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Or materials with the metal-insulator
transition
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Examples: NiO, LaMnOs, La;CuOy etc.
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Spin degrees of freedom
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Math:  spin operators S
fors = 1/2 e.g. Cu2t
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Orbital degrees of freedom
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es of free

1. Orbitals are coupled with other 2. Orbitals have directional
degrees of freedom character
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Jahn-Teller effect Orbital-selective Mott transition
Goodenough-Kanamori-Anderson rules  Orbital-selectivity and Magnetism
Kugel-Khomskii-like models Orbitally-assisted Peierls effect

3. Spin-orbit coupling - lecture on Sunday 5



Interplay of different
degrees of freedom:

Jahn-Teller effect




In a nutshe

Let’s consider a model two-
levels (a & b) system in
a certain surrounding

E;qp=%xg|o]
/

Coupling
with lattice

Thus, the system aims to spontaneously lift orbital degeneracy
by distorting surrounding

“Orbital-lattice”
coupling




Mode  Lransformation Displacements
properties
0, Alg [ —xg) + (o — ¥5) + (23 — 26)1/\/ 16
A O e, x*—y* [ —x) = (= y5)1/2
E )
0; 8 0,3z°—r [2(z3 — 2¢) — (X1 — X4) — (¥, —ys)1/\/ 12
Oy £, vz [(zy — 25) + (y3 — ye)1/2
QOs Ty n, zx [(x3 — x6) + (71 — 24)1/2
Os g, xy [(y; = ya) + (x5 — x5)]/2
g 0, X [x5 + X3 + X5+ xc]/2
Og T,, vy [y) + 3+ Y4+ Y6l/2
Q9 z [Zl +22+Z4+Z5]/2
Q1o X [x; + x4]/\/§
O T, » [y, + y5]/\/§
Q1 Z [z3 + Z6]/\/§
B5?

EJTzig|5|+T



More realistic situation:
eqs~levels and E-distortions

(i.e. 02, O3)

e.g. Mn3* or Cu2*

B6&? N A A 5, 2
EJT=ig|5|+T weneh HJT—_g(TZQy,"‘TxQz)"‘E(Qg+Q2)

* from Wigner-Eckart theorem

Harmonic approximation: Highly degenerate ground state 9



Harmonic approximation

|0) = cos(0)0; + sin(0)0, x
|0) = cos(0/2) | z2)+
sin(6/2) | x? — y?) 3

Distortion <«— Orbital

E
0, Anharmonicity
Claimed compressed Turned out elongated
Q> NaMnsO;, Nature Mat. 3, 48 (2004) PRB 89, 201115 (2014)
\ / Cs2CuCl;Br, Cryst. Gr. Des. 10, 4456 (2010) PRB 86, 035109 (2012)

Elongated octahedra! Most of octahedra with eg-ions (Cu2*, Mn3*) are elongated!



How to pack
octahedra?

We must keep V
the same

LaMnO; (Mn*,e,)
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electrons are plotted
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Lattice distortions

Orbital structure

holes are plotted

Mn2-0;
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Communications 3, 1277 (2012)
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Interplay of different
degrees of freedom:

Exchange interaction
Kugel-Khomskii-like models
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; Fourier :
Hip = — ’Z CicCio . Z ek, ko

ko

H=‘¢ZC£CJ

(ij)o

Paramagnetic
Insulator

DOS
U<k W
Metal
,+U Z o
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Metal-Insulator >
Mott-Hubbard
( ubbard) U W
transition!
Insulator

U - on-site Coulomb repulsion



Many-band Hubbard model: U

% same orbital
, | different
HK == UZ anI’lml + U, Z annm/l + (U, - JH) Z nmanm/a U T orbitals, spins
" el <o U —]J & different
—Jy Z C;LTleC;;'lCm’T + Jy Z c;Tc;lcmllcm,T H orbitals b bbard
ma#m’ mam’ Jy; — Hund'’s exchange! John Hubbar

U\ » N? L2 . .
Hy = <4JH — ?> N+ U - 3‘]H)7 —Jy <252 + 7) 3-band model in non-standard notations

Polar model (Shubin-Vonsovski)

Electron correlations in narrow energy bands

By J. HuBBARD
Theoretical Physics Diwision, A.E.R.E., Harwell, Didcot, Berks

(Communicated by B. H. Flowers, F.R.S.—Received 23 April 1963)
On theElectron Theory of Metals.

