced in a standard way the dimension-
less coupling constant

_ 28N O)
Q

Now, the electronic Green’s function takes the usual
form [15]

Ao 27)

1
ie, — €, + éF(T)sgnen

G(ie,,p) = ; (28)

where are no renormalization factors of any kind (the
residue at the pole of the Green’s function Z =1),
which is natural for temperatures much exceeding the
frequencies of quantum fluctuations.

After the standard calculations [15], we obtain the
resistivity as

p(T) = Z5T(T) = 21k opp(T), (29)
ne

which in essence just coincide with high-temperature
limit of Eliashberg—McMillan theory [16]. The con-
stant o used in writing down the Planckian relaxation
as (6) is expressed via the parameters of the theory as

(30)

Naturally, it is not universal and is just proportional to
the coupling constant.

All this is known actually for a long time and trivi-
ally explains the 7-linear growth of the resistivity in
accordance with many experiments. To make such
resistivity growth starting from low temperatures it is

sufficient to demand that €, < 7'. Near the quantum
critical point (of any nature), we can expect the typical
“softening” of fluctuation modes like [17]

Qp ~ x—x.[7, (31)
where x, for example, may denote the carrier concen-

tration close to the critical x,., while v and z are the
standard critical exponents of the theory of quantum
phase transitions, determining the critical behavior of
characteristic lengths:

&‘E - |x - xc|*ZV’ (32)

where T is the imaginary (Matsubara) time, so that

é - |X - xc|7vy

above we may just assume €, ~ &;1. This may be
responsible for 7T-linear behavior in systems like
cuprates.

We can avoid the explicit introduction of phonons
(or any other quasiparticles related to fluctuations).
From Eq. (13) for ® < T, we have

Algq, 0) = ‘;“S(q, ) (33)

or
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T
S(qs 0)) = 614((1, (D). (34)
Substituting this expression into Eq. (16), we get the
following expression for the self-energy:

T doA( -, 03)
e, [lote-r)
(€,,p) = Zp,, o it
where everything is determined by the spectral density
of fluctuations A(q, ®), which is not necessarily of a
quasiparticle form. Obviously, for the simplest model
with A(q, ®) = &(w — Q,) (Einstein model of fluctua-
tions) from Eq. (35) we immediately obtain the previ-
ous results of Egs. (25)—(27).

Further, let us assume that fluctuations scatter
electrons in some pretty narrow layer around the
Fermi surface with width determined by their charac-
teristic frequencies ((€) < 7). Then, in the spirit of
the Eliashberg—McMillan theory, we can introduce
the self-energy averaged over momenta at the Fermi
surface:

(35)

Ze) = 1552 S e ).

and an effective interaction averaged over the initial
and final momenta at the Fermi surface:

(36)

g AP — D', @)
1 1 2 .
=>— ) — . - : 3
352 () e A~ DO, ()

N(O)(x (w)F((o)

where

F(®) = Y Alq, o) (38)
q

is the density of states of fluctuations. Then, for (36)
from (35) we get

1
i€, — &

) (39
= —insgne, T J. %’30(2(03)17 ()

= —insgne AT = —lw

sgne,,,

where we introduced the dimensionless coupling
costant similar to that in the Eliashberg—McMillan
theory:

A= 2jd—‘”oc2(m)F(co), (40)
) (O]
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which is in fact determined by (averaged according to
(37)) the spectral density of fluctuations A(q, ®).

Then, we obtain
I(T) = 2nA T, (41)

which is formally of the same form as (26) and imme-
diately leads to (29).

In [1, 2] experimental data on resistivity were fitted
to standard Drude expression (4), where the effective
mass was determined from low temperature measure-
ments (electronic specific heat and oscillation effects
in high magnetic fields) which is actually related to
band structure effective mass by a simple replacement
m — m = m(l + A), which explicitly takes into account
renormalization due to phonons. The deficiency of
such approach was already noted in [18]. Let us show
that precisely this kind of representation of data cre-
ates a delusion of universal Planckian relaxation. In
fact, Eq. (29) for the high-temperature limit of the
resistivity can be rewritten as

p(ry = PUENID) _ it gy 42)
ne- 1+A ne
where
2 A
I(T) =2n——T, 43
(T)=2mn Y (43)
which reduces at A > 1 to
I(T)=2nT (44)

and simply imitates the universal Planckian behavior
of relaxation rate (6) with oo = 21, which is indepen-
dent of coupling constant of electrons with fluctua-
tions (phonons). The replacement m — m = m(1 + \)
in Eq. (42) is correct despite the fact, that here we are
dealing with the high-temperature limit as fitting the
experimental data in [1, 2] was performed using the
effective mass 71, obtained from low femperature mea-
surements, which contains renormalization effects.
For quantitative estimates, it is also quite important to
take into account mass renormalization due to inte-
relectron interactions. Correspondingly, Eq. (43)
should be rewritten as

27[#
1+A+A,
where A, is a dimensionless parameter, determining

mass renormalization due to electron—electron inter-
actions. In Landau—Silin theory of Fermi liquids

I(T) = T, (45)

N

A, = F?l, where F’ is the appropriate coefficient in

ee

Landau function expansion [13]. Direct DMFT cal-
culations for the Hubbard model produce the values of

renormalization factor Z =(1+ Kee)fl in metallic
phase monotonously changing with Hubbard interac-
tion U in the interval between 1 and 0 [19]. Thus, for
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rough estimates for typical metal we can safely take
Ao ~ 1. Then,

o= 2mh (46)
I+A+A,

Then the interval of a0 = 0.7-2.7 [1, 2] for A, =1
corresponds to A = 0.25-1.5, which seems quite rea-
sonable. For example for Al we have the calculated
value A = 0.44 [16], which immediately gives o0 = 1.03
in nice correspondence with “experimental” value
o =1 from [1]. For Pb, taking A =1.68 [16] we get
o ~ 2.86 in reasonable agreement with oo = 2.7 [1].
Similarly, for Nb we have A =1.26 [16] and o ~ 2.42,
also in good agreement with o = 2.3 of [1]. In general,
taking into account the roughness of our estimate of
A.. ~ 1 this agreement seems rather convincing.2

Thus, the “experimentally” observed universal
Planckian relaxation rate in metals, independent of
interaction strength, is nothing more than delusion,
connected with the procedure used in [1, 2] to repre-
sent the experimental data. At low temperatures
(T < (€Q)) Green’s function takes the form

Z

G(g,,p) = -
ie, — Z&, + éZl"(T)sgnsn

; (47)

where the renormalization factor Z < 1 is assumed for
simplicity a constant. The term ZI'(T) = I'(T) in the
denominator describes quasiparticle damping for
which it may seem we have the “universal” high-tem-
perature limit of Eq. (44). However, it is wrong: at high
temperatures (7 > (Q)) the renormalization factor
Z — 1, as can be seen from our results above. Also for
the low temperatures, when Z < 1, the term Z Ew inthe
denominator of (47) describes the renormalized spec-
trum of electrons with mass % = m(l + A), so that elec-
tron velocity at the Fermi surface vy = pp/m — vp =
pr/m = ve /(1 + L). Renormalization of damping cor-
responds to renormalization of mean free time

= Ffl(l + A). Now we see that the mean free path

: . = -1
is not renormalized: / = VgI" " = v and renormal-

ization due to many particle effects, important at low
temperatures, actually do not affect conductivity
(resistivity) at all [20]. In fact, this follows from the
general Ward identity [21].

2 We neglect rather insignificant [16] difference between A
and A;,..
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It is shown that the famous Allen—Dynes asymptotic limit for the superconducting transition temperature in

the very strong coupling region 7, > ZL\/— AQ, (where A > 1 is the Eliashberg—McMillan electron—phonon
%

coupling constant and € is the characteristic frequency of phonons) in the antiadiabatic limit of Eliashberg
equations Q,/D > 1 (D ~ Ef is the half-width of the conduction band and Ef is the Fermi energy) is

replaced by 7, > (27'(:4)_1/3(7\.1)9(2))1/3, with the upper limit 7;, < %XD.
i

DOI: 10.1134/50021364021090034

1. INTRODUCTION

The discovery of superconductivity [ 1] with critical
temperature up to 7, = 203 K in pressure interval of
100—250 GPa (in diamond anvils) in H;S system initi-
ated numerous experimental studies of high-tempera-
ture superconductivity of hydrides in megabar region
(see reviews [2, 3]). Theoretical analysis immediately
confirmed that these record-breaking 7, values are
ensured by traditional electron—phonon interaction in
the limit of strong enough electron—phonon coupling
[4, 5]. More so, the detailed calculations performed
for quite a number of hydrides of transition metals
under pressure [4] lead to prediction of pretty large
number of such systems with record 7T values. In some
cases, these predictions were almost immediately con-
firmed by experiment, in particular the record values
T. = 160—260 K were achieved in LaH , [6, 7], ThH,,
[8], YH¢ [9], (La,Y)Hg o [10]. At last, some time ago
the psychological barrier was overpassed, when in [11]
superconductivity was obtained with 7, = (287.7
1.2) K (i.e., near +15°C) in the C—H-—S system at a
pressure of (267 = 10) GPa.

The principal achievement of these works was,
before everything else, the demonstration of absence
of any significant limitations for 7, within the tradi-
tional picture of electron—phonon mechanism of
Cooper pairing, contrary to a common opinion that 7,
due to it cannot exceed 30—40 K. Correspondingly,
even more demanding now is the problem of the upper
limit of 7, values, which can be achieved with this
mechanism of pairing.

581

Since BCS theory appeared, it became obvious
that 7, can be increased either by an increase in the
frequency of phonons responsible for Cooper pairing
or by the enhancement of the effective interaction of
these phonons with electrons. These problems were
thoroughly studied by different authors. The most
developed approach to description of superconductiv-
ity in electron—phonon system is Eliashberg—McMil-
lan theory [5, 12, 13]. It is well known that this theory
is entirely based on the applicability of adiabatic
approximation and Migdal theorem [ 14], which allows
to neglect vertex corrections while calculating the
effects of electron—phonon interactions in typical
metals. The actual small parameter of perturbation

theory in these calculations is k% < 1, where A is the

dimensionless electron—phononFcoupling constant,
Q) is characteristic frequency of phonons and Efis the
Fermi energy of electrons. In particular, this means
that vertex corrections in this theory can be neglected
even in the case of A > 1, as we always have an inequal-

ity % < ] valid for typical metals.
F
In [15—17], we have recently shown that in the case

of strong nonadiabaticity, when Q; > Er, a new small

parameter appears in the theory A, ~X§~
0

A D < 1 (D is the half-width of the electron band), so

0
that corrections to the electronic spectrum become



582

irrelevant. Vertex corrections can also be neglected, as
it was shown in [18]. In general case the renormaliza-
tion of the electronic spectrum (effective mass of the
electron) is determined by a new dimensionless con-
stant X, which reduces to the usual A in the adiabatic
limit, while in strong antiadiabatic limit it tendsto A .
At the same time, the superconducting transition tem-
perature 7, in the antiadiabatic limit is determined by
Eliashberg—McMillan pairing constant A, generalized
by taking into account finite phonon frequencies.

