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Abstract—We present comparative theoretical investigation of thermoelectric power and Hall effect in the
Hubbard model for correlated metal and Mott insulator (considered as prototype cuprate superconductor)
for different concentrations of current carriers. Analysis is performed within standard DMFT approxima-
tion. For Mott insulator we consider the typical case of partial filling of the lower Hubbard band (hole dop-
ing). We calculate the dependence of thermopower on doping level and determine the critical concentra-
tion of carriers corresponding to sign change of thermopower. An anomalous dependence of thermopower
on temperature is obtained significantly different from linear temperature dependence typical for the usual
metals. The role of disorder scattering is analyzed on qualitative level. The comparison with similar studies
of the Hall effect shows, that breaking of electron-hole symmetry leads to the appearance of the relatively
large interval of band-fillings (close to the half-filling) where thermopower and Hall effects have different
signs. We propose a certain scheme allowing to determine the number of carriers from ARPES data and
perform semi-quantitative estimate of both thermopower and Hall coefficient using the usual DFT calcu-

lations of electronic spectrum.
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1. INTRODUCTION

The problem of doping dependence of thermo-
power and Hall effect in strongly correlated systems is
known for a long time. It remains actual with respect
to experimental studies of these effects in copper-
oxide (cuprate) high-temperature superconductors at
different doping levels. One of the basic concepts in
cuprate physics is that these systems are strongly cor-
related and their metallic (and superconducting) state
is realized via doping of the prototype phase of the
Mott insulator, which in the simplest case can be
described in the framework of the Hubbard model.

Most developed method of theoretical description
of the Hubbard model for the wide range of parame-
ters of this model remains the dynamical mean-field
approach (DMFT) [1-3]. Systematic studies of con-
centration and temperature dependencies of the Hall
effect was performed in our recent papers [4, 5]. Sim-
ilar papers on concentration and temperature depen-
dencies of the empower are practically absent. This
paper is devoted to the study of this problem in com-
parison with previous results on the Hall effect.

2. THERMOPOWER AND HALL
COEFFICIENT. GENERAL RELATIONS

As noted above the general method to study the
Hubbard model is the dynamical mean-field theory
(DMFT) [1-3], which gives an exact description of
the system in the limit of infinite dimensions (lattice
with an infinite number of nearest neighbors). Going
beyond this approximation [6, 7] is usually much more
complicated. The aim of the present work is the sys-
tematic study of concentration and temperature
dependence of thermopower at different dopings of
the lower Hubbard band within the standard DMFT
approximation. We also compare in detail the results
for thermopower with similar results obtained in our
previous papers using the similar approach [4, 5].

Anticipating the possible comparison with experi-
mental data for cuprates in the following we consider
the two-dimensional model of electronic spectrum in
tight-binding approximation:

&(p) = —21(cos(p,a) + cos(p,a))

4 (1
—4t'cos(p,a)cos(p,a),

where a is (square) lattice parameter.
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For this two-dimensional model in the following
we shall consider a number of typical cases:

(1) spectrum with hopping only between nearest
neighbors (7 = 0) and complete electron-hole symme-
try,

(2) spectrum with 7/t = —0.25 qualitatively corre-
sponding to electron in systems like LSCO,

(3) spectrum with 7/t = —0.4, qualitatively corre-
sponding to situation observed in YBCO.

Thermopower is determined by the following
expression [1, 8, 9]:

j dset(e)( of (8))

fls * @)

_L det(e) (— %)

S =_

where ky is Boltzmann’s constant (in the following we
write temperature in the units of energy assuming

£
kg =1), e is electronic charge, f(e) = (' + 1)7'—
Fermi distribution. Below the values of thermopower
are shown in units of ky 86 [M—V}
e K

Relaxation parameter introduced in Eq. (2) is
given by:

Je(p)
e) = ( j A’ (pe) (3)
; op P

and is completely determined by Green’s function
G(pe) spectral density:

X

A(pe) = —TlCImGR(pe). (4)

In standard [1—3] self-energy of Green’s function
is local, i.e. independent of momentum. Due to this
locality both the usual and Hall conductivities are also
completely determined by the spectral density A(pe).
The usual (diagonal) static conductivity is given by [1]:

Oy = "2_;2 T ds(—%) 1(e), )

while Hall (non-diagonal) conductivity deter-
mined by:

232
" = _ 27t;3aH

Xy
where H is the magnetic field along z-axis. Here we
also introduced Hall relaxation parameter:

_ ae(p)} e ;
Ty pZ[apx o (pe). (7)

e(-Lue.  ©
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Thus, the Hall coefficient is:

H
(¢

R, =—% @
" HG,

and it is also completely determined by spectral den-
sity A(pe), which we shall calculate within DMFT.
Effective single Anderson impurity model of DMFT
in this work, as in [4, 5], will be solved using the

numerical renormalization group approach (NRG)
(NRG) [11].

