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Effective reduction of dimensionality
due to orbital degrees of freedom

e Formation of low-dimensional magnetic systems
due to orbital ordering

e “1D-zation” of electron spectrum and orbitally
driven Peierls state

* Novel states close to the Mott transition:
“molecules” in solids
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KCuks Cu (3d9)

Crystal structure:
perovskite (3D)

PHYSICAL REVIEW B VOLUME 21, NUMBER 5 1 MARCH 1980

Neutron scattering study of spin waves in one-dimensional antiferromagnet KCuF;

S. K. Satija, J. D. Axe, and G. Shirane
Brookhaven National Laboratory, Upton, New York 11973

H. Yoshizawa and K. Hirakawa
Institute for Solid State Physics, University of Tokyo, 7-22-1 Roppongi, Minato-ku, Tokyo 106, Japan
(Received 31 October 1979)

Inelastic neutron scattering has been used to obtain the spin-wave spectrum in KCuF;. The
nature of magnetic interactions in this material is quasi-one-dimensional (chainlike) as evi-
denced by a highly anisotropic spin-wave dispersion. The spin-wave dispersion along the chain
direction fits very well with the exact solution for an S =% linear-chain antiferromagnet given
by des Cloizeaux and Pearson. Using linear spin-wave theory, the ratio of interchain to intra-
chain magnetic exchange parameters J,/J. is found to be —0.01 £0.001. A zone-center gap of 8




KCuF3

Crystal structure:

perovskite (3D)
Jahn-Teller distortions: week W:I\?Ik
t AFM
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(5 T Kugel & Khomskii,
‘ 9 xXz/yz JETP 37,725 (1973)

Orbitals reduce dimension: 3D —> 1D 9
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T1:Ru207

Crystal structure:
pyrochlore (3D)

Ru#t (4d4, S=1)

o
g

% (emu/mol)

§

0.0000

Orbital

ordering: AFM chain S=1: Haldane chains
(LDA+U) - 29"

Ru4+ # i

S. Lee et al., Nat. Mater. 5, 471 (2006)

Orbitals reduce dimensionality: 3D — 1D 10
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NaTiSi20¢

Crystal structure:
pyroxene (1D)

JPSJ 71, 1423 (2002) 1

Ti3* (3dL, S=1/2) —
00 100 200 300 400 500 600 700
T(K)

Exchange constants:

Ol‘blt?ll In dimer:  Jinya = 396 K (AFM)
ordering: inter-dimer: Jyo,=-5K (FM)
(LDA+U)

Streltsov et al., PRL 96, 249701 (2006)

Orbitals reduce dimensionality: 1D — 0D 11
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Peierls transition: 1D chain

doubling of the u.c.!
Half-filling
(1 electron/site) ’_’_H > <P---0<D
—p . >
a a
E(k)
T n
a a
Instability at |q| = 2kr Gain in kinetic energy: ~ —|A[|?In|A]
™ T :
Half-filling (1 electron/site): [krl =5, lg| = p Loss in elastic energy: ~ |A|*

Lattice deformations are possible for other fillings! 13



electron spectru
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Peierls transition: 1D chain

Instability at |Q| = 2kr 2 | | | | | | |

quarter-filling (1/2 electron/site):
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Spinels: AB>Oy4
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Culr:Sq: spinel Nominally: Ir3-5F (t25-5)

T<230 K:

1) charge ordering
Ir3* (t2e®) and Ir#* (t2g°)
2) tetragonal elongation
c/a>1
3) dimerization
[r4 — Ir** dimers

Radaelli et al., Nature 416, 155 (2002)

What is the reason for such complex distortions?
16
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Culr:S4: spinel

3+

3+

4+

xy-band ;
~ zX,yz-bands c 4+
4+
Y 3
\ / 7 X / 4+
3+
tetragonal xy-band shortest Z,
elongation 1s 3/4 filled bonds “intermediate”
@ (dimers) bonds
Tetramerization? Khomskii & Mizokawa, PRL 94, 156402 (2005)

Orbitals reduce dimensionality: 3D — 0D 17
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MgTi204: spinel

T<260 K:

Superstructure

Schmidt et al.,
PRL 92, 56402 (2004)

zX
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Orbitals reduce dimensionality: 3D — 1D 18



Hubbard model: H = —t Z C;-ro.cja
(2j)o

In solids:
U/t < 1 U/t > 1
A
i ) AFM Ground state
> u
Metal Mott insulator

19



s-1n-solids”

Hubbard model: H = —t Z C,,Cjo T+ UZ”Z’T”N
(ig)o g
Molecules:

U/t < 1 U ~t U/t > 1
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orbitals
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20
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Intermediate

Insulator situation Metal
b
it |

1o -

U/t > 1 U/t < 1

“Molecules-in-solids”: Metallic drops in an insulating media

Plenty of mechanisms of spontaneous formation of “molecules”:
Peierls effect, CDW instability, orbital ordering.