For the case of interaction with a single optical
(Einstein) phonon in [15] we have obtained the single
expression for 7., which is valid both in adiabatic and
antiadiabatic regimes and smoothly interpolating in
between:

D 1+1
T, ~ exp| — , 1
1+& p( A j M
where A = A is smoothly changing from A for
Q,+D

Q, < D ~ Epto A, inthe limit Q, > D ~ E.

Besides the questions related to possible limits of 7,
in hydrides, where possibly some small pockets of the
Fermi surface with small Fermi energies exist [5], the
interest to the problem of superconductivity in
strongly antiadiabatic limit is stimulated by the discov-
ery of a number of other superconductors, where adi-
abatic approximation cannot be considered valid and
characteristic phonon frequencies is of the order or
even exceed the Fermi energy of electrons. Typical in
this respect are intercalated systems with monolayers
of FeSe, and monolayers of FeSe on substrates like
Sr(Ba)TiO; (FeSe/STO) [19]. With respect to
FeSe/STO this was first noted by Gor’kov [20, 21],
while discussing the idea of the possible mechanism of
increasing the superconducting transition temperature
T. in FeSe/STO due to interactions with high-energy
optical phonons of SrTiO; [19]. Similar situation
appears also in an old problem of superconductivity in
doped SrTiO; [22].

2. LIMITS FOR THE SUPERCONDUCTING
TRANSITION TEMPERATURE IN THE CASE
OF VERY STRONG ELECTRON-PHONON
COUPLING

The general equations of the Eliashberg—McMil-
lan theory determining the superconducting gap A(w,)

in the Matsubara representation (®, = (2rn+1)nT)
can be written as [5, 12, 13]

D oo

A®)Z(@,) =Ty, j dt j deo () F(o)
b0 @)

- 0,50) —— %)

o+ 8+ Aw,)

X D(®,
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Z(w,) —1+—Zj d@jdm (W) F(®)
@D (3)

X D(®, — ©,;®) S :
o, +& + A (w,)

where

2m ‘ (4)

D(w, T 2. 2
(0, -—0,) +o0

- (Dn';o)) =

Here, o’ (0)F(®) is McMillan’s function, F() is the
phonon density of states, and for simplicity we assume
here the model of half-filled band of electrons with

finite width 2D (D ~ Ep) with constant density of
states (two-dimensional case).

We also neglect here the effects of Coulomb repul-
sion leading to the appearance of Coulomb pseudopo-
tential u*, which is usually small and more or less irrel-
evant in the region of very strong electron—phonon
attraction [5, 12, 13].

Then, taking into account

D
1
d
JD éwi' +& + A (w,)

= —# arctan —/# ©)
o, +A(0,) o, +A(®,)

- Larctan A at

A(mn') - Oa
|O‘)n'| |0‘)n'|

the linearized Eliashberg equations acquire the general
form

A®,)Z(®,) = TZI dao’* (w)F(m)
n' 0

(6)
x D(w, — o, ,m)marctanﬂ,
|(Dn'| |0)n|
Z(w,) =1+ —ZJ den () F(o)
(7)

X D(w, —

" mn'l o, |

Consider the equation for n=0 determining
A(0) = A(nT) = A(~nT), which follows directly from
Eas. (6), (7):

AO) = TS [ daa(@)F 20
0 Za! WHOF(@) B "
><MarctanA
|0‘)n'| |0‘)n|
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Leaving only the contribution from »' = —1, we imme-
diately obtain the inequality

1> 2 [ doo’(@F (@) —22—arctan 2., (9)
Ty QrT)y +w nT

which generalizes the similar inequality first obtained
in [23] and determining the Jowerbound for T.. For the
Einstein model of the phonon spectrum, we have

F(mw) = 8(w — Q,), so that Eq. (9) is reduced to:
D O
1>% Xarctan——oz, (10)
i T 2nT)’ + Q,

where A = 20%(Q,)/€, is the dimensionless pairing
coupling constant. For D > nT, we immediately
obtain the Allen—Dynes result [23]:

T, > —J —1Q, > 0.16AQ, at A>1, (11)
which in fact determines the asymptotic behavior of T,
in the region of very strong coupling A > 1. The exact
numerical solution of the Eliashberg equation [23]
produces for 7, the result like (11) with the replace-
ment of a numerical coefficient of 0.16 by 0.18. This
asymptotic behavior rather satisfactory describes the
T, values already for A > 2.

In the case of general phonon spectrum, it is suffi-
cient to replace here Q, — (Qz>”2, where

@) = 7% j Ao () F(0)o (12)
0

is the average (over the spectrum) square frequency of
phonons, and the general expression for the coupling
constant is [5, 12, 13]:

j—"’a (®)F(w). (13)
5 ©
For D < nT from Eq. (10), we obtain
T > —\/X*(T) 1Q,, (14)
where
AT) = 22, (15)
T
so that in the strongly antiadiabatic limit, we get
7. > 'y D))" = 0.170.0Q0)".  (16)
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Fig. 1. (Color online) Superconducting transition tem-
perature in the Einstein model of phonon spectrum in

units of 2 7, /Q versus the pairing constant A for different
values of the inverse adiabaticity parameter D/Q). Dotted

lines show the dependences for 2rn T, /Q in the region of
weak and intermediate couplings (1) [15]. The black
dashed line is the Allen—Dynes estimate valid in the adia-
batic limit [23].

From the obvious requirement of A*(T") > 0, we obtain
the condition:

< 2D, (17)
T
which limits 7}, from above.
Thus, we require the inequality
o'y (DY) < T, < Z D, (18)
T
which is reduced to:
<twp=127aD0 or 25078 (9
T QO A

so that for our analysis to be self-consistent it is
required to have:

A > £ > ], (20)
D

where the last inequality corresponds to strong antia-
diabatic limit. Correspondingly, all the previous esti-
mates are not valid for A ~ 1 and can only describe the
limit of very strong coupling.

In Figs. 1 and 2, we show the results of numerical
comparison of the bounds for T,, following from
Eq. (10) with the values of transition temperature in
the region of weak and intermediate coupling follow-
ing from Eq. (1), for different values of adiabaticity
parameter Q,/D. Itis clear that in the vicinity of inter-
sections of dotted and continuous lines on these
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| ——----Q,/D=1000
Jof —— - 100

Fig. 2. (Color online) superconducting transition tempera-
ture in the Einstein model of the phonon spectrum in units

of 2ntT, /D versus the pairing constant A from different val-
ues of adiabaticity parameter %. Dotted lines show the

dependences for 2T, /D in the region of weak and inter-
mediate couplings (1) [15].

graphs we actually have the smooth crossover from 7,
behavior in the region of weak and intermediate cou-
pling to its asymptotic behavior in the region of very
strong coupling A > 1. It is also seen that the increase
in phonon frequencies and crossover to antiadiabatic
limit does not lead, in general, to the increase in 7, as
compared to adiabatic case.

3. CONCLUSIONS

In this work, we have considered the case of very
strong electron—phonon coupling in Eliashberg—
McMillan theory, including the antiadiabatic situa-
tion with phonons of very high frequency (exceeding
the Fermi energy FEy). The value of mass renormaliza-
tion is in general determined by the coupling constant

X [15], which is small in antiadiabatic limit. At the
same time, the pairing interaction is always deter-
mined by the standard coupling constant A of Eliash-
berg—McMillan theory, appropriately generalized by
taking into account the finite values of phonon fre-
quencies [15]. However, the simplest estimates [15, 17]
show, that in antiadiabatic situation this constant in
general rather rapidly drops with the growth of phonon
frequency Q) for Q, > Er. In this sense, the asymp-
totic behavior of 7, for very strong coupling discussed
above can be possibly achieved only in some excep-
tional cases. Even in this case, as clear from our results,
the transition into antiadiabatic region cannot
increase T, as compared to the standard adiabatic sit-
uation.

While the usual expression for 7, in terms of the
pairing constant A and characteristic phonon fre-

quency Q, ~ <Qz>1/2 are quite convenient and clear, it
is to be taken into account that these parameters are in
fact not independent. As seen from expressions like
(12) and (13), these parameters are determined by the

same Eliashberg—McMillan function o (®)F(w).
Correspondingly, there are limitations for free changes
of these parameters in estimates of optimal (maxi-
mum) values of 7.
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Abstract—We present theoretical analysis of Hall effect in doped Mott—Hubbard insulator, considered as a
prototype of cuprate superconductor. We consider the standard Hubbard model within DMFT approxima-
tion. As a typical case we consider the partially filled (hole doping) lower Hubbard band. We calculate the
doping dependence of both the Hall coefficient and Hall number and determine the value of carrier concen-
tration, where Hall effect changes its sign. We obtain a significant dependence of Hall effect parameters on
temperature. Disorder effects are taken into account in a qualitative way. We also perform a comparison of
our theoretical results with some known experiments on doping dependence of Hall number in the normal
state of YBCO and Nd-LSCO, demonstrating rather satisfactory agreement of theory and experiment. Thus
the doping dependence of Hall effect parameters obtained within Hubbard model can be considered as an
alternative to a popular model of the quantum critical point.

DOI: 10.1134/S1063776123030020

1. INTRODUCTION

The studies of Hall effect in high - temperature
superconductors continues for a long time. The early
experiments demonstrated the significant dependence
of Hall effect parameters on temperature and doping,
which are qualitatively different from the case of ordi-
nary metals [1]. The complete understanding of Hall
effects in cuprates at present is absent.

In recent years much interest was attracted to
experimental studies of Hall effect at low temperatures
in the normal state of high-temperature superconduc-
tors (cuprates), which is realized in very strong exter-
nal magnetic fields [2—4]. The observed anomalies of
Hall effect in these experiments are usually attributed
to reconstruction of Fermi surface due to (antiferro-
magnetic) pseudogap formation and closeness to the
corresponding quantum critical point [5].

Since the early days of theoretical studies of cupra-
tes the leading point of view is, that these systems are
strongly correlated and metallic (and superconduct-
ing) state is realized via doping of the initial Mott insu-
lator phase, which in a simplest case can be described
within Hubbard model. However, up to now there are
only few papers where systematic studies of Hall effect
dependence on doping and temperature were per-
formed within this model [6].

Even the answer to a classical question on the dop-
ing level at which the Hall effect changes its sign is not
perfectly clear. At small hole doping of an initial insu-
lator, such as La,CuQO, or YBCO Hall effect is obvi-
ously determined by hole concentration 6. Then at
what doping level Hall effect changes its sign and when
the transition from hole — like Fermi surface to elec-
tron—like takes place? The answer to this question
seems to be important also for the general theory of
transport phenomena in strongly correlated systems.
This paper is mainly devoted to the solution of this
problem.

