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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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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 - beyond the scope of this lecture 5
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1. Interplay of different
degrees of freedom:

Jahn-Teller effect




in a nutshe

4

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

E;p=%xg|o]
/

Coupling
with lattice

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

“Orbital-lattice”
coupling
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More realistic situation:
eqs~levels and E-distortions

(i.e. 02, 03)

e.g. Mn3* or Cu2*
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Harmonic approximation: Highly degenerate ground state



octahedron

Anharmonicity

Claimed compressed
Q> NaMn;O;, Nature Mat. 3, 48 (2004)

Cs;CuCLBr; Cryst. Gr. Des. 10, 4456 (2010)

g _‘_—‘m. '

Turned out elongated

PRB 89, 201115 (2014)
PRB 86, 035109 (2012)

Elongated octahedra! Most of octahedra with eg-ions (Cu?*, Mn3*) are elongated!
ATx(QZ)
. . . 2_ 2 )
Distortion <«— Orbital 3y N V=2

Distortions: | 6) = cos(6)Q; + sin(0)0,
Orbitals:  |0) = cos(0/2) | 22)+ sin(6/2) | x% — y2)

0 parametrizes both distortions and orbitals
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How to pack
octahedra?

We must keep V
the same

LaMnO; (Mn*,e,)

y2

26~ |25

Lattice distortions

|

Orbital structure

JUASERFS

electrons are plotted

holes are plotted

|||||

N. Perkins et al., Nature
Communications 3, 1277 (2012)
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1. Interplay of different
degrees of freedom:

Orbaitals - Magnetism
(Kugel-Khomskii-like models)
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Insulator
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Metal
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Metal-Insulator >
Mott-Hubbard
( ubbard) U W
transition!
Insulator

U - on-site Coulomb repulsion



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
5
Jo = Epy — Eapy = 2E9 — QEy — 7) =
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¢ structure by

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

Stong We can find a
AFM magnetic order!



mori - Anderso
rbitals and spins

P —

t 1
+—+ Ferro-orbital => AFM

t 1
+—#> Antiferro-orbital =>FM

I}

900 via orthogonal
p-orbitals

John Philip
Goodenough Juni Anderson
jiro
1922 _ Kanamori [119%3;22'20
Nobel prize 1930-2012 obel prize
2019 1977
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FM

Important general trend in
insulating transition metal oxides

; JAFM U

JAFM ~ 10|JFM|

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

1c AFM T Hef f
YTiOg4 30 K NiO 520 K 4.6up AFM-II
BaNaOs;Op TK CoU 291 K 5.1up AKM 11
NaCrGesOg 6K KNiFg 275 K 1.7up r
LaFeQy TS0 K 3.0-4.4up r

FeS 600 K 5.25up r




2 ——mmmm—— 2  SE=0 The maximum energy gain is when
1 -'- ----- -'- 1 , / electrons occupy different orbitals
2t
% ?: -oo ,'i % ok = - U—J, Electrons can decide by themselves
) ) )2 (without lattice), which orbitals to occupy
1 - BT
, Electronic mechanism of orbital order
R 2 2t
1 + ----- i 1 5E S
U Hubbard model:
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Kugel-Khomskii Hamiltonian: l
Ay = 3 IS8+ Ut + 475, - § s () oy 22 (2
KK_ZUZ + T+ ( )( ), 7 i & == U
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Heisenberg model Kugel-Khomskii-like models (spins+orbitals) :
(spins only) Sov. Phys.- Usp. 25, 231 (1982)
. 24, A t° 1 222 1 X
i i

There is a coupling between orbitals and spins
in materials with orbital (quasi) degeneracy (don’t mix with spin-orbit interaction)

Kugel-Khomskii model Hopp= .g,- 3 {BS,S, [f§t§ ( 14 _"bi) e ..:;. ( _;;.;.f.)] +

(perovskite with eg-electrons) (s i)y :
+2[g (1+F) s+ 2 {28y (1)
)
J

G20

T
—21;%+(1——(-Jf?—)i2]/'§(1+‘;;’)«cgrg.c:p 2V 3w +
+3(1+-’%5- 1’1.‘1:;‘]%—-%-[1213’:( _i__{(_;_z__)__
—2’52.-4—21/5(1—{——%3—)1?5;?:4_— 2V§T§F—l—3(1+-ﬁ-w§r§°]}
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General expression for

Excited level spectrum (H,) and a hop

i1 model:
y symmetric mode

structure tl.j.” are the origin of all complications!

P Iogoshev. S.S. K Kuoel IMMM 587 171315 (20

23)

q
\

Exchange interaction

Heisenberg model

— 40

JETP Letters 112, 642 (2020)

° A S. 8 X
Orbital structure | Kugel-Khomskii model
— Jling —
M. Yamada et al., PRL 121, 97201 (2018)
Note also possibility of dimerization : ‘9’ —> |
A. Ushakov, 1. Solovyev, S.8S., O v
o ) O ¢ o



1. Interplay of different
degrees of freedom:

Some examples




of dime
exchange interac

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

weak




n of dimen
exchange interacti

KCuF3 Cuz+ (3d9)
Crystal structure:
perovskite (3D)
Jahn-Teller distortions: week
t ooy2 AFM
' €y .l S=1/2
S o
. & H strong chains!
7 Ow =::::“'#xy AFM
O tog " Kugel & Khomskii,
i xz/yz JETP 37, 725 (1973)