By S. Schubin and S. Wonsowsky.

V ]Fkhln S S Sverdlovsk Physical Technical Institute.
JSNM 3 5, 2135 ( 2022 ) (Communicated by R. H. Fowler, F.R.S.—Received December 29, 1933.)




Heisenberg model:

Ferro-orbital order

1 electron 1 electron
per orbital  per orbital

AntiFerro-orbital order

0 0

no electrons!

1 electron 1 electron
per orbital per orbital

strong
AFM
!
Jo = Epy — Eapy = 2E9 — QEy — 7) =
At i i _t_ weak
N
*....7 v.....7
21 21> 21y




¢ structure by

If we know local We can understand
distortions which orbitals are occupied

Stong We can find a
AFM magnetic order!



t 1
+—+ Ferro-orbital

t 1
+—¢> Antiferro-orbital
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900 via orthogonal
p-orbitals

John
Goodenough
1922-2023
Nobel prize
2019

rbitals and spins
O —

mori - Anderso

Junjiro
Kanamori
1930-2012

Philip
Anderson
1923-2020
Nobel prize

1977



Important general trend in
insulating transition metal oxides

; JAFM U

+—<# | Ty | ~ 20,1 U2 | Jeml In \

JAFM ~ 10|JFM|

This is the reason why most of insulating
transition metal oxides with localized electrons are AFM

FM T AFM T Heff
YTiOy4 30 K NiO 520 K 4.6up AFM-II
BaNaOs;Oy TK CoU 291 K 5.1up AXM 11
NaCrGe:0Og 6 K KNiF3 215K ATup r
LaFeOs 750 K 3.0-4.4up r

FeS 600 K 525up r




el-Khomskii
1sm of orbital orderi

The maximum energy gain is when
electrons occupy different orbitals

/

Electrons can decide by themselves
(without lattice), which orbitals to occupy

Exchange mechanism of orbital order

Hubbard model:

Pseudo-spin operators: H= 2 tc Cipo + % Z U pMiaoine (1 = 8385s)
221y = 172 1) i#i :

212) = — 1/2]2) = X I (€ Ctan @ Civo + g )

i,a#b
Kugel-Khomskii Hamiltonian: l
3 S Ta A St A A s_ 2 Tu s 2 Ju
o= Y0588+ Igad + 4I5S, - §)(a8). /== (1_7>, = 5= (”U)

i7]



Let’s consider a lattice with

two orbitals at each site —-1/2 - "' -'—

Hamiltonian describing exchange
interaction can by obtained by the
2nd order of perturbation theory with
respect to electron hopping

Approximations:
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\ energy of the
spins perturbed state



eff = Z Z Z_CEG .Macj} /CM' = Z Z

i# Al oo’ .. i# Al

Spin space (spins) Orbital space (pseudospins)

— 5 = Q _ O+ T — AZ T — 4t

1.e. e.g. what c;fT LG does? It acts in both spin and — F N
. .. : , CaiCil- = 575,
orbital spaces raising both spin and pseudospin +

Heff= ZH+++H+_+H_++H__
# Y~ oy )=y

Expand the sum over orbitals explicitly




so-called SU(4) symmetric
Kugel-Khomskii model

Assume spins are coupled ferromagnetically, 1.e. (SZ?S’JZ.) = 1/4

t? 1 A
I -fiel E =— — 4+ 2(77?
n a mean-field E gy UZ <2 (TZTJ>>

I#]
Minimum at (%f%}z.) = —1/4 i.e. antiferro-orbital ordering*
Kugel-Khomskii model Happ = —g- > {83131 ["i‘-’? (1 + '{5}!') Tt ":I' (l —%‘i‘)] +