2. HALL CONDUCTIVITY AND HALL
COEFFICIENT

One of the most general approaches to the studies
of Hubbard model is the dynamical mean field theory
(DMFT) [6—8], which gives an exact description of
the system in the limit of infinite spatial dimensions
(lattice with infinite number of nearest neighbors).
General approaches allowing to overcome this rigid
limitation are actively developed [9, 10], but as a rule
these complicate the analysis very much. In this paper
we limit ourselves to the analysis of Hall effect within
the standard DMFT approximation. The aim of this
work is systematic study of concentration and tem-
perature dependence of Hall effect at different doping
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levels of the lower Hubbard band and comparison of
theoretical results with experiments on YBCO and
Nd-LSCO [3, 4]. Preliminary results were published
in [11].

In the standard DMFT [6—8] self-energy of a sin-
gle-electron Green’s function G(pe) is local, i.e. inde-
pendent of momentum. Due to this locality both the
usual and Hall conductivities are completely deter-
mined by the spectral density of this Green’s function

A(pe) = —}cImG’*(pa. (1)

In particular, the usual (diagonal) static conductiv-
ity is given by [6]:

i
ool 42

—oo po

a 2
[ﬂ] ALpe), ()
op

while Hall (non-diagonal) conductivity is defined as:

X

n _ 2melal R df(e)
T L de( de ) )
%&m) e ;2

Xz[ o, j a2 * P

Here a is the lattice parameter, €(p) is electron dis-
persion, f(€) is Fermi distribution, and H is magnetic
field along z axis. Then the Hall coefficient:

H
&)

= 4)
Ho,

is also completely determined by the spectral density

A(pe), which in the following will be calculated within

the DMFT [6—8]. Effective Anderson single-impurity

model of DMFT in this paper was solved with numer-

ical renormalization group (NRG) [12].

In the following we consider two basic models of
the bare electron band. The model with semi-elliptic
density of states (DOS) (per elementary cell and single
spin projection) is a reasonable approximation for
three-dimensional case:

No(e) = #\/Dz — €, 5)

where D is conduction band half-width. We assume
that the bare electronic spectrum is isotropic. To find
the momentum derivatives of the spectrum in this
model, entering Egs. (2) and (3), we follow the proce-
dure proposed before in [13]. Appropriate technical
details are presented in Appendix.

For two-dimensional systems, in anticipation of
comparison with experimental data for cuprates, we
limit ourselves to the usual tight-binding model of
electronic spectrum:

Ry

&(p) = —2f(cos(p,a) + cos(p,a))

» (6)
—4t'cos(p,a)cos(p,a).
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Within this two-dimensional model we consider a
number of cases:

(1) spectrum with only nearest hoppings (' = 0)
and full electron-hole symmetry;

(2) spectrum with 7/t = —0.25, which qualitatively
corresponds to electronic dispersion in systems like
LSCO;

(3) spectrum with 7/t = —0.4, which qualitatively
corresponds to situation observed in YBCO.

Below we present the results of detailed calcula-
tions of Hall coefficient for all these models.

3. HALL COEFFICIENT IN TWO-
DIMENSIONAL MODEL OF TIGHT-BINDING
SPECTRUM OF ELECTRONS

Let us start with simplest qualitative analysis. It is
easy to understand that deep in Mott insulator state
with well defined upper and lower Hubbard bands the
Hall coefficient under hole doping is in fact deter-
mined by filling the lower Hubbard band (the upper
band is significantly higher in energy and is practically
unfilled). In this situation in the model with electron—
hole symmetry (in two dimensions this corresponds to
spectrum with # = 0), an estimate of band filling cor-
responding to the sign change of the Hall coefficient
can be obtained using very simple arguments. Let us
consider the paramagnetic phase with n + = n, = n, so
that in the following n denotes electron density per
one spin projection, so the complete density of elec-
trons is given by 2x. Qualitatively the situation is illus-
trated in Fig. 1. In lower Hubbard band (in the vicinity
of the Fermi level £ = 0) 2n electrons occupy states
below the Fermi energy Er. An additional electron can
go to the upper Hubbard band in the vicinity of £~ U,
where we also have 2 states. It also can go to the lower
Hubbard band, where there still remain 2(1 — 2n)
empty states in the region of £ > Erp Summing we
obtain 2n + 2(1 — 2n) + 2n = 2 as it should be. The sign
of the Hall coefficient will change at the half filling of
the lower band, when 2n = 2(1 — 2n). Now it is clear
that the value of the critical concentration is n, = 1/3.

The same result is easily obtained in Hubbard 1
approximation, where the Green’s function spin-up
electron takes the form [14]:

l—l’ll I’IJ,

G{(pe) = :
T (pe) e—e (p)+id e€—¢€.(p)+id

(7

where €.(p) is quasiparticle spectrum in upper and
lower Hubbard bands. We see that in this approxima-
tion the number of states with upper spin projection in
the lower Hubbard band (first term in Eq. (7)) is in
fact 1 — ny. During hole doping of Mott insulator
Vol. 136
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Fig. 1. Schematic picture of doping in Hubbard bands for the case of complete electron-hole symmetry.

practically all filling takes place in the lower Hubbard
band, so that:

n=m=(1-n)| def(®)

x(——lng . z&j = (1 - n)n,.

Then at half-filling of the lower Hubbard band we
have n, = 1/2 and the Hall coefficient (effective mass
of the quasiparticles) changes its sign at n = n, = 1/3,
corresponding to our previous estimate.

In general case situation is obviously more compli-
cated. In strongly correlated systems Hall coefficient
(and other electronic properties) become significantly
dependent on temperature. At low temperature in
these systems DMFT approximation leads, besides
the formation of lower and upper Hubbard bands, to
the appearance of a narrow quasiparticle band, or qua-
siparticle peak in the density of states [6—8]. In hole
doped Mott insulator (in the following we consider
only hole doping) such a peak appears close to the
upper edge of the lower Hubbard band (cf. Fig. 2).
Thus at low temperatures the Hall coefficient is
mainly determined by filling of this quasiparticle
band. At high enough temperature (of the order or
higher than quasiparticle peak width) quasiparticle
peak is damped and the Hall coefficient is mainly
determined by filling of the lower Hubbard band.
Thus, in general case it is necessary to consider two
different temperature regimes for Hall coefficient.

In lIow temperature regime both the width and the
amplitude of quasiparticle peak depend on filling and
temperature. Increasing temperature leads to widen-
ing of quasiparticle peak and some shift of the Fermi
level below the maximum of this peak (cf. Fig. 2). This
may lead to a significant drop of the Hall coefficient,
though further increase of the temperature leading to
the damping of the quasiparticle peak leads to the
growth of this coefficient. Thus the relevant depen-
dence of the quasiparticle peak on band filling in the
low temperature regime leads to the regions of non-
monotonous filling dependence of the Hall coefficient
(cf. Fig. 3a).

From Fig. 3a it is easy to see that high-temperature
behavior of the Hall coefficient in doped Mott insula-
tor (U/2D = 4; 10) in a model with full electron-hole

)
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symmetry (¢ = 0), completely confirms the qualitative
estimate given above. However, this estimate becomes
invalid in the case of noticeable breaking of electron-
hole symmetry (cf. Fig. 3b).

It should be noted that damping and disappearance
of quasiparticle peak can be not only due increasing
temperature, but also due to disordering [9, 13]
(cf. Fig. 4) or due to pseudogap fluctuations, which
are entirely neglected within local DMFT [9, 15].
Thus, in reality the region of applicability of simplest
estimates given above may be much wider.

In general case taking into account disorder scat-
tering (more so pseudogap fluctuations) in calcula-
tions of the Hall effect is rather complicated problem.
As a simple estimate we present below results of calcu-
lations using Egs. (2)—(4), where we have used the val-
ues of the spectral density A(pe) for disordered Hub-
bard model obtained within DMFT+ZX approach [9,
15]. Disorder parameter A denotes the effective scat-
tering rate of electrons by random field (in self-consis-
tent Born approximation). It is clear that this approach
based only on the account of disorder in spectral den-
sity is oversimplified, but it seems reasonable for qual-
itative analysis.

DOS
1.0 T r=0,U/8t=4,
0.8 n=0.4
— T/8t=10.0012
0.8 106 81— o086
L0.4 2
0.6 H0.2

-20 2 4 6 8 10 12

0.4 /8t
0.2+
0 - T . T . . . "
-3 -2 -1 0 1 2

g/8t

Fig. 2. Density of states (DOS) in doped Mott insulator at
different temperatures. Parameters of the Hubbard model
are shown in figure, 8¢ is the initial band-width. At the
insert—the density of states in a wide energy interval
including the upper Hubbard band.
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Fig. 3. Dependence of Hall coefficient on correlation strength U on band filling for 7 =0 (a) and 7/t = —0.4 (b) in low temperature
regime (empty symbols) and in high temperature regime (filled symbols).
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Fig. 4. Dependence of Hall coefficient on band filling in presence of impurity scattering (A/8¢ = 0.25, filled symbols) and in its
absence (A = 0, empty symbols) for two models of two-dimensional electronic spectrum: (a) full electron-hole symmetry (¢ =

0); (b) £/t = —0.4.

In Fig. 4 we compare the dependencies of Hall
coefficient on band filling in the absence of disorder
and for the case of impurity scattering with A/87=0.25
for Mott insulator with U/8¢ = 4. It is seen that for dif-
ferent values of ¢' in high temperature limit disorder
only slightly affects the Hall coefficient by rather
insignificant shift of the value of filling, where Ry
changes its sign. In low temperature regime impurity
scattering, damping the quasiparticle peak, lead to dis-
appearance of the anomalies of Ry, connected with its
existence (cf. Fig. 4a) and weakening differences
between low temperature and high temperature
regimes.

In Fig. 5 we show dependencies of Hall coefficient
on band filling and temperature for the case of Mott
insulator with U/8¢ = 4 for different models of elec-

JOURNAL OF EXPERIMENTAL AND THEORETICAL PHYSICS

tronic spectrum, both for the case of full electron-hole
symmetry with #' = 0 and for #'/t = —0.25 and '/t =
—0.4, characteristic for cuprate systems LSCO and
YBCO respectively. On the dependence of Ry on band
filling with the growth of temperature we observe
smooth evolution from low to high temperature
regime with smooth weakening of the anomalies of
Hall coefficient related to quasiparticle peak, which
are most clearly seen in Figs. 3a and 5a. For all cases of
electronic spectrum under consideration (¢'/t = 0;
—0.25; —0.4) increasing temperature leads to a shift of
the value of filling corresponding to Ry = 0 into the
region of larger hole dopings.

Also in the r.h.s. part of Figs. 5b, 5d, 5f we show the
temperature dependencies of Hall coefficient for dif-
ferent band fillings. In all case we observe the signifi-
Vol. 136

No.3 2023
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Fig. 5. Dependence of Hall coefficient on band filling for different values of temperature—left column (a, ¢, ¢) and temperature
dependence of Ry for different band fillings—right column (b, d, f).

cant dependence of Ry on temperature and for small
hole dopings (n = 0.45—0.3) R; grows with increasing
temperature and we obtain the sign change of Ry at
larger hole dopings (n = 0.3—0.2). For small enough
values of 7 (/t = 0; —0.25) we can observe non
monotonous dependence of Hall coefficient on tem-
perature, when R decreases with increasing tempera-
ture, while it grows at high 7.