21
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LiCrO, (Cr3+ d3) S
Exp: Insulator z N -
W~1eV, U~4eV ) 05 Kudowaki et al ;
Us>>W . JPCM, 6, 6869 (1995)
Mazin PRB 75, 094407 (2007) Soubeyroux et al 00 bt
PSS, 67, 633 (1981) T (K
LIV02 (V3+ d2) >l s | What is the
j o Inl difference between
Exp: Insulator ¢ LiCrO2 and LiVO2?
;. 400 |- .
Kobayashi et al, o Active orbital
Mater. Res. Bull. 4, 95 (1969). J B degrees of freedom!
0
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(1) Configuration d3 (S=3/2)- leaves frustration (2) One of the lobes takes
. . o : e part in direct Me-Me
Configuration d2 (S=1) - relieves frustration: exchange

makes 2 out of 3 Me-Me bonds inequivalent

PP SOTANR VNP oF MRS U PPIRAN I WA SN U DORI
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LiVO-
Orbitally induced trimerization — > Spin gap

H. F. Pen, J. van den Brink, D. . Khomskii, G. A. Sawatzky,
Phys. Rev. Lett. 78, 1323 (1997).

_AA< // 7w
/V_Ay =
ANAYAY

IN/N N ., ©®

] 200 400 G0 W)
T(K)

Trimerization: J. Solid State Chem. 72, 234 (1988).
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“Molecules” In solids!
(Valence bond solid)
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p (Qcm)

M/H (1 0° emu/mol)

400

200

LiVL2

T T T
\(iof-plane

LiVO,
LiVSs, (single crystal) —

%ane -

(@)

Livo,

Temperature

L: O — S5 — Se

of dimensi
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increase metallization!

LivVO, LiVS, LiVSe,
\ \ \

i E - —\—
paramagnetc 2 LiVS, Se
Insulator .y . 300 \‘\ S

~ N
_: B 200 metal
VBS \
02 04 "20

d
& o™

“Molecules” in solids

Se contents, x

metal

Vd-Xp transfer

Phys. Rev. Lett.
103, 146405 (2009)

“Molecules” do not appear, when we are far from the insulating regime

Orbitals reduce dimensionality:

2D — 0D
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Spinel AIV,0, Mechanism:

Clusters: Heptamers Peierls-like transition

(a) (b) @l11f =V (meV) 340
: . _ 1 320

300

f—3.0394R 0

[ T 11 T]

B

261018

Y. Horibe et al A. Uehara, H. Shinaoka, and Y. Motome,
Phys. Rev. Lett. 96, 86406 (2006). Phys. Rev. B 92, 195150 (2015).

Orbitals reduce dimensionality: 3D — 0D
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Ru4+: 4d4 (S=1)

Li,RuO,

“Metal-insulator-like” (?) and, X-ray powder diffraction:
magnetic transitions at 540K Structural transition (?)

0.001

hd

_ : T < 540 K T > 540 K

: 1107

_ S

0.0005k : : - ‘\(_{—\ f w

(=1 T) _ . (J{(f .
I . . 1—00 Ru

1 1 1 1 . .
0 200 400 c00 10 I .

T (K)

X (emu/mol)
(wo-gy) d

Formation of dimers and that’s it?

Y. Miura et al., JPSJ 76, 033705 (2007) 27
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X-Ray diffraction: dimers exist T < T=540 K

Y Miura, Y. Yasui, M. Sato, N. Igawa, K. Kakurai,
J. Phys. Soc. Japan 76, 033705 (2007)

X-Ray diffraction, pair distribution function
analysis: dimers exist even for T > Ts—=540 K

S. Kimber, I. Mazin, J. Shen, H. Jeschke, S. Streltsov,
D. Argyriou, R. Valenti, D. Khomskii,
PRB 89, 081408 (2014)

Li,RuO,

T <540 K: Valence bond solid (dimers are ordered)

T > 540 K: Valence bond liquid (dimers flow over the lattice)
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s
LioRuOs: any other experimental evidences
of valence bond liquid besides PDF?