Consider the case of low temperatures (7' <« Ep).
For any function ®(g) (if integral is converges) we

have:
0" D
+... 9
(88 js—O ( )

Then for diagonal conductivity from Eq. (5) we get:

J' ded(e) (——f;) ®0)+~ 7

en
6, =—=-10
h2 ©),

and thermopower at low temperatures is given by:

(10)

dt(e)

2 2
s—_kem p de | _ _kgm pdInT(e) . (1)
e 3 1e) e 3 de le=o

e=0

so that from Egs. (11) and (10) we immediately obtain
Seebeck’s expression [8, 10]:

S = _ETE_ZTdh’I Gxx(“')

12
e 3 du (12)

where | is the chemical potential (from which we
always count the energy €).

Thus at low T the absolute value of thermopower
linearly increases with the growth of 7', while the sign
of §'is completely determined by the sign of @

€ le=0

do, (W)

or . In the following we shall be interested in

dependence on band-filling » = ny = n, =

r def(e) N(e) (we shall consider only the paramag-

netic state), where N(¢) is the density of states per sin-
gle spin projection. If we explicitly take into account
the chemical potential Eq. (11) can be rewritten as:

dt(w) d(n)
Sz_lin_zT_d“ =_IETE_2T@ dn_ (13
e 3 W e 3 du tun
Vol. 137  No. 6 2023



THERMOELECTRIC POWER AND HALL EFFECT

Here dn > 0 as at low temperatures dn

du du
dij.u deN(e) = N(W) > 0. Thus, the sign of .S is com-
“’ —co

pletely determined by the sign of d:l(n) or 90x(n)
n

dn
Hall conductivity (6) at low temperatures with the
account of Eq. (9) takes the form:

H nle’a’ H
Oy =—""—75—Tu(0) (14)
’ 3K
and the Hall coefficient
__a’874(0) (15)

e37(0)

The sign of the Hall coefficient is completely deter-
mined by the sign of T,4(0) or by the sign of T,(n). We
see that the signs of thermopower and Hall coefficient
are determined, strictly speaking, by completely dif-
ferent expressions, so that the band-fillings corre-
sponding to their sign change, in general, can be quite
different.

3. THERMOPOWER AND HALL COEFFICIENT
IN THE ABSENCE OF CORRELATIONS (U = 0)

To study this situation in more details we shall con-
sider first the case when electron correlations are
absent (Hubbard interaction U = 0). In the absence
correlations and other scattering processes of electrons
(ideal conductor) both numerator and denominator in
Eq. (2) for thermopower and in Eq. (8) for the Hall
coefficient diverge, thus to regularize our calculations
we have to introduce some weak electron scattering,
taking the single-electron Green’s as:

1
e—e(p)+iy
where Yy < tis scattering frequency (e.g. by impurities),
so that the spectral density takes the form:

G*(pe) = (16)

Apey=t— Y
T(e—-e(p) +7

Dependencies of thermopower and Hall coeffi-
cient obtained directly from Eqgs. (2) and (8) using the
spectral density from Eq. (17) with y/8¢ = 0.005, are
shown in Fig. 1, both for the case of complete elec-
tron-hole symmetry (# = 0) and for 7/t = —0.4, typical
e.g., for cuprates like YBCO. We can see that in the
case of complete electron-hole symmetry thermo-
power (Fig. 1a) is linear in temperature in accordance
with Egs. (11) and (12), up to high temperatures 7/8¢ =
0.06, while Ry (Fig. 1¢) is practically independent of
T. Both thermopower and Hall coefficient change sign
at band half-filling. In case of pretty strong breaking of
such symmetry (7/ft = —0.4) we observe a noticeable
deviation from linear dependence of thermopower on