The sign change of Hall coefficient is usually con-
nected to a change of the type of charge carriers. Hall
coefficient approaching zero corresponds to diver-
gence of Hall number ny, ~ 1/Ry. At Fig. 6 we show
temperature dependence of the band filling corre-
sponding to the sign change of the Hall coefficient for
all three values of 7/t considered here. We see that in
all models the band filling at which Ry changes its sign
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Fig. 6. Temperature dependence of band filling corre-
sponding to a sign change of Hall coefficient in doped
Mott insulator for three different values of 7 /7.

decreases with temperature. In case of the full elec-
tron-hole symmetry ¢ = 0 we see, that in high tem-
perature regime hole doping 6 = 1 — 2n corresponding
to the sign change of Ry, really tends to 1/3. However,
with increasing |f'/ff we observe the significant
decrease of the value of hole doping where Ry changes
its sign.

4. HALL COEFFICIENT IN THE MODEL WITH
SEMI-ELLIPTIC DENSITY OF STATES

Let us briefly discuss results obtained in the model
of electronic band with semi-elliptic density of states,
which has the full electron-hole symmetry. The main
results are qualitatively similar to the case two-dimen-
sional tight-binding electronic spectrum with ' = 0
also having the complete electron-hole symmetry.
Similarly to two-dimensional case the Hall coefficient
in three-dimensional strongly correlated system is sig-
nificantly dependent on temperature and it is neces-
sary to consider separately the low and high tempera-
ture regimes for Ry, as in the low temperature regime
the Hall coefficient is mainly determined on filling the
quasiparticle band (quasiparticle peak).

Increasing temperature leads to damping of quasi-
particle peak (cf. Fig. 7) and in high temperature
regime Hall coefficient is mainly determined by filling
of the lower (for the case of hole doping considered
here) Hubbard band.

In Fig. 8a we show the Hall coefficient dependence
on electronic band filling if low temperature (unfilled
symbols) and in high temperature (filled symbols)
regimes, both for the case of strongly correlated metal
(U/2D = 1) and for doped Mott insulator (U/2D = 4;
10). We can see that in the low temperature regime, as
in two dimensional model with #' = 0 (Ry is negative
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Fig. 7. Density of states (DOS) in doped Mott insulator
with semi-elliptic band (three-dimensional case) for dif-
ferent temperatures.

practically at all band fillings) at small hole dopings
there is a significant non monotonous dependence of
Ry on doping.

In high temperature regime the Hall coefficient at
small hole dopings is positive (hole-like), decreasing
with increasing hole doping, while at larger dopings
Ry becomes negative, changing its sign (in Mott insu-
lator) at hole doping & = 1 — 2n = 1/3, which again
confirms qualitative estimates given above. A smooth
evolution of Hall coefficient dependence of filling as
temperature increases from low temperature to high
temperature regime in Mott insulator (U/2D = 4) is
shown in Fig. 8b.

In Fig. 9 we demonstrate disorder influence on
Hall coefficient in Mott insulator. In high temperature
limit impurity scattering practically does not influence
Ry at all, while in low temperature limit damping the
quasiparticle peak by disorder removes the anomalous
non monotonous behavior of Ry dependence on #.

5. COMPARISON WITH EXPERIMENTS

As we mentioned before in recent years the unique
experimental studies were performed measuring Hall
effect at low temperatures in the normal state of high-
temperature superconductors (cuprates), which was
achieved in very strong external magnetic fields [2—4].
These experiments revealed the dependence of Hall

2

eR
from linear d|epe%|dence on hole concentration ~0 at
small dopings to the values ~(1 + ) for high enough
concentrations of the order of critical hole concentra-
tion of vanishing (closing) pseudogap. These data are
usually interpreted within the picture of Fermi surface

number 1y = on doping with a smooth transition
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Fig. 8. Dependence of Hall coefficient on band filling for
semi-elliptic density of states: (a) for different values of U
in low temperature (empty symbols) and high temperature
(filled symbols) regimes; (b) for different temperatures at
fixed U/2D = 4.

reconstruction in the vicinity of the expected quantum
critical point in the framework of rather specific
model of cuprates with inhomogeneous localization of
carriers [5, 16]. It should be noted, that in none of
papers known to us were in fact presented experimen-
tal points reliably demonstrating the dependence
~(1 + 8), and clearly established experimental fact is
only the observed growth of the Hall number.

Below we propose an alternative interpretation of
the growth of Hall number in these experiments as
reflecting the approach of the system to critical con-
centration of carriers at which Hall effect just changes
its sign (Hall coefficient R, becomes zero) [11].

In Fig. 10 we show the comparison of the results of
our calculations for Hall number (Hall concentration)

2
ny = | (Ili for typical parameters of the model with
e
experimel;ltal data for YBCO and Nd-LSCO from [3,
4]. We can see that even for this, rather arbitrary,
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Fig. 9. Dependence of Hall coefficient on band filling in
low temperature regime (black curves) and high tempera-
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Fig. 10. Dependence of Hall number 7 on doping—com-
parison with experiments [3, 4] on YBCO and Nd-LSCO,
d =1 — 2n—hole concentration. Stars and diamonds—
results of our calculations, blue circles and red squares—
experiment.

choice of parameters we can obtain almost quantita-
tive agreement with experiment, with no assumptions
about the connection of Hall effect with reconstruc-
tion of Fermi surface by pseudogap and closeness to
corresponding quantum critical point, which were
used in [3—5, 16]. Thus it seems reasonable to interpret
Hall effect in cuprates within picture of lower Hub-
bard model doping in Mott insulator, as an alternative
to the scenario based upon closeness to a quantum
critical point.

In this respect it seems to be quite important to try
to perform more detailed studies of the Hall effect in
the vicinity of a critical concentration corresponding
to sign change of the Hall effect (divergence of the
Vol. 136
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Hall number). It requires the studies of systems
(cuprates) where such sign change can be achieved
under doping.

6. CONCLUSIONS

We have studied Hall effect in metallic state
appearing while doping Mott insulator. Main atten-
tion was to the case of hole doping, characteristic for a
major part of cuprates. We considered a number of
two-dimensional tight-binding models of electronic
spectrum appropriate for description of electronic
structure of cuprates, as well as three-dimensional
model with semi-elliptic bare density of states. In all
models the Hall coefficient R in doped Mott insula-
tor is significantly dependent on temperature. In low
temperature limit R is mainly determined by the fill-
ing of quasiparticle peak, which may lead to non
monotonous dependence of Hall coefficient on dop-
ing. In high temperature limit, when quasiparticle
peak is essentially damped, Rj is mainly determined
by filling of the lower (for hole doping) Hubbard band.
In this limit the sign change of the Hall coefficient and
corresponding divergence of the Hall number takes
place, in the simplest (symmetric) case close to the
band filling » = 1/3 per single spin projection or 2/3
for total density of electrons, which corresponds to
hole doping & = 1 — 2n = 1/3, though in general case
this filling may strongly depend on the choice of
parameters of the model. This concentration follows
from simple qualitative estimates and not related with
more complicated factors like changing the topology
of Fermi surface or the presence of quantum critical
points.

Rather satisfactory agreement of obtained concen-
tration dependencies of Hall number with experiments
on YBCO and Nd-LS CO [3, 4] shows, that our model
may serve as a reasonable alternative to a picture of
Hall effect in the vicinity of quantum critical point
related to closing the pseudogap [5, 16].

The work of EZK, NAK, and MVS was supported
in part by RFBR grant no. 20-02-00011. DIK work
was partly supported by DFG project. no. 277146847 -
CRC 1238.

APPENDIX

“BARE” ELECTRONIC DISPERSION
AND ITS DERIVATIVES FOR BAND
WITH SEMIELLIPTIC DENSITY OF STATES

Let us assume that electronic spectrum corre-
sponding to density of states (5) is isotropic €(p) =
e(|p|) = &(p). To calculate derivatives in (2) and (3) it is
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necessary to perform “angle” averaging of these deriv-
atives by momentum components

2 2
<£a£(p)j> =a'2(p><p_§> =Le2py=Lep), )
op, o Pla d 3

where (...)qg = J-j—? is solid angle averaging in three-

dimensional system (d = 3) and €'(p) = @ is deriv-
D
ative over the absolute value of momentum.
2
(ae(mJ I’e(p)
op, op>
/4 Dy (10)
) pips €' (p)Pip’ — pip,
=e"(p)|e"(p)—7"+ — |
V4 P V4
2
where €"(p) = d8_(2p) Thus we have a problem of find-
dp
pap,
ing the angle average <"—4y> . Let us introduce nota-
P /q
4 [72[72
tions: <p—’;> =g and < x4y> = b. First of all we have:
p Q p Q
<(pi +p, + P )2>
' 0
_ <(pi +py + pe) +2pap, +2pip: +2p,p: > an
' o

4 2 2
:d<1’_§> +d(d_1)<px—i’Y> =3a+6b=1.
Q p Q

P
2 22
(px + py)
RIS 2
p Q

Similarly:

(12)
4 4 2 2
+pl+2
(BT TR g4 p =8
p 0 15
As
(ps+ P2y .
<—4y = (sin* ),
? (13)

T 1
1(.. . 4 1 2.2 8
==|sinOsin 6d0==|(1—-1)dt=—,
2-[ 2;[( ) 15

0
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where 0 is an angle between vector p and z-axis, Then
from Egs. (11), (12) we immediately obtain a =

4 p2p2
<p—j> =1/5 andb=<—x4y> = 1/15, so that we have:
Q P |q

a 282 2
(s(p)j D)) _ & Do)+ de'(p)/pl. (14)
o) op, [, 15

To find derivatives €'(p), €"(p) for the spectrum deter-
mined by semi-elliptic density of states (5) we can use
the approach developed in [13]. Equating the number
of states in a phase volume element ¢°p and the num-
ber of states in an energy interval [€, € + d€], we obtain
differential equation determining &(p):

4mp’dp _
Qen)’

Ny(e)de. (15)

Assuming the quadratic dispersion of €(p) close to
lower band edge we obtain the initial condition for
(15): p —> 0 fore — —D. As a result:

p= [671:(75 -0+ %Sin(2<p)ﬂ% , (16)

€

where ¢ = arccos| —) and momentum is given in units

of inverse lattice parameter. This expression implicitly
defines the dispersion law €(p) on electronic branch of
the spectrum € € [—D, 0].

We can determine characteristic momentum p,
corresponding to € = 0:

1
P = ple = 0) = 3r°)’. (17)

We are interested in calculating two derivatives of this
spectrum over the momentum. From (15) we get:

2

—= , (18)
dp 21 Ny(e)
where p is defined by (16).
dN,(e)d
2pNy(e) - p* Pole)de
g"(p)zi@:L de dp
dpdp 2 N;(e) (19)
- L[ dNo)]
Ny(e)Lr? de |
where dNy®) _ _ 2 > € __ &(p) is determined
de nD’ D — ¢

from (18), while p is defined Ey (16).
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On the hole branch of the spectrum (€ € [0, D]), to
obtain quadratic dispersion law close to the upper edge
of the band (¢ — D) we introduce a hole momentum
P = 2p, — p and equate the number of states in a phase

volume element &° p and in energy interval [g, € + dg]:

4mpidp

(275)3 = —Ny(e)de. (20)

Demanding p — 0 at the upper band edge € — 0,
we obtain:

5= [675(@ - %sin(Z(p))F .