12F Li NMR

- E,=0.13¢eV
10

___ Activation processes
o, e | in the HT phase!

1 (S—l)

Tl
(@)
I
o
..
[
(J

47 E,=0.19eV e o o o
| I |

1.5 2.0 2.5 3.0 3.5
1000/T (K )

Y. Arapova, A. Buzlukov, A. Germov, K. Mikhalev, T. Tan, J. Park, S. Streltsov, JETP Lett. 105, 375 (2017).



Valence bond liquid in Li2RuOs: what theory says

Armchair Parallel dimers Uniform
NM GGA
total energy (meV/f.u.) 0 Ts ~ S00K g 1700 K
s PRB 89, 081408 (2014)

Uniform metallic solution
Is highly unfavourable!

We gain a lot of energy by the
direct xy/xy exchange
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DFT: Formation of molecular orbitals in dimers
in Li2RuOs3 significantly reduces total energy

DOS (states/eV/f.u.)

Bonding  Antibonding
Xy-Xy Xy-Xy



Examples of “Molecules-in-solids”

LiVO,: formation of trimers

AlV20,: formation of heptameters

LioRuOs: formation of very stable dimers

Can we have these “Molecules” without
structurally isolated clusters?

32
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Let’s consider
1) Honeycomb lattice
2) Transition metals: tog ions
3) Hopping only via ligand p-
orbitals

Molecules = TMes hexagons
(no clusters; all TM-TM
bonds are the same)

Twofold nature of
electrons:

(1) electrons are confined
in hexagons

(2) electrons are delocalized moving over hexagon

33



B
SrRu20¢6: (4d) electronic analog of benzene!

SrRu206: Ru - 4d3 Benzene CsHe: three sp2-electrons/C
six d-electons/u.c. six p-electons/u.c.

Energy




g -
Examples: NazlrOs, Li2lrOs, Na2RuOs3

PRL 109, 197201 (2012)
PRB 90, 161110 (2014)

Strong direct d-d hopping and spin-orbit coupling
spoils MOs on hexagons

SrRu206, AgRUQO3 perfect hexagonal lattice (no dimerization!) with MO!

Isolate Rus cluster: GGA calculation for SrRu20s:
2 Ruin the u.c. (6 electrons) | " B —
. |
2(t+t) A1g %
-t == E1y g
I Band gap Q
-(t+t’) E2g
2(tt) 9@ By s 1 0.5 0 0.5 1

Energy (eV)
S.S., . Mazin, K. Foyevtseva PRB 92, 134408 (2015) 35



Anomalous properties, which MOs bring: »-
Magnetism

Is this related with unusually
high Tn for layered material?

Tn =560 K!

C. I. Hiley et al
PRB 92, 104413 (2015)

~_~

of dimensi
es-1n-solids”

SrRu20¢6 is an
non-Heisenberg
magnet!

(a) 14 booooooo......

36



-(t+t) # E2g px and py components of momentum operator transform according to E1y

2(t1) @@ Biw  Selection rule: Biux Ay = Bu, By
symmetry Biy X Eag = By Bram~Jio
(Désn) Eag X E1y = Biy + Bay + E1y Esy — Eqy
Ery X A1g = Eny Elna A1,

Re o (1015 C'l) JDOS(arb. units)

Joint density of states (JDOS)
J(w) = Z/é(ec(k) — €y(K) — w)dk

Real part of optical conductivity
2
I cas(w) = — 5y ;/(c,k\po‘\v,kﬂv,k@ﬁ\c, k)

X 0(e.(k) — €, (k) — hw)dk. (5)

0.5 1 15 2
Energy (eV)

Formation of MOs suppresses optical transitions

Z. Pchelkina, S.S., |. Mazin Phys. Rev. B 94, 205148 (2016).

37
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1. Orbitals may reduce
dimensionality of a magnetic
subsystem