A7)
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temperature (cf. Fig. 1b), at high 7/8¢~= 0.06, and Hall
coefficient (Fig. 1d) at high T also acquires a notice-
able dependence on temperature. The sign change of §
is observed at filling n = 0.65, which is significantly
larger than half-filling, while the Hall coefficient
changes its sign at band-filling noticeably lower than
half-filling, and with the growth of temperature this
deviation from half-filling further grows and for 7/8¢ =
0.06 Ry changes sign at n = 0.22. Thus for 7/t = —0.4
we observe rather wide region of band-fillings #,
where the Hall coefficient Ry already has positive sign
(hole-like), while the thermopower S is still negative
(electron-like). As was shown above the sign of ther-
mopower is completely determined by the sigh of
M, while the sigh of Hall coefficient is determined
by f[1he sign of Ty (n). Thus, to clarify situation it may be
useful to analyze the dependencies of T(n) and Ty(n).
But both relaxation parameter T and Hall relaxation

parameter Ty diverge as T ~ 1 and Ty ~ L fory— 0, so

that it is useful to introduce some reduced relaxation
parameters, which are independent of y, but are char-
acterized by some characteristics of spectrum at the
Fermi surface. We shall see that such parameters will
be useful also for the analysis of systems with strong
electronic correlations.

For y « # spectral density has a narrow peak at € ~
e(p), then:

=

po apx Tl:(8 - 8(p))2 + YQ

- [ {Z (%f & - e(p))}

(18)

po X

iy Y
x(n(e—&f +sz

so that we can write:

—oo

oo 2
we) = %0 | d&[iﬁ} = 5 W@ (19

where we have introduced

2
() = 2(@} 8(e - £(p)). (20)
PG Dy
Similarly
22
Tu(®) = Z(?j %Aﬁa D)
) po 'Dx 3 Dy, Q1)
~ I = 31
= TOH(E)_J; d&[T_Eéz N Yz) = gWTOH(e)’
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Fig. 1. Dependence of thermopower (a, b) and Hall coefficient (c, d) on band-filling for # = 0—left column (a,c) and 7/f =

—0.4—right column (b, d).

where we have introduced

e 9°(p)
= | R CEP 5 g (p)).
Tou(€) A { apxj 2’ (€ — &(p))

Then at low temperature (7" <« Ep) instead of
Eq. (13) we obtain for the thermopower:

(22)

dTy(L) dty(n)
S:_ﬁn_zTﬂz_lﬁn_zT@L (23)
e 3 Ty e 3 du t(n)
dty(n)

and the sign of .§'is opposite to the sign of "
n

For Hall coefficient instead of Eq. (15) we obtain
_ é 4ty (1)
e ()
and the sign of Ry is opposite to the sign of Tyy(n).

Ry = (24)

2
Note that @ is the only sign-changing entity in
Py
Eq. (22).
In Fig. 2 we show dispersions €(p) along symmetry
directions in Brillouin zone (Figs. 2a, 2b) and Fermi
surfaces, corresponding to different band-fillings
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(Figs. 2c, 2d) for two choices of #/t. In the case of
complete electron-hole symmetry (# = 0) for half-
filled band we observe the change of the type of Fermi
surface (Fig. 2c) from electron pocket around I'—
point of the Brillouin zone, characteristic for n < 0.5,
to hole pocket around M-point of the Brillouin zone,
characteristic for n > 0. 5. Due to electron-hole sym-
metry the regions of quadratic electron spectrum
(close to M-point) and similar hole spectrum (close to
M-point) are just the same (Fig. 2a). Thus T,y and
correspondingly Ry change sign at half-filling
(Fig. 2f). Because of electron-hole symmetry t,(n) =

75(0.5 + 1) (n <0.5) and derivative dTy(n) (this means

n
also §) also can change the sign only at half-filling
(cf. Fig. 2e).