(e B,

+3(1 +%‘i—)rfrgf]+—§—[rg~c§ (1 +-f(-]£f-)--
— 215 2)/ 3(1 +f-[-§:f-) vt & 29/ 305+ 3 (1 - THazos ]}

* Mean-field approximation is a very poor approach in a general case, see e.g. PRL 82, 836 (1998)
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General expression for

q
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Exchange interaction

|

Orbital structure

P Iogshev. S.S. K Kuoel JIMMM 587 171315 (20

Excited level spectrum (H,) and a hop
structure tl.j.” are the origin of all complications!
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Kugel-Khomskii model

Heisenberg model

I

i '_'.'f.'”d

M. Yamada et al., PRL 121, 97201 (2018)

Note also possibility of dimerization

A. Ushakov, 1. Solovyev, S.8S.,
JETP Letters 112, 642 (2020)

Z8



Interplay of different
degrees of freedom:

Some examples




rd model wit
lattice (= Sr2VQOy)
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g a—|

Dipoles
(§) =(L)=0

Octupoles
(TE) # 0, (TY) #0

Ta

X

1
3 2, 12
J: — E(Jny +J2J)

Tﬁ=\/1_5

* 6

g —J2T)

Realistic parameters for SroVOq4

Orbitals matter!
xy
Acp >0

mm x7/yz

e

P. Igoshev, V. Irkhin, S.S. arXiv:2406.07386 25



exchange interac

Ferro-orbital => AFM =
strong
Antiferro-orbital => FM n
weak
900 via orthogonal
p-orbitals =>FM Jp =~

weak




n of dimen
exchange interacti

KCukF3

Crystal structure:
perovskite (3D)

Jahn-Teller distortions:

AFM
S=1/2
chains!

Il

Kugel & Khomskii,
JETP 37, 725 (1973)

t29

KCuF; - One of the best 1D antiferromagnet !!!

Orbitals reduce dimensionality: 3D — 1D




NaTiSi20¢

Crystal structure:
pyroxene (1D)

Ti3+ (3d!, S=1/2) —»

0 100 200 300 400 500 €00 700
T(K)

Orbital ordering:

(LDA+U) Exchange constants:

Indimer:  Jjya = 396 K (AFM)
inter-dimer: Jiyer=-56 K (FM)

S.S., O. Popova, D. Khomskii
PRL 96, 249701 (2006)

dimer

Orbitals reduce dimensionality: 1D — 0D 28



of a Hal
al ordering

TLRu207 ooors- b + +
Crystal structure: g ,'
pyrochlore (3D) ¢l I
Ru4+ (4d4, S=] ) | Experiment

0 100 200 'Tee;i(;e r;tu:e&(K)' 50 60 700

Orbital
ordering:
(LDA+U)

AFM chain S=7: Haldane chains

1

S. Lee, S.S. et al., Nature Material 5, 471 (2006)

Orbitals reduce dimensionality: 3D — 1D



Directional character of
orbitals:

Electronic structure:
Orbital-selective Mott transition

— M




xy — orbital

yz — orbital
Orbitals can have a very
different dispersion, which can
be reflected on e.g. transport
xz — orbital properties

31



(8/3, 4/3)

05

Density of states

Density of states
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Layered structure: Square lattice

Energy (eV)

Orbital-selective Mott transition: Mott transition can occur separately
for different orbitals

Critical U_: 1.5 eV for xz/yz orbitals

Anisi tal., Eur. Phys.J. B 25, 191 (2002
2.5 eV for xy orbital simoy ex at., Sur. £Rys (2002)
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0.2

0.4

tolty

tolty
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H = Hyin + Hint o - orbital index

_ T
Hiin=— D 1aCi00Cjao+he,
(i,)),a,0
_ /
Hine = UD njaihia,+U > nitonine
i, i,o0,0'
. T T T T
11D Ci1,0Ci1.0/Chn oCin,o — Juy (¢l i€l CiniCin +hec)
i,o,0' i