2. Orbitals may induce “1D-zation”
of electronic spectrum

3. There may appear an intermediate
state - “Molecules-in-solids” on a
verge of metal-insulator transition

20

38



Orbital-selective effects

e Orbital-selective Mott transition

* Orbital-selective behavior and (partial)
suppression of magnetism

39
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Starting point: Anisimov et al., Eur. Phys. J. B 25, 191 (2002)
see also Gorelov et al., PRL 104, 225401 (2010)
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Density of states

Fig. 3. Density of ta24 states for SraRuQO4 obtained from LDA

Fig. 1. Basic crystal structure of calculation. The solid line is the DOS for the (zz,yz)-orbitals

Cas_»Sr.RuOy and the dashed line for the zy-orbital. (n(y., »2), nay) indicates
—XT xr . - - - PO - -

Geometry: layered structure, common corner sharing

2

tive effects
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Fig. 6. Results of LDA+DMFT(NCA) calculations obtained
within LDA DOS for SraRuOy4. The solid line is the DOS for
xz,yz-orbitals and the dashed line for (xy)-orbital. At U =

Orbital-selectivity: Metal-insulator transition occurs first for the xz/yz orbitals
(Uc=1.5 eV) and only then for the xy orbitals (Uc:=2.5 eV)
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2D Square lattice, two orbitals, half-filling (2 electrons/site)

H = Hyxin + Hint o - orbital index
Hkin = — Z taCZOé,O'Cj,O{,O' -I_ h.C.,
(i,)),a,0

U,

— !/
Hine =UD niaihia+ U D nienioe

i,o,0'

L,
T T / oot
—J > Ci.1,06i,1,0/Ci,2,0Ci.2.0 = J Z(Ci,I,Tci,l,lci,Z,TCi,Z,l +h.c)
i

i,o,0'

Effect of orbital mixing ( {,,,,- 7 0)
(1) Destabilization of the OSM state

Effect of the Hund’s coupling:

(1) Stabilization of Mott phase
(2) Stabilization of the OSM state

0 0.2 0.4 0.6 0.8 1
tolty

Tocchio et al., JPCM 28, 105602 (2016) 41



OSM transition is possible
even in the case of the same bandwidths

=1 Z (dlmO' jmo +Hec) + ZS dlm‘fd’ma

(ijymo imo
+ UD Ry + (U' ) D MimMin
i,m Lm>m'
g o/ 4 ! —J Z [zsim Sy T (d;l-de,mldzm’lem’l + H.c. )]
 Me . [ (v 3 Band model with --
R crystal-field splitting 1 A
6 2 4 6 B8 96 1@ 14 8 Y8 26 (4 electrons/site) o
U/D
With J we increase energy difference —4 e
between high-spin and low-spin # #
configurations

(and suppress orbital fluctuations) HS LS

42
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Orbital-selective Mott state Mott state Metal
(1) Makes orbitals different (1) Makes orbitals “the same”

Crystal-field splitting Crystal-field splitting

(2) Suppress orbital fluctuations (2) Mixing orbitals

T e S
L, i1 ime Cjmo Wlth m %+ m .

Ju suppresses orbital fluctuations



Double exchange is a natural realization of
the orbital-selectivity

Let’s consider (1) metallic system;
(2) noninteger number of electrons per site;

(3) there are two types carriers: itinerant and localized.

AFM KM

Itinerant electrons

- -
CrO;, CMR
Localized electrons t l t lt l tttttt ml;nzganates etc.

No energy gain due
to hoppings! OEDE Wax

t . Examples:

Proposed:
C. Zener on examples of Mn-Mn dimer C. Zener, Phys. Rev. 82, 403 (1951)

44



tive effec
nd suppression o

E.g. 1.5 electron per site

“FM” S tot=3/ 2

Double exchange localzed —_—
in case of an Ny .
isolated dimer p—— ":—.
mobile ;

electron ¢
+‘ c

Maximum gain in Hund’s energy, Jgy

For an isolated dimer: “double exchange” = maximum Sy, state

Important ingredients: e two sets of orbitals -
localized “d ” and molecular “¢”

'JH—>OO 45



tive effec
nd suppression o

Isolated dimer
(e.g. 1.5 elsite)

d_g} f—
5 ‘l -tc
“Double exchange” “Molecular-Orbital state”
Sed2 — Swr=1/2
Competition
3d transition metal 4d-5d tran_sition
oxides J}éo metal oxides
E = Ju
DE = —tc —Ju Emo = —2tc —ta —