If electron-hole symmetry is broken (' /t = 0.4) the
region quadratic electron dispersion close to I'-point
of the Brillouin zone becomes very narrow, while the
region of quadratic hole dispersion close to M-point
becomes much wider (cf. Fig. 2b). Correspondingly
the region where the Fermi surface is electron-like
pocket around M-point is limited to small fillings n <
0.3, while in a wide region of fillings # > 0.3 the Fermi
surface is hole-like pocket around M-point of the
Brillouin zone (Fig. 2d). Thus the sign change of Ty
No. 6
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Fig. 2. Electron spectrum along symmetry directions in the Brillouin zone (a, b), Fermi surfaces for different band-fillings for
(c, d) and dependences of reduced relaxation parameters T, and Ty on band-filling (e, f) for7 =0, 7/t = —0.4.

and correspondingly of Ry is observed for fillings n =
0.4 below half-filling (Fig. 2e). More so, the positive
values of T,y (n) for n < 0.4 is significantly smaller than
the absolute value of Tyy(n) for n > 0.4, so that the
“smearing” due to the derivative of distribution func-

tion (—gl) in Eq. (6) at high temperatures leads to Ry
€

changing its sign at much lower fillings (Fig. 1d). In
particular, for 7/8¢ = 0.06 Ry changes sign at n = (.2.

On the contrary, T,(n) for #/t = —0.4 (Fig. 2e) has a

maximum at # larger than half-filling, so that @

n
(and correspondingly .S) changes its sign for n = 0.66.
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Naturally the behavior of Ty(#) is more or less symmet-
ric around its maximum, and “smearing” due to the
derivative of distribution function in Eq. (2) close to
this maximum leads only to small changes of .S, so that
the filling n = 0.66, where thermopower changes its
sign is only weakly dependent on the temperature
growth (cf. Fig. 1b).

Thus with the growth of |f| the band-filling, corre-
sponding to the sign change of Ry, moves to the region
of n below half-filling of the band, while the band-fill-
ing, corresponding to sign change of .S, more farther
into the region of n > 0.5. As a result, the growth of |/
close to half-filling leads to formation of a wider
region of band-fillings, where Hall coefficient and
Vol. 137
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thermopower have different signs, and the growth of
the temperature makes this region even wider. Below
we shall see that this tendency is observed also in sys-
tems with systems with strong electronic correlations.

4. THERMOPOWER IN STRONGLY
CORRELATED METAL AND DOPED MOTT
INSULATOR

Before going to the results of our DMFT calcula-
tions we shall present an elementary qualitative analy-
sis along the lines of [4, 5]. It is more or less obvious
that deep in the Mott insulator state with well-defined
upper and lower Hubbard bands under the hole dop-
ing both thermopower and Hall coefficient are in fact
determined by filling of the lower Hubbard band (the
upper band is much upper in energy and is practically
empty). Under this situation in the model with elec-
tron-hole symmetry (in two-dimensional case this
corresponds to a spectrum with # = 0) we can estimate
the band-filling, corresponding to sign change of ther-
mopower, in very simple way. We shall consider only
the paramagnetic phase with ny = nj = n, so that in the
following n denotes electron density per single spin
projection and total electron density is 2x. In the fol-
lowing we consider only hole-doping of Mott insulator
and the number of these “holes” isgiven by p =1 — 2n.

In the case of electron-hole symmetry it is natural
to suppose that both thermopower and Hall coeffi-
cient change sign close to half-filling of the lower
Hubbard band n, = 1/2. Consider the states with
“upper” spin projection, then the full number of avail -
able states in the lower Hubbard bandid 1 —n, =1 —
n. Then the band-filling is determined by n = ny =
ny(1 — n) = 1/2(1 — n). Thus for the filling at which
both thermopower and Hall effect we obtain the esti-
mate n, = 1/3, with corresponding “hole” concentra-
tionp,=1—-2n.=1/31[4,5].

In general case situation is obviously more compli-
cated. In strongly correlated systems both thermo-
power and Hall effect (as well as other electronic prop-
erties) are significantly dependent on temperature.
At low temperatures in these systems considered in
DMFT approximation along with lower and upper
Hubbard bands an additional narrow quaiparticle
band forms close to the Fermi level leading to the so-
called quasiparticle peak in the density of states [1—3].
In doped Mott insulator this peak is placed near the
upper edge of the lower Hubbard band. Thus, at low
temperatures both thermopower and Hall coefficient
are mainly determined by filling of this quasiparticle
band. At high enough temperature (of the order or
larger than the width of quasiparticle peak) this peak is
smeared and thermopower is completely determined
by the filling of the lower Hubbard band. Correspond-
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ingly, during the analysis of thermopower, as well as
Hall effect [4, 5], it is necessary to consider two differ-
ent temperature regimes.