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

Orbitals reduce dimensionality: 3D — 1D
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TLRu207 ooots- b + +
Crystal structure: g ,'
pyrochlore (3D) ¢l I
Ru4+ (4d4, S=] ) g Experiment

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

Orbital
ordering: AFM chain S=1: Haldane chains
(LDA+U)
S R o gt H_'_l_'_l
Ru** # S. Lee, S.S. et al., Nature Material 5, 471 (2006)

Orbitals reduce dimensionality: 3D — 1D



2. Directional character of
orbitals:

Electronic structure:
Orbital-selective Mott transition

—




xy — orbital

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

25
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0.8

DFT
yz,2x ol
g \ (8/3, 4/3) 0.8 F=rzi=
| Directional character
of orbitals
Ca,_ Sr,RuO .
f2h Metal-insulator
Layered structure: Squar transition AN T W
Energy (eV)
Critical U,z 1.5 eV for xz/yz orbitals Anisimov et al., Eur. Phys. J. B 25, 191 (2002)

2.5 eV for xy orbital



2. Directional character of
orbitals:

Orbaital-selectivity and
magnetic properties
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Double exchange is a natural realization of

Itinerant electrons (e.g. e, electrons)

Localized electrons (e.g. 1, electrons)

Double-exchange
mechanism of ferromagnetism

C. Zener, Phys. Rev.
82,403 (1951)

the orbital-selectivity

FM AFM
f——  fx—
44448 HH0%4

= A
c\] -\ T /- > & No energy gain due

£ ; W to hoppings!
CrO,, CMR
Examples:

manganates etc. 28
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E.g. a dimerized chain - —- - -6—0)- -

Two different — _ ,
- : N L. >1
orbitals ¢ and d '8- '8' c c d

case:
w-dimensional

Examples

CUII’Q S4
BaC CRU.209

-

Nat. Com. 10, 3638 (2019)
JACS 141, 9928 (2019)

“ % o % .| Directional character
O*Q/,* o* o" of orbitals
{

| |

0.07 —_—

PRB 100, 045131 (2019)
| PRL 122, 106401 (2019)
PRB 98, 201105(R) (2018)

skii PNAS 113, 10491 (2016)

' °

cluster — Magnetic
o r [
2T 4 properties
E
= 004
) -
2 0-o Total .
e | | 2
» 0.03 % x ¢ orbital sk J %
S = € d orbital @ € 15
g 0021 . 3
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0 2000 4000 6000 8000 10000 12000 5

Temperature (K)

c and d orbitals “work” at different T

GO Total
»—x c electrons
3-£d electrons

el o L i | | T I |

% P L L ]
01 02 03 04 05 06 07 08 09 1 1.1 12 13

Magnetic field pB_, (eV)

c and d orbitals “work™ at different B



Instability at | Q|

Physical mechanism: nesting

of the Fermi surface

20,0 = 0) =

® o-0 o
. »

~ |

_k,vk/f

Gain in kinetic energy: ~ — | A [*In| A |
~ A7

L~

Half-filling: |kz| = n/2a, |Q| = n/a

Loss in elastic energy:

Zf (e(®) — f(e(k + Q)
. e(k) — 8(k + Q)

On a “Chemical language”

- o o &

'

— —
L4 . L .

—‘ ._ —‘ ._
. ~ . 4

Factor I: lattice
deformations are
possible for other

fillings!
illings 30



Peierls transition: 1D chain

quarter-filling (1/2 electron/site):

kel =—  |Q]=—
Fr _2a

4a

Tetramerization

o---0><o--0

Instability at | Q| = 2k,

1/3 electron/site:

T 27
|kF|=§ IQI—g
4 (k)
LN ik
\ '/ T
a

oz T
3a 3a

Trimerization

--0>-0<0--9



freedom

Factor I1: Orbital-selectivity with respect to
Peierls transition

E.g. edge-sharing

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

32



Oe™)

. 0.0050 R4

(emu mol f.u

=
5 0.0025 -

1

0.0000
1

Na,Ti,Clg
L o H=1T

" 1
150 200 250
Temperature (K)

$=0 ground state!

300

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

T<200 K

effect: Kag
12+: d? (§S=1)

Trimerization = Dimerization along each direction

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

33



ftect: 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)

34
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m Metal (B)

\)
Al v;

@ Ligand (O)

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



Peierls e

in spinel Culr

Culr2S4: spinel  Ir3:5+: ¢35

3+

4+

xy-band by
. ]
L ~ zX,yz-bands y ’ 3
7 X / 4+
\.\f./ \’\f./ 3
- shortest 3+&
tetragonal elongation 1/2 holes bonds “intermediate”
(xz/yz orbitals are in xy band (dimers) bonds
“frozen”)
Band filling: 1/4
Tetramerization! Khomskii and Mizokawa, PRL 94, 156402 (2005)

36



Peierls e
in spinel Culr;

[ ® < <
Directional character > i
of orbitals =
Peierls-like = | 3
transitions Y e
—... ) i
[110] - : |
* »>

[112]""
Nature 416, 155 (2002)

37



Other examples

1D — 0D chains—dimers NaTiSi2O¢ [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) 38
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 Orbitals can affect the N Y3 ?@Vﬁ.
\
avb

crystal structure

3.588 A

 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)
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