The double exchange (maximum Si.t) State can be suppressed! 46
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Critical J° /t

0,35

0,25

Exact diag. (T=0) for a dimer

ctive effec
nd suppression o

—
d
c
\ -td
\ / t
- [
T T T T T T T
M ax. S DE state, S, =3/2

0,3

MO state =
— d —_d
S, =1/2 d —+ =
1 ' * S 2
! ! ! . ! !
6 8 10 12 14

B P

-

Dimer: 2 orbitals/site;
1.5 electrons/site

Model: H = Hy + Hy

Hy = techer + tqdbdy + H.c.
1

_ - mm’ o —0
Hu =3 Z U T me
J
mm’o
1 mm/’ mm’\, o o
+5 > U™ = TEING S

j
(mm/)o
Transition from molecular-orbital to
double exchange regime

is discontinues 47




tive effec
nd suppression o

£ -

Dimerized chain: (o mmmn(  mmwn ()

tc, ta tc, ti tc, la

Each site has two orbitals: “c” electrons are “hopping”

“d” electrons are “localized”

Model: Hubbard model H=Hy+ H;uor + Hy

H = Y (tcc{ch-,l t tad! iy + H,c.) |

Hinger = Z (t/cC;'r,zc(i+1),1 + tiid;‘r,zd(ﬁl),l + H.C-) ;

1 j : mm’' o —0 1 § mm/’ mm/ g o
HU - 5 U nj,mnj;m/ _|_ 5 (U - JH )nj7mnj7ml.
j J
mm'o (mm/)o

Solver: Dynamical mean field theory (DMFT)
48



ctive effec
nd suppression o

15 T T T T T T T T T

14 ] Technical details:

1,3 v

! Double exchange * HF-QMC, 7= 1100K

1’1- — » 2 bands; 1.5 electrons/site;
& B E £ * Realistic values for 4d/5d TMO
% ool * ti=0.1eV, t.=0.6eV, U=5eV, t'=0.5t4
® 08

0,7 ]

0,2( _ \\ Molecular-orbital/Double exchange

0, — o 0

P R R R R transition: smooth crossover

I
.
o “o
o o I
* *
*
I
. **
* K
. R
>

Streltsov & Khomskii PNAS 113, 10491 (2016) 49
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Suppression of magnetic moments in Y_Mo,O_,

Mo#4-5+;

Crystal

DOS (3:awafevuc])
L]

4415 ticpf = 3.24/18 /dimer

structure: dimerized chains

¥,Mo,0,, GGA

Bndng andbordeg splting re I k‘

rrrrrrrrrtrtrtrYr i

tive effec
nd suppression o

.ﬂ.

s=l\  Merr = L.Tup/dimer

2 |

= * \ Why so small ?

&3 \
. S~ JSSC 60. 332 (1985)
3 e ‘ ax ’ 39

(k)

S=1/2 per dimer
tegr = 173115 /dimer

Molecular-orbital state is realized !

“c” electrons (xy orbitals) form MO
“d” (xz/yz orbitals) retain local moments 50



d suppression
.

Theoretical

Elec. conf.  (basing on ionic conf.) Experimental
Ba3NdRuzO9 4d3-5 u, p— 2,5“3 /Ru = 1.6#3 /Ru
BazLaRuzO9 4d3.5 1= 2.0up/Ru t=1.2up IRu
BasYRu2Oy9 4433 @ = 2.5up/Ru p=0.56up /Ru

Dimers made of the edge sharing
RuOe octahedra

Dimers are not “well isolated”
(“strongly coupled dimers”)

51
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Theoretical
Elec. conf.  (basing on ionic conf.) Experimental
Ba3NdRuzO9 4d3-5 u, p— 2,5”,13 /Ru M= 1.6/.63 /Ru
BazLaRuzO9 4d3.5 1= 2.0up/Ru t=1.2up IRu
BasYRu2Oy9 4433 @ = 2.5up/Ru po=0.56up /Ru

Standard explanations

1. Hybridization effects - oxidation state of Ru is the same;

2. Spin-orbit coupling - (1) RuOg octahedra are strongly distorted;
(2) GGA+SOC shows no orbital moment;

L

does NOT work!
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Elec. conf.
BasNdRu;O9 4435