For the velocity on the hole branch of the spectrum
we get:

21

~2
e(p=-C=L L (22)
dp 2m° Ny(e)

Equations (18), (22) determine the dependence of
velocity €'(p) on energy. One is easily convinced that
velocity is even in energy and goes to zero at band
edges. The second derivative over momentum in this
approach is explicitly defined on electronic branch of
the spectrum (€ € [—D, 0]), but on the hole branch it
is more difficult to do. However, we can require full
electron-hole symmetry of the model, which reduces
to demanding the square of velocity, entering Eq. (2),
being even in €(p), while Eq. (14) entering Eq. (3) for
Hall conductivity being odd (sign change under
change of the type of charge carriers).With the
account of such symmetry the results obtained in this
Appendix allow to replace summation over momenta
in Egs. (2), (3) by integration over energy.
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GENERALIZED DYNAMICAL KELDYSH MODEL

E.Z. Kuchinskii, M.V. Sadovskii

Institute for Electrophysics, Russian Academy of Scieneces, Ural Branch, Amundsen str. 106, Ekaterinburg 620016, Russia

We consider a certain class of exactly solvable models, describing spectral properties an electron moving in
random in time external field with different statistical characteristics. This electron can be band — like or
belong to a quantum well. The known dynamical Keldysh model is generalized for the case of fields with finite
correlation time of fluctuations and for finite transfer frequencies of these fluctuations. In all cases we are able
to perform the complete summation of all Feynman diagrams of corresponding perturbation series for the
Green's function. This can be done either by the reduction of this series to some continuous fraction or by the
use of the generalized Ward identity from which we can derive recurrence relations for the Green's function. In
the case of a random field with finite transferred frequency there appear the interesting effects of modulation

of spectral density and density of states.

Dedicated to 130-th anniversary of Pyotr Leonidovich Kapitza

1. INTRODUCTION

While being an outstanding experimentalist,
P.L. Kapitza sometimes addressed also some purely
theoretical problems. Well known is his elegant solution
of a problem of the motion of a classical particle in
fast oscillating field [1], where he essentially described
this motion as a particle in a random field with
appropriate time averaging. Such fields and processes
appear in many problems of statistical radiophysics
and radiotechnics, where a vast literature exists [2, 3].
In quantum theory there is also multitude problems of
this kind.

In this work we shall consider a certain class of
exactly solvable quantum mechanical problems, related
in general to the theory of electrons in disordered
systems and quantum structures, which is a dynamical
generalization of the so called Keldysh model.

The initial model was introduced by L.V. Keldysh
in his unpublished thesis in 1965 [4]. Some of his results
were used by A.L Efros in Ref. [5], devoted to doped
semiconductors. The detailed presentation of different
aspects of this model in the general context of electron
theory of disordered systems was given in [6], where the
notion of “Keldysh model” was introduced for the first
time.

In the following, the number of similar models were
proposed, e.g. for the description of the pseudogap
appearing due to electron scattering by fluctuations of
short — range order in one — dimensional systems [6-12],
which were later generalized for two — dimensional

case to describe pseudogap in high — temperature
superconductors [13-17].

dynamical generalization of the initial Keldysh
model for the case of electron scattering by random
in time fluctuations of external field was proposed
by Kikoin and Kiselev [18], who considered electrons
in quantum dots. Detailed presentation of different
results obtained for this and similar models was
given in Ref. [19]. The present paper is devoted
to further development and generalization of this
type of models both for the case of electrons in
quantum dots and band — like electrons in conductors
of different dimensionalities under the influence of
dynamic random fields.

2. DYNAMICAL KELDYSH MODEL

The model under consideration was proposed by
Keldysh in 1965 [4] as some limiting case of problem
of electron scattering by the random field of static
impurities in a disordered system [6,20]. Keldysh has
shown that the single — particle Green’s function in

Gl Gole) gy g g, +%+%

Puc. 1. Diagrammatic expansion for the Green's function.

Double line corresponds to “dressed” Green's function,

wavy line corresponds to correlator of Gaussian random
field.
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Gaussian random field V(r) with “forward” scattering
(i.e. with zero transferred momentum, corresponding to
the limit of infinite spatial range of fluctuations of the
random potential) described by correlator (d is spatial
dimensionality):

D{x—v) = (V(r)V(r')) = A? - D(q) = (27)*A%(a),

(1)
can be found by complete summation of all Feynman
diagrams of perturbation series. In fact, according to
the usual diagram rules for the problem of scattering
by static random disorder [6, 20], diagram of N -
th order contains N interaction line with Gaussian
random field (denoted by by wavy lines), 2N + 1
solid lines, corresponding to Green’s functions and 2N
vertices. The total number of diagrams in the given
order of perturbation theory Ay corresponds to the
total number of ways to connect 2NN vertices by N
interaction lines, which is equal to [6,21]:

(2N —1)!
Ay = (2N -1l = m (2)
Diagrammatic contributions of the lowest orders in the
series for single — electron Green’s function are shown
in Fig. 1. In this model all Feynman diagrams of the
given order N give the same contributions to Green’s
function, so that the full series for it is of the following
form:

G(E) = Go(E) {1 + i(zN — DNGEN(E)AZN &

N=1
®3)
Further, to shorten notations we define E' = € — ¢p,
where €, is free the electron spectrum, so that the
“bare” Green’s function is written as Go(E) = 1/E.
Using integral representation of I' — function, we can
use:

1 o0
(2N — 1)l = Nor / dtt2N—2e=t"/2 (4)

so that the retarded Green’s function (after the
summation of geometric series) can be written as:

R 1 o0 e— V72247
F) = _
B = Vi ©

This equation has an obvious meaning [6] — electron
propagates in spatially homogeneous Gaussian random
field. There is also another way to obtain this elegant
result, which was also proposed by Keldysh [4] and later
by Efros [5], and is based on the use of an exact Ward
identity, which allows the derivation of differential

equation for the Green’s function. This equation has
the following form:
2 dG(E)
AdT—FE-G(E)—l. (6)
Solving this equation with boundary condition
G(F — o0) = 1/E immediately leads to Eq. (5) [6].

Direct consequence of the obtained solution is the
appearance of the Gaussian “tail” in the density of
states of an electron in energy region e < 0 [6].

In Refs. [18,19] Keldysh model was reformulated
for the case of electron scattered by very slow temporal
fluctuations of the random potential. Appropriate
dynamical Keldysh model can also be generalized for
the case of scattering by multiple component Gaussian
non — Markovian random fields [19].

As an example, following Refs. [18, 19] we may
consider an electron in a single quantum well (dot),
which is formed by appropriate confining potential, as
shown in Fig. 2. The gate creates external noise slowly
changing confining potential of the well.

Single — particle Hamiltonian for this problem has
the following form:

H =[eo + V(t)]n. (7)

where n = ¢fe, and ¢f, ¢ are creation and annihilation
operators of an electron at the level within well.
For simplicity we consider spinless (spinpolarized)
electrons. Classical potential random (Gaussian) in
time V(¢) is determined by its average value and pair
correlation function:

(V) =0, (VOV({E)=DE-t).  (8)
For this function we assume the following form:

D(t —t') = A2e =1, (9)

where v = 1/7, with 7 determining characteristic
correlation time of potential fluctuations, while A is the

]
ey,
a) ‘;t)e

Puc. 2. (a) single quantum dot, with noise applied by
external electrodes (gate), (b) corresponding quantum
well with fluctuating level.
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amplitude of the noise. We may consider two limiting
cases:

D(t —t') — A%5(t —t'), (10)
D(w) — 21 A5 (w). (11)

Y — 00
v—0:

Here D(w) is the Fourier — transform of D(t — t').
The first case corresponds to “fastest” possible noise
(“white” noise) and Markovian random process. The
second case corresponds to slow noise, with Keldysh
model giving its slowest possible realization with
(infinitely) large relaxation time of fluctuations (infinite
memory, of non — Markovian process).

Single — electron (retarded) Green’s function of
electron in a well for the given realization of the
potential is:

1

R —
¢ (6)_6*60*V+Z‘5

(12)
where €y is energy level in a well, while time -
averaging is again reduced to Gaussian integration
of this expression with distribution function

P(V) =1/V2rAZexp(—V?/(2A2):

1 oo —VZ/2A%
= 7/ dVe—‘
VorA2 J_o  €e—e—V +1id

Similarly we can consider an electron not within the
well, but within energy band of a system (placed
between capacitor plates, on which a random noise is
generated) of any dimensionality. In this case it is just
sufficient to make a replacement €y — €p, where € is
band spectrum of an electron with quasimomentum p.

The single — well model is easily generalized
also for the case of several wells [18, 19|, which
leads to Keldysh model with multicomponent noise.
Particularly interesting is the model of two quantum
wells, which (in its band — like variant) is deeply related
to an exactly solvable model of the pseudogap state
[7—12]. However, below we shall only consider the single
— well model, leaving the two — well case (pseudogap
fluctuations) for the separate work.

GT(e) (13)

3. KELDYSH MODEL AND FLUCTUATIONS
WITH FINITE CORRELATION TIME

Below we show that an exact solution for the
single — particle Green’s function can also be obtained
for Keldysh model with finite correlation time of
fluctuations 7 = 1. This solution is easily found using
the method proposed by one of the authors in Ref. [11],
devoted to the model of pseudogap in one — dimensional
systems.

Y

Puc. 3. Typical diagrams of the third order.

Fourier — transform of Eq. (9), which is associated
with interaction lines in diagrams, can be written as:

D(w) = 27rA2l% = 27TA2£+
T 7w+ )@ — 1)
(14)
For v — 0 this is naturally reduced to the second
expression in (11). Let us clarify the calculations of
a diagram of an an arbitrary order. In fact this can
be done exactly. As an example let us consider some
typical diagrams of third order shown in Fig. 3. We
can easily calculate the contribution of an arbitrary
diagram as we can actually guarantee that nonzero
contribution to integrals (over transferred frequencies)
appear only from the poles of Lorentzians? D(w).

1) In the problem analyzed in Ref. [11] this statement is only
approximate [21]. Here all calculations (frequency integrations)
are performed exactly.
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For example, elementary calculations show, that A? yik+1)
contribution of diagram in Fig. 3 (d) to the retarded
Green’s function has the following form: o
—e = > + > > -
AS 1 1 1 1 « Gk GOk GOk Gk+1 Gk
€E—€p€eE—€yt+ive—€y+ 2iye— ey + iy
1 1 1

X
€e—€rt+2iye—en+iye—¢€
(15)

Contributions of arbitrary diagrams are quite similar:
integers k, written above electronic lines Fig. 3, show
have many times the term iy enters corresponding
denominator. Note that contribution of diagram with
crossing interaction lines in Fig. 3 (d) are just equal
to the contribution of diagram with no intersections
of interaction lines shown in Fig. 3 (e). This is a
manifestation of the general property — contribution
of any diagram with crossing interaction lines is
equal to the contribution of some diagram with no
intersections [11]. Precisely because of this property
we can introduce an exact algorithm of complete
summation of Feynman series.