Effect of orbital mixing ( {,,,,» # 0)
(1) Destabilization of the Orbital-selective Mott state

Effect of the Hund’s coupling:

(1) Stabilization of Mott phase
(2) Stabilization of the Orbital-selective Mott state

Tocchio et al., JPCM 28, 105602 (2016) 33
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Directional character of
orbitals:

Orbaital-selectivity and
magnetic properties

— M




rbital-sele

Double exchange is a natural realization of
the orbital-selectivity

AFM KM

Itinerant electrons (e.g. e, electrons) t ——= t —

Localized electrons (e.g. f, electrons) 11111 ] ttttt

&
No energy gain due SA T
to hoppings! | -\ /- p £
Y

Double-exchange OEpp ~ — Wx/2
mechanism of ferromagnetism

C. Zener, Phys. Rev. Examples: CrO2, CMR
82, 403 (1951) manganates etc. 36




Itinerant
magnetism

Localized
spins

TCCO)HY
3000 ~
2500

2004

1200

1000

¥ 1" 't 10° nt 1wt

field theory:

Electrons of the same
shell (d) can behave
differently depending on
the symmetry

Orbital-selective
behaviour!

Goodenough, Phys. Rev. 120, 67 (1960)
Katanin et al., PRB 81, 045117 (2010)

Dynamical mean-

HWHM of (S0)S%(w))
~ 1/"lifetime”

12

-1 3 2
X 10 (KM, )

o0
1

5'_ Itinerant
spins?

0 — 1=09 €,
|| Localized
| spins
7\
0 1 1 1 1 1
4 2 0 2 4

Temperature * 1 03, K



case:
w-dimensional
= .-::a:?,--:—;:z.aa
4 &
E.g. a dimerized chain - @—@- - -0—0- - Examples
Two different _— 3 J e Culr,S, Nat. Com. 10, 3638 (2019)

orbitals ¢ and d

BaCeRu,O9 JACS 141, 9928 (2019)

Dlrectlonal character

of orbitals

2 }
goioel - clluslterl — II Magnetic
Sosp properties

PRB 100, 045131 (2019)

PRL 122, 106401 (2019)
PRB 98, 201105(R) (2018)

N4

skii PNAS 113, 10491 (2016)

GO Total
0.03| . = -
c orbital o J
& €1 d orbital
0.02 | -
=g
0.011 _
0 " { L | L | L | L | L |
0 2000 4000 6000 8000 10000 12000

Temperature (K)

c and d orbitals “work” at different T

Magnetiation

L L D L e B B B B
2 =
15F =
F -0 Total 3
e c electrons 3
F =+£d electrons E
0.5_— —
O TR T RO TR P S S e\ IR RPN RN R
08802 03 04 05 06 07 08 09 1 11 12 13

Magnetic field u B, (eV)

c and d orbitals “work” at different B
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Directional character of
orbitals:

Orbaitally-induced Peierls transition

H — Alm
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On a “Chemical language”

e e -

'

— —
L . 4 .

. & . ¥
. o . L

Instability at | Q| = 2k Gain in kinetic energy: ~ — | A |*In| A |

Half-filling: |kz| = n/2a, |Q| = n/a  Loss in elastic energy:

Physical mechanism: nesting
of the Fermi surface

kz 4
ky
2(0,w =0) = 7‘4’]%

Zf(e(k)) ~fle(k+ 0))
E—
= (k) —e(k+ Q) Q=nla

~ A

Factor I: lattice
deformations are
possible for other

fillings! 40



Peierls transition: 1D chain Instability at | Q| = 2kg

quarter-filling (1/2 electron/site): 1/3 electron/site:
/4 T T 27
k = — = — k = — = —
kel = 101 = el = o 101 =+
4 (k) 4 (k)
L\ N [ ik
N\ TN Yoz
a 1 a ) E'- T a
da 3a 3a
Tetramerization Trimerization

o---0><0--0 o--9>-0<9--9

>:a b:d 41




freedom

Factor I1: Orbital-selectivity with respect to
Peierls transition

E.g. edge-sharing

geometry
K
: * Wide nearly 1D bands
Xy > ) : ..
k, susceptible to Peierls transition
K:
» Localized bands susceptible to U,
xz/yz == =% - Crystal-field can strongly change
ky position of the band;

42
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(emu mol f.u

=

MH~

0.0075

0.0050 |-

0.0025 |-

0.0000
100

$=0 ground state!