In Fig. 3 we show the dependence of thermopower
on band-filling, both for strongly correlated metal
(U/8t = 1) and doped Mott insulator (U/8¢t = 4, 10).
We see that in high-temperature regime (curves with
filled symbols) thermopower, even in the model with
complete electron-hole symmetry with # = 0 (Fig. 3a),
in doped Mott insulator changes sign at filling much
closer to half-filling (n = 0.42), than follows from our
qualitative estimate. Note that Hall coefficient [4, 5]
in this case changes its sign at ny ~ 0.36 (cf. Fig. 4a),
which is quite close to our qualitative estimate. For
comparison in Fig. 3a blue dashed line shows an exact
result for thermopower [14]:

§=_Keyy 20 _ _Kpy,1-2n
e 1-p e n

(25)

for the limit of U>> ¢. It can be seen that in this atomic
limit thermopower changes sign at # = 1 /3 in com-
plete accordance with our estimate. It is possible that
this significant difference is due to our use of DMFT
approximation. Cluster DMFT [9] and Monte-Carlo
calculations [12] give thermopower values for U > ¢
much closer to an exact result of Eq. (25). However the
main deficiency of these approaches is the possibility
to perform calculations only in the region of high
enough temperatures 7'~ 7.

For noticeable breaking of electron-hole symmetry
our qualitative estimate becomes invalid both for the
Hall coefficient [4, 5] and thermopower (cf. Fig. 3b).
Note that in accordance with our analysis of the case
of U= 0 given above the deviation from electron-hole
symmetry leads to decreasing values of the filling, cor-
responding to change of the sign of Hall coefficient [4,
5], and increasing values of the filling, corresponding
the sign change of thermopower (cf. Fig. 4b). Thus, in
strongly correlated systems breaking of electron-hole
systems leads to the appearance of rather wide region
of band-fillings, where Hall coefficient and thermo-
power have different signs. To compare high-tempera-
ture behavior of thermopower and Hall coefficient [4,
5] in hole doped Mott dielectric we show correspond-
ing band-filling dependencies in Fig. 4 for 7/t = 0;
—0.4.

In the low-temperature limit (curves with unfilled
symbols in Fig. 3) the presence of quasiparticle peak
leads to the absence of sign change of thermopower in
doped Mott insulator, which remains negative (elec-
tron-like) in the whole region of hole dopings. Note
that Hall coefficient at low temperatures becomes
positive (hole-like) only in a narrow region close to
half-filling, i.e. at very small hole doping [4, 5]. In
low-temperature regime the width and the amplitude
of quasiparticle peak depend both on band-filling and
temperature. Significant dependence of quasiparticle
peak on band-filling in low-temperature regime leads
Vol. 137
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Fig. 3. Dependence of thermopower for the case of ¥ = 0
(a) and 7/t = —0.4 (b) on band-filling for different strength
of electron correlations U in the low-temperature regime
(empty symbols) and in high-temperature regime (filled
symbols).

to the appearance of rather wide region of band-fill-
ings, where thermopower decreases with the growth of
n (cf. Fig. 3). Such anomalies on filling, related to qua-
siparticle peak, are stronger for thermopower than for
Hall coefficient [4, 5].

Smearing and disappearance of quasiparticle peak
may be not only due to the growth of temperature, but
also due to disordering [6, 15], as well as due to
pseudogap fluctuations, which are totally neglected in
the local DMFT approach [6, 13]. Thus, the region of
applicability of simple estimates and qualitative
behavior of thermopower, given above in the frame-
work of DMFT for high-temperature regime, in real-
ity may be much wider.

In general case calculation of disorder scattering
effects (more so pseudogap fluctuations) upon ther-
mopower is rather complicated problem. As a simple
estimate below we present the results of calculations
using Egs. (2) and (3), where we use the values of
spectral density A(pe) for disordered Hubbard model,
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Fig. 4. Comparison of high-temperature dependencies of
thermopower and Hall coefficient [4, 5] on band-filling
for# =0 (a)and 7/t = —0.4 (b).

obtained within DMFT + X approach [6, 13]. Disor-
der parameter A denotes here an effective scattering
rate of electrons by the random field of impurities (in
self -consistent Born approximation). It is clear that
such approach, taking into account only the influence
of disorder in the spectral density, is oversimplified,
but it seems reasonable for qualitative analysis.