Details of combinatorics and rules to reduce
diagrams with crossing interaction lines to those
without intersections were considered in Ref. [11]
(see also Ref. [6])%). One can easily convince himself
that the number of irreducible diagrams for self —
energy which are equal to the given diagram with no
intersections of interaction lines is equal to the product
of certain combinatorial factors v(k) (k is the number
of iy contributions in the denominator of the Green’s
function in diagram without intersections, standing
below k interaction lines) which are associated
with consequent interaction lines of this diagram.
Correspondingly in the following we can use just
the diagrams with no intersections of interaction
lines associating extra combinatorial factors v(k) to
interaction lines of such diagrams. In our case v(k) = k
[11].

Then we can easily obtain the recursion relation
determining the irreducible self — energy, which
includes all diagrams of corresponding Feynman series
[6,11]:

A%u(k) s o(k) =k (16)

E =
k(€ €0) € —eo+iky — Bppi(e €)'

2) In the problem under consideration here combinatorics of

diagrams is reduced to commensurate case of Ref. [11].

Puc. 4. "Dyson equation” representation of recurrence
equation for the Green's function. Here we introduced
Gor = [6 — €0 + ik"y]il.

Then we immediately get the recursion relation for
Green’ function itself:

Gr(e €0) = {e — €0 + iky — A%0(k + 1)Grpa (e, €0)} Y,
(17)
and the physical Green’s function is defined as
G(e,e9) = Greole,€p), which is equivalent the
complete sum of Feynman series for our model. In fact
these relations give the following continuous — fraction
representation of single — electron Green’s function:

G(e,6)=
1
= A
€ —€) — ‘ 2A2
€—€ +vy— 3A2
6_60+2W_e—60+3i’y—...

Symbolically our recursion relation can be represented
as a kind of “Dyson equation”, shown in Fig. 4.

For v = 0 we can use the following continuous
— fraction representation of incomplete (upper) I' —
function:

INa,z) = dte ot = — — 19
()= [ o )
T+ 2—«a

TF...

to convince ourselves that Eq. (18) reproduces an exact
result of (13) obtained by direct summation of all
diagrams.

4. FLUCTUATIONS WITH FINITE
TRANSFERRED FREQUENCY AND FINITE
CORRELATION TIME

Let us consider now more general case of
fluctuations with finite characteristic frequency
wp. We shall again consider classical potential random
in time V'(¢) (8) with pair correlation function:
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Puc. 5. Typical diagrams of second order.

D(t —t') = A% ] coswy (t — /)] =

AQ ’ . ’ . ’
= 2 elt=t] [giwo(t—t) 4 g—iwo(t—t )} _ (20)
For wy = 0 we obtain again correlator (9) and the model
with zero transferred frequency considered above.
Fourier — transform of correlator (20) has the form:

2
D(w) = 2220 [1 i 4L 2 } .
2 [mw-w)*+7*  7m(wtwo)?+?
(21)
Thus in corresponding diagram technique we have
two sorts of interaction lines — wavy and dashed,
transferring frequencies +wgy and —wq correspondingly.
Both interaction lines lead to addition of iy term
to energy € in each electron Green’s function, which
is below corresponding interaction line. In Fig. 5 we
show typical second order diagrams. It is easy to see
that in current model the contribution of diagrams
with intersecting interaction lines does not necessarily
coincide with some diagram without such intersections.
However, we still can obtain an exact solution for the
single — electron Green’s function using the generalized
Ward identity.

4.1. Generalized Ward identity and recurrence
equations for the Green’s function

Single — electron Green’s function G can be easily
determined via the full two — particle function ®:

G(e) = Go(e)—l—Go(e)% {Z D (wo) + Z @66/(—0.)0)} )

(22)
Here @ is the full two — particle Green’s function,
including four external electronic lines and contribution
corresponding to the product of two “dressed” single —
particle Green’s functions G. To shorten expressions in
our analysis we make a replacement € — ¢y — €, i.e.
count energies from energy level in the well ¢y, then

-
. i LN .
&'y et 1)iy, &'y
/ \
. i (NN
>— + - >
€ € E—OgHlYy €

Puc. 6. Diagrammatic representation of equation for the
Green's function

Go(€) = 1/e. Diagrammatic representation of Eq. (22)
for the Green’s function is shown in Fig. 6. To find
two — particle Green’s functions ® entering Eq. (22) we
shall use the generalized Ward identity [22], which in
this purely dynamical model takes the following form:

Gletw)—G(e) = — Z Do (w) {Go_l(e’ +w)— Gal(e')} .
6 (23)

Here the expression in figure brackets in the r.h.s.
Gyt (€ +w) —Gyl(¢) = € +w — € = w is independent
of ¢, so that we immediately obtain:

Z Peo(w) = _G(H—w—)_G(E). (24)

w

In the current problem any interaction line again
adds iy term to energy of electronic lines below it,
i.e. effectively our interaction lines transfer a complex
frequency +wp + ¢y. Then Ward identity (23) for the
vertex with +wg takes the form:

Gle+wo +1iv) — G(e) =
== Beer(wo) (€ +wo + (k+ Diy — (¢ + ki) =

= (@0t 1) Y Beer(wo).(25)

As a result for the two — particle Green’s function with
+wp vertex we obtain:

G(e 4 wo +1iy) — G(e
Z (bee’ (WO) = - ( 0 /7) ( ) . (26)
m wo + 27y
Similarly for ® with —wg vertex we get:
G(e —wo +1iv) — G(e) (27)

Z O o (—LU()) = -

Substituting these two — particle functions (26) and
(27) into Eq. (22), we obtain the functional equation
for the Green’s function:

—wp + ¥y



E.Z. Kuchinskii, M.V. Sadovskii

KOTD

A2
Gle) = Go() ~ Go(0)5- x

X{G(e+Wo+i’y)—G(e)+G(e—w0+2’y G(e) }

wo + 1y —wo + 1y
so that:

1— A? | G(edwo+iv) + G(e—wo+iy)

2 wo+1iy —wo+iy
Gle) = E T } . (29)
0 (6) + w(2)+,y2

It should be noted that the use of the generalized Ward
identity (23) allows also an exact solution (reducing
to the integral equation) of the problem of finding the
single — particle Green’s function G(e) of an electron in
random Gaussian potential with arbitrary correlator
D(w). Equation for the Green’s function in this case
has the following form:
+00
Gle) = Gole) + Gole) / ) Z%
Using Ward identity (23) we immediately obtain (24)
and the integral equation for the Green’s function:

+o00 B

G(e) = Gole) — Go(e)/ ;pr(w)wl
— 00 ™ w

(31)

If we use D(w) in the form given by Eq. (21) the

frequency integral here is easily calculated. The second
factor in the integrand does not contain pole at w = 0
and is analytic in the upper half — plane of complex
w, so that closing the integration contour above, we
obtain the contribution to integral only from the poles
at w = fwp—+1y of two Lorentzians in (21) immediately
getting (28), and functional equation (29).

Solving Eq. (29) by iterations, starting from initial
the approximation

é()(ﬁ) = 1

Gyt(e) + A2

— ®
w12

one can easily see that each iteration adds to energy
(besides +wp) additional iy term. Thus we can
introduce the following notations:

Gn(€) = Gletniy)  Gon(€) = Go(etniv) = - i
(33)
where n = 0,1,2... and apply Eq. (29) for energy

€ + niy, making replacement ¢ — ¢ + niy. Then in
notations of (33) equation (29) takes the form®):

1 — A% | Gnia(etwo) 4+ Gngaleo WO)}
e (€> _ 2 wo+iy —wo+1iy (34)
! G (€) + A2 505 '

3) Naturally, Eq. (34) can be also obtained directly using the
generalized Ward identity applying it for energy e + nivy.

As a result we obtain the recursion procedure where
at each “storey” m G, depends only on real energy.
Numerical realization of such procedure is rather
simple. At some high “storey” n = N > 1 we define
a set of Gy(€), e.g. Gny(€) = 0. Then, withe the help
of (34) and interpolation we find the set Gy_1(¢) etc.,
until we reach the physical G(€) = G,—o(e€).

For wy = 0 we return to the model with zero
transferred frequency and finite correlation time
described above. In this limit the recursion equation
(34) takes the form:

Gule) = —— (35)

Visually the recursion procedure (35) has nothing in
common with procedure (17), leading to continuous
— fraction representation of G given by Eq. (18).
However, direct numerical calculations show that
both produce absolutely same results for the physical
Green’s function G,—¢(¢) (in the limit of initial
“storey” N — 00).

For v = 0 in the limit of wy — 0 Eq. (28)
immediately reduces to differential equation (6) for
the Green’s function in the usual Keldysh model,
as  lim G(etwo)—Gl(e) — lim G(efio)fG(e) _ dC;(e).

wo—0 wo wo—0 wo €
Green’s function G(e) is analytic in the upper half —
plane of complex energy e and the derivative diie) gives
the same result along different directions of de in this
half — plane. Thus for other order of limits wy = 0,
v — 0 from Eq. (28) we again obtain the differential
equation (6). Analyticity of the Green’s function allows
to write it (in the upper half — plane of €) as:

=€)
G(e) = de 36
0= [ (36)
where p(e) = —1ImG(e) is the spectral density
(density of states for the quantum dot). Then in this
limit in Eq. (28) we get:

lim T Gl _

~—0 iy

BT i > ’ ’ 1 o 1 _

_}/%m/oodep(e)[e—l—m—e’ e—¢|
[T pl€)  dG(e)

_ /_Oode L= (37)

Analytic properties of Green’s function (36) allow to
reduce the functional equation (29) to integral equation
for spectral density p(e). Let us rewrite functional
equation (29) as:
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2

G(e) = Gole) — éo(e)7 x
Gle+wo+iy)  Gle—wo+i7) (38)
wo + &y —wo + iy ’
where Gy (e), defined in (32), can be written as:
Gole) = — (39)
€)= .
O T e
Here A2
g
= 4
wg + 2 (40)

is an effective non — perturbative damping due to
the random field. Then for the spectral density we
immediately obtain:

~ A?
ple) = pole) + 5 %
< Im {CN}’o(e) [G(e + wo '—i— iv)  G(e —wo —i.—w)} } (41)
wo + 1Y —wo + 1y
where po(e) = —%Iméo(e) = %@JFLFQ is an effective

“bare” spectral density (density of states). Eq. (41) is
easily solved numerically by iterations, starting from
initial approximation p(e) = py(e).