I ——

Na,Ti;Clg :
L ;,loH= 1T 1
r__._
‘ 47 % FC
J b ‘
! A
! . : o |
' ..0' 1 . ,l
w. 1 « I
w.
T > T<200 K
TS - ,ZOOK : =

D. Khomskii, T. Mizokawa, S.S. PRL 127, 049701 (2021) 43

Angew. Chem 34, 71 (1995)
ZAAC 643, 2063 (2017)
Inorg. Chem 58, 11941 (2019)
PRL 124, 167203 (2020)

e Trimerization at 200 K;
« Non-magnetic state

effect: Kag
12+: d? (§=1)

Ts‘(k)

Trimerization = Dimerization along each direction
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Assumption: the most important is
a direct overlap between d-orbitals

A<k

V3t

Three 1D bands!

— Number of holes

n,=1/3

Pen et al.,
PRL 78, 1323 (1997)

600 H

Katayama et al.,
PRL 103, 146405 (2009)

400

M/ H (10° emu/mol)

Kojima et al.,
PRB 100, 235120 (2019)

200

, (b)
0 200 400 600 800




offect: Tri
ond necklace

Three 1D bands
Band filling: 12 kp = —, 0 = —
a

Dimerization in three directions!

Formation of
“diamond necklace” D. Khomskii, S.S. Chem. Rev. 121, 2992 (2021)

45
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Spinels (3D structure): AB20O4

i
-
.‘g - Xy
[~

/

éI;
1
S

a7/ yZ
" m Metal (B)

® Ligand (O)

Natural formation of 1D bands due to orbitals...



Culr2S4: spinel  Ir3:5+: ¢35

xy-band
Bt -~ zZX,yz-bands
tetragonal elongation 1/2 holes
(xz/yz orbitals are in xy band
“frozen”)

Band filling: 1/4

&

Tetramerization!

3+

Peierls e
in spinel Culr,

4+

shortest
bonds
(dimers)

4+

4+

3

& 3+
3+

“intermediate”
bonds

Khomskii and Mizokawa, PRL 94, 156402 (2005)

47



Peierls e
in spinel Culr;

® . < i
Directional character > L
of orbitals =
Peierls-like -
transitions Y g
— . ; i
[110] » :
B B

[11é]i
Nature 416, 155 (2002)

48



Other examples

1D — 0D chains—dimers NaTiSi>O¢ [57, 58]
1D — 0D chains—dimers TiOCl [59]
2D — 0D triangular lattice — trimers LiVO; [60, 61]
2D — 0D square lattice — dimers LasRu2010 [62]
2D — 0D depleted square lattice — tetramers CaVgOg [63, 64]
3D — 0D hollandite — tetramers K2Crg0i6 [65, 66]
3D — 0D spinel — tetramers/trimers AlV,04 (67, 68]
3D — 0D spinel — octamers Culr2S4 [69, 70
3D — 1D spinel — chains — dimers MgTi204 [70, 71]
3D — 1D perovskite — chains KCuF3 [72]
3D — 1D pyrochlore — chains Tl2Ru207 [73]

D. Khomskii, S.S. Chem. Rev. 121, 2992 (2021) 49



e Orbitals can affect the
crystal structure

 Orbitals can define magnetic
properties

 There are plenty of orbital-selective
effects: Mott transition, magnetic
properties

 Orbitals may reduce dimensionality of
a magnetic subsystem

S.S. and D. Khomskii, Physics-Uspekhi 60, 1121 (2017)
D. Khomskii and S.S. Chem. Rev. 121, 2992 (2021) 50