In Fig. 5 we compare dependencies of thermo-
power on band-filling in the absence of disorder
(empty symbols) and for the case impurity scattering
with A/8f = 0.25 in Mott insulator with U/8¢ = 4.
While in high-temperature regime disorder only
weakly affects the Hall coefficient [4, 5] for different
values of 7 /t, for the thermopower disorder influence,
even in this regime, is rather noticeable. Disorder
leads to the decrease of thermopower for fillings close
to half-filling (low hole doping), leading to the
decrease of hole doping, corresponding to sign change
of S. At high enough hole doping < when thermo-
power is negative, the growth of disorder leads to
No. 6
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Fig. 5. Dependence of thermopower on bandfilling in the
presence of impurity scattering (A/8¢ = 0.25, filled sym-
bols) and in its absence (A = 0, empty symbols) for 7 = 0
(a) and 7'/t = —0.4 (b).

rather significant decrease of the absolute value of .S.
In low-temperature regime, where thermopower is
negative at any hole dopings, increasing disorder leads
to a strong decrease of the absolute value of thermo-
power.

In Fig. 6 we show the dependencies of thermo-
power on band-filling and temperature in the case of
Mott insulator with U/8¢ = 4 for different models of
electron spectrum, for the case of complete electron-
hole symmetry # = 0 and for 7/t = —0.25 and 7'/t =
—0.4, typical correspondingly for cuprates like LSCO
and YBCO. On the filling dependence of .S we observe
smooth evolution from low-temperature to high-tem-
perature regime. While at low temperatures for values
of #'/t, considered here, thermopower is negative at all
fillings, increasing of the temperature close to half-
filling leads to the appearance of the region of positive
values of thermopower. Hole doping at which §
changes its sign increases with temperature and
decreases with the growth of |//4. It is necessary to
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mote, that for Hall coefficient [4, 5] the growth of |¢'/f
leads to the decrease of the region of hole dopings with
positive values of Hall coefficient and to the increase
of doping value, corresponding to the sign change of
Ry;. Situation is here is in many respects similar to the
case of absence of correlations (U = 0)—the growth of
|£'/1 leads to the increase of band-filling, correspond-
ing to sign change of thermopower and the decrease of
the filling, corresponding to sign change of Ry.

In Figs. 6b, 6d, 6f we show the temperature depen-
dencies of thermopower for different band-fillings. In
all cases we observe the significant dependence of .S on
temperature. For low temperatures thermopower is
negative and its absolute value increases with the
growth of the temperature. At high temperatures close
to half-filling (low hole doping) thermopower is
increasing with rising temperature changing sign of .S,
leading to positive values of .S at high 7. At small fill-
ings (high hole doping) the absolute value of .S at high
temperatures continues to increase with the growth
of T, though slower than at low temperatures.

Recently quantum Monte-Carlo calculations of
thermopower were done for the Hubbard model [12]
at reasonable temperature 7= ¢/4. The results of these
calculations nicely reproduce the experimental results
on thermopower for a number of hole-doped cuprates
(cf. Fig. 1 in [12]). In particular they reproduce the
sign change of thermopower at hole doping p = 0.15.
In Fig. 7 we compare the results of our DMFT calcu-
lations with Monte-Carlo results of [12]. We can see
that the results of our DMFT calculations of thermo-
power at U/8t = 4 are close to Monte-Carlo results at
U/8¢t = 1, and correspondingly to the room tempera-
ture experimental data for thermopower in cuprates.
Note that in the framework of DMFT at U/8¢ = 1 the
system still remains (even at half-filling) the strongly
correlated metal, while at U/8¢ = 4 it becomes the
doped Mott insulator, which is usually considered as
typical for cuprates.