4.2. Exact solution for the Green’s function in
the form of infinite series

Eq. (38) can be solved by iterations starting
from Go(e). If we represent the result of each
iteration as simple fractions (so that there are no e
in the coefficients), one can easily convince himself,
that the Green’s function G becomes the sum of
Gole + (n — m)wy + (n 4+ m)iv), where n and m are
integers, with coefficients independent of e. Thus we
look for the solution for the Green’s function in the
following form:

Z Anm -

n,m=0

1
—m)wg + (n +m)iy + i’
(42)
where coefficients A,,, are independent of ¢ and can be
found substituting (42) into (38). Then we have:

Go(€)G(e +wo + i) =

1 1

e+ile+il + (n+1—

=)
g Anm
n,m=0

S Aum - .
2 S Do + i) + m(—wo + i)

X

1
e+ il + (n+ 1)(wo + i) + m(—wo + )

X LI
e+l

m)wo + (n+ 14 m)iy

(43)

Go(e)G(e —wo + i) =

- 1
- Anm - 3
D o B e R e
1 1

— 44
% L+z‘1“ e+ il + n(wo +iy) + (m + 1)(—wo + ) (44)
Substituting (43), (44) into (38) we find the coefficient
Ao before 6+1 T as:

A2
AOO =1- 7 X

Z nm . . +
wo + iy ol 1)(wo + ©y) + m(—wo + i)
Z ! | .(45
—womn no ) T (m+ (w0 T 77)
For other coefficients:
A? 1
Anm = 5 : : X
2 n(wo + i) + m(—wo + #7y)
An—h.n Anm—1. (46)
wo + 1y —wo + 1y

Naturally we have A_1,, = A,_1 =0.

Eq. (46) allows to obtain the whole set of coefficients
at ny = n + m “storey” from the values of coefficients
at ny — 1 “storey”, and finally to express all coeflicients
via Agg. Coefficients obtained for several lower “storeys”
allow us to guess, that the general form of the
coefficients can be written as:

Agy [(AZ\"T 1
Anm - - . .
nim! \ 2 (wo + 17)?" (—wg + iy)2™
(47)
Substitution of A,,, from (47) into Eq. (46) confirms
this guess.
Now using Eq. (45) we can find Ago:
A2
Aoo =1- 7 X
1 1
An m
oot ;n T o + i)+ m(—wo + i)
1 1
- . . Anm
=T % T o + ) + ml(—wo + )
(48)
Using (46) in (47) we get:
Ago=1— Z Anm =
b0
Aoy (A" 1
1y e (A ST
— nlm! \ 2 (wo + 17)?" (—wg + iy)?™
Rt ms£0
(49)

)
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Finally Agg takes the form:

1
Ao = = = =
1 (A2\" 1 1 (A2\™ 1
Z nl (7) (wo+ivy)2m Z m! (7) (—wo+ivy)2™
n=0 m=0
A2 A2 _ A2 (wg—~?%)
— e 20wotimZe 2wotin? — e (wG+D)? (5())
As a result we obtain the following expression for the
Green’s function (42):
e N I 1
Gle) =e 07 Z -
1l \2n(_ )2
oty tm! (wo + i7)?" (—wo + i7y)?™
A2 n+m 1
- — (51)
2 e+ (n—m)wo + (n+m)iy+ il

Let us briefly analyze the limiting behavior of the
Green’s function and corresponding spectral density
p(e) = —=ImG(e) following from (51).

In the limit of v — 0 we get:

a2 © 11 A2 n—+m 1
Gle)=e “o e el ’
(6) e *o n%::() n!'m! (2008) €+ (n — m)wo + 6

(52)
and spectral density has the form:

—ar 11 AT\
= “)2 —_—— -5 6 -
R (M) (e + (n — m)wo)

(53)
which is the set of § peaks at € = +kwy. The weights
of these peaks (coefficients before corresponding § —
functions) are:

2

00 1 A2 2n+k
T;)n!(n—i—k)! <2w%> -

(54)

w,

CI\J‘D

Sk — g(=F) — o

where [;, — is the modified Bessel function of imaginary
argument. The total area of all these peaks is:

B % = 11 AT
s= ) sW=e °§:7mm<m@) =
k=—oc0 n,m=0
_Aiz o 1 2 n oo 1 A2 m
2
—e = —(2) =1, 5
¢ Ogn! <2w§) mX::Om! (Qw(%) » (59)

as it should be.
In the limit of wg — 0 we return to the model of

fluctuations with finite correlation time and from Eq.
(51) we obtain:

(oo}

11

2.

n,m=0

a2 X k 1
= lz nl(k —n)!

k=0 Ln=0

nlm!

A2\* 1
<_?ﬂ> e+m7+i%?

k

As

n=0

k!

A=y = 2% we get for the Green’s function:

A2\" 1
k! <_72> e+ki’y—|—i%2

Y 772) <€
ol +

iy

(57)

A? A2

)

27 A2
v

xT
'y(a,x):/ dte” 1 (59)
0
is incomplete (lower) T' — function. Egs. (57) and (58)
can be considered as series and integral representations
for continuous fraction of (18).

The problem of an electron in Gaussian field of
dynamic fluctuations with finite correlation time has
much in common with the problem of Holstein polaron
in semiconductors with low mobility, i.e. with the
problem of finding the single electron Green’s function
in Holstein model [23] of an electron interacting with
optical phonon mode with frequency 2 in the limit
of transfer integral between nearest neighbors t — 0
(t < ). Usually such problem is analyzed by
making Lang — Firsov canonical transformation [24]
in Holstein Hamiltonian [23] However, the diagram
technique for electron — phonon interaction in this
model is completely equivalent to diagram technique
in our model of dynamical fluctuations with finite
correlation time after the replacement:

A=y iy — —Q (60)

where ¢ is electron — phonon coupling constant.
We only have to take into account that in this
diagram technique in the denominators of electron
Green’s functions we have continuous addition —2
terms instead of iy, because of two terms in phonon
propagator:

- 1 1
T w04 w+Q—1i

D(w) (61)
only the first term contribute to frequency integrals due
to the fact that all electronic Green’s functions in this
problem are retarded.

Thus the Green’s function of Holstein polaron (for
t — 0) is determined by continuous fraction (18) with

< A2 )n+m 1
272 6+(n+m)i7+i%2

(56)
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replacement (60). For the first time Holstein polaron
Green’s function of this form was derived in Ref. [25].
Our series expression for the Green’s function (57)
in the model of dynamical fluctuations with finite
correlation time immediately allows us to get (after the
replacement (60)) the well known exact result for the
Green’s function of Holstein polaron as [24,25]:

P oo

1 /2\" 1

Note that our use of the Ward identity is in some sense
equivalent to Lang — Firsov transformation in Holstein
polaron problem. An effective “bare” Green’s function
(39)with non — perturbative damping (40), appearing
due to the use of the Ward identity, in the model with
wo = 0 is:

1

€+ ZT

(63)
which in the Holstein polaron problem, after the
replacement (60), takes the form:

1

é€=f7
ole) e+ +id

(64)

appearing after Lang — Firsov transformation of an

effective “bare” Green’s function of polaron with non —
2

perturbative shift of the ground state eg = —%; [24,25].

5. NUMERICAL RESULTS

Now for the most general model of fluctuations with
finite frequency and correlation time we actually have
three exact numerical procedures to find the Green’s
function:

1. recursive procedure (34),
2. integral equation for spectral density (41),
3. series representation (51).

For the wide range of parameters (A, v, wp) of the
model our numerical calculations showed that all three
procedures lead to absolutely same results for spectral
density (density of states). Of these, the recursion
procedure (34) is most fast for numerics, though
for small values of v <« A,wp and wy < 0.3A it
requires significant increase of the number of energies
in corresponding array and the number of an initial
“storey” to start, while series representation (51) in
this range of parameters is well convergent. However,
the series representation is inappropriate for direct

0,8
0,74 =1 —=0.01
_ —041
0,64 ®= 1
0,5- —2
(7p]
O 041
o
0,3
0,2
0,14
0,0 T T T T T
-3 -2 -1 0 1 2 3

Puc. 7. Spectral density (density of states in quantum
dot) in the model with finite correlation time (wo = 0)
for different values of ~.

numerical analysis in the region of A > v > wy, which
is connected both with large values of the exponent
before the series and with the large number of terms in
the series to be taken into account to compensate this
exponent.

Now let us discuss our numerical results. In Fig.7
we demonstrate evolution of the spectral density with
increasing v (i.e. with decreasing correlation time of
fluctuations) for the model with wg = 0. For v = 0 (in
the usual Keldysh model) spectral density is Gaussian
with the width A (dispersion — A?). The growth of v
leads to decrease of characteristic width of the spectral
density with appropriate growth of p(0).

In Fig. 8 we show spectral densities (densities
of states in quantum dot) in the model with finite
transferred frequency for A = 1 and different values
of wg and . We can see that in all cases for small ~
significant modulations of the spectral density appear
with frequency wy with peaks of spectral density
appearing at energies € = +nwg, where n is integer. The
height of these peaks decreases with increasing n and
for € > 3A peaks are practically invisible. Increasing =
leads to decreasing peak heights and starting from some
values of 7 modulations with frequency wy become
unobservable. Further increase of v only somehow
narrows Gaussian — like spectral density, as it was
observed in Fig.7 for the model with wy = 0. At large
enough values of v, when no modulations of spectral
density with frequency wq are observed, the growth of
wp only weakly changes the spectral density (see Fig.8f)
and we can use more simple model with wy = 0. Note
that the values of v, for which modulations of spectral
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density are observable depends on wg. In particular,
for wp = 0.1 (Fig.8a) modulations are observed only
for v = 0.0001, while for wy = 0.5 (Fig.8c) modulations
are observable already for v = 0.05.

As was already noted above it is not difficult to
generalize our model to consider not a single quantum
well in dynamical random fields, but electron in crystal
lattice of d dimensions (in the following we take lattice
parameter a = 1) with transfer integral between
nearest neighbors ¢, which is placed in a capacitor,
with noise created at its plates, the same for all lattice
sites. This field is thus constant in space and the
electron momentum is not changed during scattering,
so that the account of electron hops between lattice
sites is taken into account by a simple replacement
€ — e—€p, where e is band — like spectrum of electrons
with quasimomentum p. In such a model the Green’s
function is given by:

_ople)
G(e, p) /de — —e—|—25

where p(e) is the spectral density (density od states)
obtained above for the problem of a single quantum
dot. Then for the density of states of our lattice model
in d dimensions in dynamical random field we obtain:

(65)

Na(

—fImZGep | dehuernte o)

(66)
where Nog(§) = >°,6(§ — €p) is the “bare” density of
states of d dimensional system in the absence of random
field.

For one — dimensional chain:

€p, = —2t cos(p) (67)
“Bare” density of states in this case is:
1 1
N = 68
0ar(€) = g (68)

and diverges at the band edges. Full densities of states
for this model for initial band of the width W =4t =1
and different values of random field parameters are
shown in Fig. 9.
For two — dimensional lattice:

€p = —2t(cos(py) + cos(py))- (69)
“Bare” density of states in this case has step — like
behavior at the band edges and logarithmic Van-Hove
singularity at the band center. Full densities of states
obtained in this model for the band with initial width

10

w 8t
parameters are shown in Fig.10.

To analyze three — dimensional case we use as the
“bare” the model semi — elliptic density of states:

1 and different values of random field

2
D2

where D is the band half — width. This model
guarantees the valid ~ €'/2 “bare” density of states
behavior near the band edges for d = 3. Full densities of
states in this model for initial bandwidth W =2D =1
and different values of random field parameters are
shown in Fig.11.