Bas;LaRu>Og 4d3-5

Ba3sYRuxO9 4d3.5

ctive effec
nd suppression o

Theoretical
(basing on ionic conf.) Experimental
(= 2.5up/Ru = 1.6 /Ru
t=1.2up IRu

p = 2.5up/Ru

_qma:r B I

sqrt(<822>)

omm |
nJ: @

Molecular -
orbital

@ = 2.5up/Ru u=0.56up /Ru
T I T I T .q:‘ar
Are we in the crossover
Double MO/DE regime?
exchange

Details of the crystal structure
defines t/tw/t’/Jn and what portion
of magnetic moment is suppressed.
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1. Directional character of orbitals may
result in a very different bandwidths (for
different orbitals) and as a result to the
orbital-selective Mott transition

2. Orbital-selective effects may
strongly suppress magnetism

Double

dtt

exchange ¢ #

(especially in dimerized systems)

sqrt(<s,>)

" T T T T T T T T T T T

| I T IR |

0,4 0,5 0,6 0,7 0,8 0,9

Molecular - d 4
orbital
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Spin-orbit related effects

* jetr =1/2 and the spin-orbit-assisted Mott state
e Spin-orbit coupling versus Jahn-Teller effect

» Kitaev exchange
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or d-orbitals,

Spin-orbit coupling (SOC): fgoc = Als

Orbital moment for e, is quenched => we consider #2¢.-10ns

d-orb. yzy zxy xyr 323 X2yfiyzy zx xy, 327 x2)7 p-()rb, Xy Yro ozZpt X, Y, oz
0 2 0 0 o +[0 0 -3 |-livax -2 /0 —% 0l:/0 0 5 \
-2 0 0 0 0 1o o 21 & 3 , % 0 0/:]0 0 —%
il s mm’ o PPN
0 0 0 0 2 m ;\ 2>\ 0 0 0 SOC —_— 'LOA‘P 2% z:;\ 0 =)
, 0 0 0 0 0 MivBx —¥BR o 0 0 0 0 —5/\: Q)\ 5 0
H»m — 0 0 —iA 0 0o v 2 3 0 o 0 0O 0 —-%i-% 0 0
JOC T AT T \2_ 2 ofilo 0o o]/
0 0 2 a2 E 2 0 0 0 0
-3 -2 0 0 0o Mo 0 0 0 —iA
Livax Y2 o 0 0 10 0 0 0 0
220 0 0 40 0 A0 0
Atzg_e-g U
bay =+ p 3d | 1-2ev | 3-10er
Thus, if Ay, ., large enough {1—icsr=1 4d | 3-4eV 2-5eV
A== 5d | 4-45eV | 1-3eV

At least 5d transition metals can be described with lg= 1 (jes=1/2 and 3/2)



=

AcFs >>A

~
-
N~

cf f
J1j2

ef f
J3i2

ated effe
cheme of d-lev

ars
~
ars
~

“
-
”
-

J5/2 d
J3/2
AcFs<< A
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1sted Mott state

U <

bandwidth @A :

® ® *— NS 10
| S
Co(3d5) Rh(4d5) Ir (5d9) \ | _
(b) LDA+SO r M X r 1
J AN
SrCo0s4 SroRhOs4 SrolrOg & 5
A ] o
metal metal insulator oy LM X 3
(c) LDA+SO+U .
J U
o _\// m
D rd 4 _

Kim et al., PRL 101, 76402 (2008)
Spin-orbit-assisted Mott state!
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ated effe

Let’s consider 1) Hopping only via ligand p-orbitals
2) SOC is the strongest coupling

3) Conf: d5 (jer=1/2 is half-filled)

txy/xy =0;
( xyiz = 0; bxypyz = 0; lyzpyz = O, txzixz = O;')
tyzixz =t; tyzixz =t;

jeff 1
= ire) = oy D+ 1wz +v2) ),

~
L] “n

g

~

1 L
|JZ4s2) = 7 (lzy 1) + |(ixz = yz) 7)),

372
2
_ ldaess
D"
but (Jf/a,nm-f:l/z,b) = <Ji1/2,r.|i|Jf;2,h) =0
. . 1., . - r - . o
(J1/2,altlIT26) = 3 (—i(y= da [tz L) + i@z Lo [Elyz do}) = (—it +it) =0

Superexchange: ./

NO AFM superexchange! . 59
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.