5. ESTIMATING CARRIER CONCENTRATION,
THERMOPOWER AND HALL COEFFICIENT
FROM ARPES DATA

Measuring thermopower and Hall coefficient are
among the major experimental methods to determine
the type and concentration of current carriers. How-
ever, as was demonstrated above, especially under the
conditions of broken electron-hole symmetry (¢ # 0) a
wide region of band-fillings appear, where thermo-
power and Hall effect produce evidence for different
type of charge carriers (p—n anomaly). As was shown
in [4, 5] in the interval of doping, where Hall effect
changes its sign, Hall number (the number of carriers
formally determined from this effect) sharply
increases and can not be used to determine the real
number of carriers.
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Fig. 6. Dependence of thermopower on band-filling for different temperatures (a, ¢, €) and temperature dependence of .S for dif-

ferent band-fillings (b, d, f).

Below we shall show, that a semiquantitative esti-
mate of the number of charge carriers, as well as of
thermopower and Hall coefficient in doped Mott
insulator can be done using ARPES data and electron
spectrum obtained within the standard DFT calcula-
tions.

In systems with strong electronic correlations,
doped Mott insulator including, Fermi-liquid
description still holds, Fermi surface is well defined, as
well as quasiparticles near it [16]. In Fig. 8 we show the
spectral density A(p, 0) at the Fermi level, obtained
within DMFT in high-temperature regime, when the
temperature is noticeably larger than the width of
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quasi-particle peak, but still much lower than the
Fermi energy. Band-filling is taken to be equal to n =
0.19, at which, in the case of 7/t = —0.4, Hall coeffi-
cient changes its sign [4, 5]. We see that spectral den-
sity is much “smeared,” but it still has a maximum at
the Fermi surface, shown in Fig. 8 by black curve,
obtained from equation:

b —&(p) ~ Re X(0) = 0

where | is the chemical potential, determined from
band-filling within DMFT, while X(0) is local
(DMFT) self-energy at the Fermi level.

(26)
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calculations [12] (thick blue lines) for the dependence of
thermopower on hole doping p.

Let us introduce now g = L — ReX(0), then
instead of Eq. (26) we obtain an equation:
(27)

Uer —€(P) =0

determining the Fermi surface like in the absence of
electronic correlations (U = 0), but with chemical
potential |4 Obviously in general case spectral den-
sity is much “smeared” around the Fermi surface, but
its maximum is still on it (Fig. 8). Thus for qualitative
(but much simpler) estimate of Hall coefficient and
thermopower we can use expressions given by,
Egs. (23) and (24), corresponding to U = 0, but with
U — U Naturally, the filling #,, corresponding to
chemical potential L in the system with no correla-
tions (U = 0), does not coincide with real band-filling
n in correlated system. It seems reasonable to assume
that this n, corresponds to the filling of the lower Hub-
bard band. Then from n, we can easily get the total fill-
ing of the whole band n. The total number of states in
the lower Hubbard band is 1 — #, so that the total fill-
ing is n = ny(1 — n) and we get:

Hy

. (28)
1+ n,

In Fig. 9 we show relations between n, and n, as
well as simple estimates for Hall coefficient and ther-
mopower, compared with exact DMFT results.
In high-temperature regime (7/8¢ = 0.0586), when
quasiparticle peak in the density of states vanishes, we
can see that Eq. (28) is more or less confirmed. Esti-
mates for thermopower S, and especially for Hall coef-
ficient obtained in this approach are also sufficiently
close to exact results.
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Fig. 8. Spectral density in the quarter of the Brillouin zone.
Curve represents the Fermi surface obtained from
Eq. (26).

In low-temperature regime the presence of quasi-
particle peak in the density of states of DMFT makes
Eq. (28) invalid and #, in fact just coincides with .
The estimate for Hall coefficient Ry is still quite close
to exact DMFT results (except anomalies in Ry,
related to quasiparticle peak for 7 = 0 [4, 5] (Fig. 9h).
At the same time the estimate of thermopower at low
temperatures is unsatisfactory. It is possibly related to
more important role of “smearing” of spectral density
around the Fermi surface in calculations of thermo-
power and anomalies related to filling of quasiparticle
peak.

It is necessary to note once more, that anomalies
observed in low-temperature regime are determined
by the presence of quasiparticle peak in DMFT
approximation, while it vanishes with increase of tem-
perature or due to disorder, as well as due to account of
nonlocal correlations outside DMFT. Thus, it is quite
possible that qualitatively the results obtained in high-
temperature regime are more or less general.