Thus in all these models for small values of
v we can observe modulations of the density of
states with frequency wy. Increasing ~ leads to sharp
weakening of these modulations. The growth of random
field amplitude A (Figs.9,10,11a,b,c) leads to some
increase of modulations amplitude and weakening
of singularities (Van - Hove, at band edges etc..),
related to the “bare” density of states. For A = W
(Figs.9,10,11c) density of states practically “forgets”
the bare one. Increase of spatial dimensionality d leads
to weakening of the modulations.

In one — dimensional chain (Fig.9) for wy = 0.5
peaks at € = +wqy coincide with band — edges, where
the bare density of states (68) diverges, while the peak
at € = 0 appears at the minimum of the bare density
of states. Thus the peaks at ¢ = £wqy are effectively
increased and can can become larger than the weakened
peak at e = 0 (Fig.9a,b,e). This mutual influence of
divergence in the bare density of states at the bad edges
in one dimension and modulations with frequency wy
leads to significant changes if the amplitude and shape
of central peak (at € = 0) with small changes of wy close
to wg = 0.5 (Fig.9d,e,f).

For two — dimensional lattice Van - Hove divergence
is at the band center, and central peak of modulations
is always significantly larger than peaks at € = +wqy and
its shape is only weakly changes with small variations
of wy close to wy = 0.5 (Fig.10d,e,f).

For three — dimensional model modulations in the

N()dg( ) D2 — 62, (70)

density of states with frequency wy are weak enough
and for wy = 0.5 even a small dip is observed in the
density of states in the middle of the band (at € = 0)
(Fig.11a,b,c,e). Small variations of wq close to wy = 0.5
significantly change the shape of this weak feature at
the band center (Fig.11d,e,f).
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Puc. 8. Spectral density (density of states) of the quantum dot in the model with finite transfer frequency and relaxation
time for A = 1 and different values of wy and ~.
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Puc. 9. Density of states for one — dimensional chain with initial bandwidth W = 4¢ = 1 for different A, wp and
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6. CONCLUSIONS

Our analysis shows a plenty of new and interesting
results, which can be derived even for this simple
enough version of the generalized dynamical Keldysh
model for the case of random fields with finite
transferred frequency. It seems obvious that this model
can have a direct relation to situations realized in real
systems with quantum dots, which are used in different
microelectronic devices, while the frequency wy can
be related to the clock frequency of these devices. Of
course, the current simplest model is oversimplified,
but one can hope that the results obtained can be
useful also for the analysis of processes in realistic
devices.

The question of experimental realization of our
model remains open. In principle, the studies of
quantum dots in the specially created (e.g. by
electrotechnical means) random field seems quite
feasible, though parameters of interaction with
this are to be specially chosen to make the results
discussed above observable. All this is also directly
related to electronic systems (lattices) of different
dimensionalities placed in a random field created on
“capacitor” plates.

In real physical systems dynamical random fields
can be created e.g. by phonons in the -classical
limit, when the temperature is much larger than
the characteristic frequency of these phonons wy. For
example, we can consider electron smattering at the
interface of metallic film and dielectric substrate. It
is well known that scattering with small transferred
momenta (almost “forward” scattering) can appear
at the interface of metallic monolayer of FeSe on
the substrate made of ionic SrTiOs insulator [26],
which leads to interesting models of superconductivity
enhancement in this system [27]. Unfortunately we can
not apply the analysis given above to this system,
because the frequency of optical phonon in SrTiOj is
pretty high and it can not be considered as classical
(external random field). However, we can not exclude
the existence of similar systems (structures) with “soft”
enough optical phonons.

As was already noted above, the model with a single
quantum well is directly generalized to the case of
several wells [18,19], leading to Keldysh model with
multicomponent noise. In particular, the model with
two wells is closely related (in the variant with band
electrons) to the exactly solvable model of pseudogap
state [7—12]. Different models of this kind were actively
used to describe the pseudogap, appearing due to
electron scattering by fluctuations of short — range

order in one — dimensional models [6-12], which were
also generalized for two — dimensional case to describe
pseudogap in high — temperature superconductors [13—
17]. In most of these papers only scattering by quasi
static fluctuations was considered. It is of great interest
to generalize these models for the case of dynamical
fluctuations with finite transferred frequency, created
by appropriate “soft” modes. However, it is clear
that the analysis of such models requires significant
development, of the methods used in this paper. We
hope to perform such studies in some future.
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We present simple qualitative estimates for the maximal superconducting transition temperature, which may
be achieved due to electron—phonon coupling in Eliashberg—McMillan theory. It is shown that in the limit
of very strong coupling the upper limit for transition temperature is determined in fact by a combination of

atomic constants and density of conduction electrons.
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Experimental discovery of high-temperature
superconductivity in hydrides under high (megabar)
pressures [1, 2] stimulated the search for the ways to
achieve superconductivity at room temperature [3]. At
the moment the common view [4, 5] is that the high-
temperature superconductivity in hydrides can be
described in the framework of the standard Eliash-
berg—McMillan theory [6—8]. Within this theory
many attempts were undertaken to estimate the maxi-
mal achievable superconducting transition tempera-
ture and the discussion of some of these attempts can
be found in the reviews [4, 5, 9]. In the recent paper
[10] a new upper limit for 7, was proposed, expressed
as some combination of fundamental constants. Below
we shall show that with minor modifications such 7,
limit follows directly from Eliashberg—McMillan the-
ory.

Traditionally, after the appearance of BCS theory,
in most papers devoted to possible ways of increasing
T., discussion develops in terms of dimensionless con-
stant of electron—phonon coupling A and characteris-
tic (average) frequency () of phonons, responsible
for Cooper pairing. In their fundamental paper [11]
Allen and Dynes obtained in the limit of very strong

coupling A > 10 the following expression for Tc:1

7. = 0.18y Q7). (1)

Then it seems that limitations for the value of 7, are
just absent, so that quite high values of 7, can be
obtained with electron—phonon pairing mechanism.
In reality the situation is more complicated. Actually

UIn fact this asymptotic behavior works rather satisfactorily
already for A > 2.
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parameters A and (Qz> in Eliashberg—McMillan the-
ory are not independent, which is well known for quite
atime [4, 5, 9, 12].

The relation of A and (QZ) is clearly expressed by
McMillan’s formula for A, first derived in [8]:
2
= NOXI) @
M)
where M is an ion mass, N (0) is electronic density of
states at the Fermi level and we introduced the matrix
element of the gradient of electron—ion potential,
averaged over the Fermi surface:

oy 2RV lp)se, B
| .

= <|<P| VVei(r)|p'>|2>FS.

Here, €, is the spectrum of free electrons, with energy
zero chosen at the Fermi surface. Equation (2) gives
very useful representation for the coupling constant A,
which is routinely used in the literature and in practi-
cal (ab initio) calculations [5].

Using Eq. (2) in Eq. (1) we immediately obtain:

T = 0.18,/—N O 4)
M

so that both A and (Qz) just drop out from the expres-

(I’ =
3)

sion for 7.", which is now expressed via Fermi surface
averaged matrix element of electron—ion potential,
ion mass and electron density of states at the Fermi
level. The only deficiency of this expression is the loss
of intuitive understanding due to the absence of

parameters in terms of which 7, is usually treated.
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As was already noted, all parameters entering this
expression can be rather simply obtained during the ab

initio calculations of 7, for specific materials (com-

pounds) [5]. Let us also stress that the value of 7."
defined in Eq. (4), calculated for any specific material
does not have any direct relation to real value of 7, but
just defines precisely the upper limit of 7, which
“would be achieved” in the limit of strong enough
electron—phonon coupling. Below we shall present
some elementary qualitative estimates of its value.

In the following we shall assume to be dealing with
three-dimensional metal with cubic symmetry with an
elementary cell with lattice constant ¢ and just one
conduction electron per atom. Then we have:

mpe 3
a’, (5)
on

N(0) =
where pp ~ fi/a is the Fermi momentum, m is the
mass of free (band) electron. Electron—ion potential
(single-charged ion, e is electron charge) can be esti-
mated as:

2
Vi v & & pp/h (6)
so that its gradient is:
2
VV, ~ % ~ e pp/i. (7)
a
Then we easily obtain the estimate of (3):
21\2
I~ (e—j ~ @ pi /1) (8)
a

Here, we have dropped different numerical factors
of the order of unity. Collecting them back in the

model of free electrons we get an estimate for 7," from

Eq. (4) as:
2
T/ ~0.2 /ﬂe—E , 9
M hvy 4 ®

where E, = pi /2m is the Fermi energy, v, = pp/m is

the electron velocity at the Fermi surface. The value of
2

he—, as is well known, represents the dimensionless
VF

coupling for Couloumb interaction and for typical

metals it is of the order of or greater than unity. The

factor of [% determines isotopic effect.

Let us measure length in units of the Bohr radius a,
introducing the standard dimensionless parameter 7,

by relation ¢’ = 4?7:(;;%)3. Then we have:
o, h

ol
me mcol

(10)

an~rag=r
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where we have introduced the fine structure constant
2
o= ;—. Correspondingly the Fermi momentum is

) c
given by:

~N— == 11
Pr ray hr, hr, (11)
Then 7." (4) can be rewritten as:
4
7+ 02 e’ 0.2 \/%g
" WMo (12)

_0.2\/E
=22 "Ry,
r My

N

where Ry = me4/h2 =~ 13.6 eV is the Rydberg con-
stant. Here we have obtained the same combination of
fundamental (atomic) constants, which was suggested
in [10], by some quite different reasoning, as deter-
mining the upper limit of superconducting critical
temperature. However, our expression contains an

extra factor of rs_l, which necessarily reflects the spe-
cifics of a material under consideration (density of

conduction electrons), so that the value of 7, is in no
sense universal.

As was already noted above the value of 7. strictly
speaking has no relation at all to the real supercon-
ducting transition temperature 7,. However, expres-
sions (9) and (12) may be useful to estimate “potential
perspectives” of some material in the sense of achiev-
ing high values of transition temperatures under the
conditions of strong electron—phonon coupling. For
example in metallic hydrogen M is equal to proton

mass and we have [ ~ 0.02, so that for r, =1 we

myp

get an estimate of 7,” ~ 650 K. This is in nice agree-

ment with the result of 7, = 600 K, obtained in [12]
solving Eliashberg equations for FCC lattice of metal-
lic hydrogen with r, = 1, taking into account the cal-
culated softening of the phonon spectrum, leading to
realizations of very strong coupling (A = 6.1). At the
same time in the recent paper [13] an elegant numeri-
cal study of superconductivity of metallic hydrogen
within jellium model has shown, that the maximal
value of 7, can be achieved at r, ~ 3, not exceeding
30 K. This is obviously related to the fact that in the
“jellium” model the weak coupling is realized and
there is no softening of the phonon spectrum. Finally
we hope that Egs. (9) and (12) can be relevant for pre-
liminary estimates of 7, in some of the metallic
hydrides, which are currently under intensive study in
the search for room-temperature superconductivity.
JETP LETTERS  Vol. 120
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