Let’s consider

1) Hopping only via ligand p-orbitals
2) SOC is the strongest coupling
3) Conf: d® (jer=1/2 is half-filled)

txy/xy =O;
( xyiz = 0; bxypyz = 0; lyzpyz = O, txzixz = Of)
tyzixz =t; tyzixz =t;

There will be only higher order
(FM) terms!

Koo t;d JH
AcrU U

- 2
JZ o7 0) = =
Strong SOC => (Sipallel Tip2) = 3

with K < 0 (FM)
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4

- _ QY

Kitaev model H = E Ki; S/'5;
ij

Kitaev Ann. Phys. 321, 2 (2006)

Highly frustrated model (spin liquid GS)

Exactly solvable

Jackeli-Khaliullin: d® systems on honeycomb
lattice can be a realization of the Kitaev model

G. Jackeli and G. Khaliullin, PRL 102, 17205 (2009).

Possible physical
realizationes of Kitaev model:  NasIrO3; a-LisIrO; LioRhO3 «a-RuCls
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Kitaev-Heisenberg model

,Hz'j - Jij S, - Sj + Kij SQ/S; + Fij <SZQSJB + SES?)

« B « B
+ T, (sgsj + 5759 4+ 5057 4 5! s;)

Experimental results

Property| NagIrOs  a-Li2IrOs | LisRhOj3 a-RuCls
pest (uB)|  1.79 1.83 2.03 2.0 to 2.7
Oiso (K)| ~ =120 —33 to —100| ~ —50 ~ +40
Ou (K) -176 Oup > O — +38 to 468
0. (K) —40 — — —100 to —150
Tn (K) | 13—18 ~ 15 (6) 7 to 14
Order Zigzag Spiral Glassy Zigzag
k-vector | (0,1,1)  (0.32,0,0) — (0,1,1)

ated effe

¢ =3m/2
K <0

O ab-initio: P3,12
O ab-initio: C2/m
0 ab-initio: relaxed struct.

O experimental analysis

J1 = cos ¢sin 6
K1 =sin¢sinf

I't = cos@
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Kitaev-Heisenberg model

Hij = Jij Si-S; + Kij S7S7 +Ty, (S?Sf + st;.l)
o B o B
+T, (S,ysj + 5757 + 5057 + 8 S})

Na21r03

Method J1 Ky Iy Fll Ko J3
Pert. Theo.*? 432 —-294 +1.1 -35 —04 +1.7

QC (2-site)*!  +2.7 —16.9 +1.0 — - -
ED (6-site)*® +0.5 —16.8 +1.4 —21 —14 +6.7

op=m
(J1<O)

O ab-initio: P3,12
O ab-initio: C2/m

(O ab-initio: relaxed struct.

O(—RUC]:J, ¢K= 37/2 QO experimental analysis
1 <0
Method Structure Ji K Iy Js3 J 1 = COS qb sin 6
Exp. An.'®! — —4.6 +7.0 — — . .
Pert. Theo.!40 P3,12 35 4.6 6.4 - Ky = sin ¢sin 6
QC (2-site)® P3:12 —i.2 -0.5 +1.0 — 'y = cos 0
ED (6-site)*? P3,12 —5.5 +7.6 +8.4 +2.3
Pert. Theo.'*° Relaxed -2.8/ - 0.7 -9.1/-3.0 +3.7/+7.3 -
ED (6-site)*? C2/m —1.7 —6.7 +6.6 +2.7
QC (2-site)* C2/m +0.7 -5.1 +1.2 -
DFT!'"™ C2/m -1.8 -10.6 +3.8 +1.3
Exp. An.'™® — -0.5 —5.0 +2.5 +0.5
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LE I I ER 15 FEBRUARY 2018 | VOL 554 | NATURE | 343

A spin-orbital-entangled quantum liquid on a H;Lilr,Og
honeycomb lattice

K. Kitagawa'*, T. Takayama®*, Y. Matsumoto?, A. Kato', R. Takano!, Y. Kishimoto?, S. Bette?, R. Dinnebier?, G. Jackeli**

H. Takagil?*
§160 ’ T T T T
5 ]

100k € 120 ] |

& 80 —
o 4
(L 40 ooo"'...—
5 . .
£
=
O

Ocw=—105K.