Using ARPES data for doped Mott insulator we
can determine n, (in fact it is just the area of the Brill-
ouin zone below the Fermi surface) and then, using
Eq. (28), define the total filling # and hole doping level
as p = 1 — 2n. Standard DFT calculations of electron
spectrum, with the account of filling of uncorrelated
band n,, allow using Eqgs. (23) and (24) to estimate
both Ry and S. In fact these results are in total agree-
ment with the picture of “hidden” Fermi-liquid intro-
duced in [16].

6. CONCLUSIONS

We have studied the behavior of thermoelectric
power in metallic phase originating by doping the
Mott insulator. We mainly concentrated on the case of
Vol. 137
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Fig. 9. Relation between the effective band-filling of the band without correlations n and total band-filling of correlated band
n(a, d, g, j). Comparison of estimates for Hall coefTicient Ry (b, €, h, k) and thermopower S, (c, f, i, I) with DMFT results

(RH’ S)

hole doping, characteristic for the major part of cupra-
tes. We have considered a number of two-dimensional
tight-binding models of electron spectrum, fitting the
electronic structure of cuprates. In all of these models
in doped Mott insulator we observe anomalous tem-
perature dependence of thermopower .S which is sig-
nificantly different from linear dependence typical to
usual metals. In low-temperature limit S is mainly
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determined by filling of quasiparticle peak, leading to
negative values of thermopower at any hole doping
and anomalous dependence of .S on filling, when the
negative (electron-like) thermopower increases its
absolute value with addition of electrons. For thermo-
power these low-temperature anomalies, connected
with the filling of quasiparticle peak, are much stron-
ger than similar anomalies for Hall coefficient.
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In high-temperature limit, when the quasiparticle
peak is essentially damped, .S'is mainly determined by
the filling of lower (for hole doping) or upper (for
electron doping) Hub-bard band. In this limit the
qualitative estimate shows that the sign change of
both § and Hall effect in the simplest (symmetric,
' = 0) case takes place at band-filling n = 1/3 per sin-
gle spin projection, corresponding to hole doping
p=1=-2n=1/3.

DMFT calculations show that .S changes its sign at
n = 0.42, while Hall effect sign change takes place at
n = 0.36. Thus, even in the case of electron-hole sym-
metry there is narrow region of dopings, where Ry is
already positive, while .S remains negative. The break-
ing of electron-hole symmetry leads to the increase of
filling 1, corresponding to sign change of .S, and to the
decrease of n, corresponding to sign change of Ry,
leading to rather wide region of fillings, where ther-
mopower and Hall effect have different signs. We have
also proposed a scheme, allowing to obtain the num-
ber of charge carriers in doped Mott insulator form
ARPES data using DFT calculations of electronic
spectrum and to perform a semiquantitative estimate
of both Hall coefficient and thermopower.

In principle, on the qualitative level, the possibility
of different signs of thermopower and Hall effect is
known for rather long time and was observed in a
number of experiments in disordered systems [17, 18].
Systematic studies of thermopower in cuprates for dif-
ferent doping levels was performed in [19, 20]. It was
demonstrated that thermopower of a number of
cuprates changes its sign closetop=1—2n=0.1-0.2,
in the vicinity of optimal doping level p = 0.16, corre-
sponding to the maximum of superconducting tem-
perature. In [21] this behavior of thermopower was
interpreted as connected to the presence of a nearby
quantum critical point, related with separation of the
upper Hubbard band. Unfortunately, no comparison
was made in these works with the available data on
Hall effect. In [22—25] the measurements of Hall
effect were done for several cuprates at low tempera-
tures in extremely strong magnetic fields (in the nor-
mal phase), which also demonstrated the anomalous
behavior (growth of the Hall number of carriers) at
doping levels p = 0.2—0.25. I these works this anoma-
lous behavior of Hall effect was also related to the
nearby quantum critical point, corresponding to the
closure of the pseudogap. In [4, 5] this behavior of
Hall effect was interpreted as due to the approach to
the point, where Hall effect changes its sign (which
actually was not observed in the samples studied in
[22—25]), with no relation to any quantum critical
point. The DMFT results obtained above are in qual-
itative agreement with experimental data. In particu-
lar, the hole doping level of Mott insulator, corre-
sponding to the change of sign of the thermopower is
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always lower, than the doping level where the Hall
coefficient changes its sign. This stresses the impor-
tance of systematic comparative studies of Hall effect
and thermopower in cuprates.
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