4 T T

(1]

-
o

T

-
o

107"

T

0
0 100 200 300
T(K)

21 (108 mol Ir emu™™)
o
[6)]

Magnetic susceptibility, x
(103 emu per mol Ir)
N

1072

Specific heat, C (J K" per mol Ir) =h

H,Lilr,Og H,Lilr,Og
O w20 00 BT = T E—T
Temperature, T (K) Temperature, T (K)
%(T): no long-range C(T): no long-range magnetic
magnetic order down to 2 K order down to 0.05 K
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Weak spin-orbit coupling (3d) and large spins

Fe*™ (t3,e;, S =2) Co™" (8,e2, S=3/2)
Mean-field approximation for the SOC AS — A7 s*

E.g. for Fe2+, tetragonal distortions

Jahn-Teller scenario Spin-orbit scenario

2= Xy

-QQ=-----=J4r T 7 gl
Ejr = -2Au1/3 ,%?‘%‘ Esr = -Aur/3-A/2 ,%lﬁ,
' t

Spin-orbit coupling competes with the Jahn-Teller effect! 65
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vs. Jahn-Teller e

Strong spin-orbit coupling and small spins: d°

g i

Ir4+ in octahedra (t2g®), or Cu2+ in tetrahedra (tog)

Jahn-Teller scenario Spin-orbit scenario
Xy ’ .Ieff=1/2 |5 rad = #_ (zy 1)+ |(izz + yz) .)),
Q —.— V3
“““““““ - po W2a72) = (ay 1)+ (s = 52) ).
tog - # - \ f #
29 .
xz/yz § Jeft=3/2

All components have the same weights
=> No distortions

Spin-orbit coupling suppresses the Jahn-Teller effect!

Is this what goes in CuAl,04? 66
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P Letters

10P Publishing Journal of Physics: Condensed Matter
J. Phys.: Condens. Matter 29 (2017) 13LT01 (8pp) doi:10.1088/1361-648X/aa5¢c72

Spin glass behavior in frustrated quantum
spin system CuAl,O4 with a possible orbital
liquid state

R Nirmala'">3, Kwang-Hyun Jang'*, Hasung Sim*>, Hwanbeom Cho*>,
Junghwan Lee'3, Nam-Geun Yang', Seongsu Lee®’, R M Ibberson®?,
K Kakurai'®'4, M Matsuda'®!!, S-W Cheong’,V V Gapontsev'>

S V Streltsov'>!? and Je-Geun Park!3*>

Strong magnetic frustrations

AN
/

b
Cu2+, but stays \e
. S e, =-137K !
cubic at any = .
S 800y =195 /Cu I
temperature S
g ;
> § 0.022
: 400 § 0.020 ]
50.018
>'20016
. H = 500e
0 I I : 0.0 0;5 1,0Te‘lr:mfé0‘ué.?K)3l.0 3.5 4.0
0 50 100 150 200 250 300 350
T (K)
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s. Jahn-Teller

.
o
.
o

.
.
.

o~

7] I . .- — +:
7 ’ jew=3/2 OO eff = E3/2
No need in JT
. L, 0
Tagan T} = === 2, ) = |72, 4)). 4
V2 o
e oy _ L1 . \
|J3¢'2' J'a/.’," = Viﬁlyz!l) tlr':'- 'l‘f')r s &
{
vt =i o, ¥ [0
oo P b= P i
I 3 —liJ!? V alxy”tl /—|v,§(y~—~xz.'11.’-

Spin-orbit coupling induces the Jahn-Teller effect!
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s. Jahn-Teller

suppresses

TN

e — e —

Spin-orbit competes with Jahn-Teller
coupling | ° " | effect

e S e

~_

induces
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1. Spin-orbit coupling may induce
Mott transition

2. Spin-orbit coupling may induce
strong anisotropy of exchange
interaction

3. Spin-orbit coupling may help to,
compete with or completely
suppress the Jahn-Teller effect

ated effe
€ messages

Jp=1/2 band

—J p= 3/2 band

=12 UHB

~J o;r= 3/2 band

z::SO

H=) K;S'S/

i

Spin-orbit cempetes with Jahn-Teller

coupling | ) effect
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