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orbital ordering, what is it ?




orbital ordering
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long-range ordering of occupied/empty local orbitals
in strongly correlated systems (Mott insulators)
with orbital degrees of freedom



orbital degrees of freedom

CORRELATED ELECTRON SYSTEMS

Orbital Physics in Transition-Metal Oxides

Y. Tokura'? and N. Nagaosa'

An electron in a solid, that is, bound to or nearly localized on the specific
atomic site, has three_attribiies: charge, spin. and-orbital The orbita
mron cloud in solid. In transition-metal
oxides with anisotropic-shaped d-orbital electrons, the Coulomb interac-
tion between the electrons (strong electron correlation effect) is of
importance for understanding their metal-insulator transitions and prop-
erties such as high-temperature superconductivity and colossal magne-
toresistance. The grbital degree of freedom occasionally plays an impor-
tant role in these phenomena, and its correlation and/or order-disorder
transition causes a variety of phenomena through strong coupling with
charge, spin, and lattice dynamics. An overview is given here on this

“orbital physics,” which will be a key concept for the science and tech-
nology of correlated electrons.

Science. 2000 Apr 21;288(5465):462-8

When more than two orbitals are involved, a
variety of situations can be realized, and this
quantum mechanical process depends on the
orbitals (4, 5). In this way, the spin S and the
orbital pseudospin T are coupled. In more
general cases, the transfer integral 7,; depends
on the direction of the bond ij and also on the
pair of the two orbitals a, b = (x* — y?) or
(3z? — r?). This gives rise to the anisotropy
of the Hamiltonian in the pseudospin space as
well as in the real space. For example, the
transfer integral between the two neighboring
Mn atoms in the crystal lattice is determined



spin degrees of freedom

analogy (S=1/2 case)
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effective S=1/2 spin

spin 1/2 operators Sx Sy S;

spin ordering
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orbital degrees of freedom
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effective O=1/2 pseudospin
pseudospin 1/2 operators Ox Oy O;

pseudospin ordering
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spin and pseudospin interact

local spins & local orbital pseudospins
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Fig. 2. Spin-orbital phase diagram in the perovskite manganese oxide. The top panel shows the
orbital and spin order realized in the hole-doped manganese oxides. (A) Temperature dependence

From Tokura and Nagaosa, Science (2001)



overview

¢ the building blocks
e emergence of local spins and orbital pseudospins — -
® spin and orbital ordering o 4
¢ representative systems: KCuF3 (t2g%e4%) & LaMnOs (t2g’eg’)

® two mechanisms

€9

¢ ¢; Hubbard Hamiltonian Ho+ Hu + Hr

® on-site term, e4 orbital degrees of freedom

® hoppings and tight-binding eg bands

JT

¢ orbital ordering mechanisms —'—

e Jahn-Teller (JT): order via lattice distortion KK

e Kugel-Khomskii (KK) superexchange: order without distortion =~ == =
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® recent insights



the building blocks

what are local spins and orbital pseudospins?




orbital ordering

the LDA electronic structure
(cubic)
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atomic d orbitals



orbital ordering

KCuF3 and LaMnQOgs: eg two-orbital systems
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U: direct screened Coulomb integral
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emergence of local spins and their interaction
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emergence of local spins

let us consider an idealized atom
(Hubbard model one orbital one site i=A)

H = Ed Z c;-racw + Uz ZAl
o)

N, S, 5) N S E(N)
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emergence of local spins
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2eq+ U —v—‘— N=2 no spin degrees of freedom

' S=1/2

N=0 no spin degrees of freedom

partially filled spin states
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spin down spin up



emergence of local spins

let us consider an idealized atom

H = Ed Z c;-facw + UZaZA
o)

we can rewrite the Hamiltonian as



2-atom model

half-filling: one electron per site

o

A B I=A,B



low- and high-energy states

N=2 sites
Ne=2 electrons
W W
24 + U
-~ — E— —~
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degeneracy 2N or N spin S=1/2
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low energy model

ellmlnate states with a doubly occupied site
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virtual hopping U

energy gain




low energy model

energy gain only for antiferromagnetic arrangement
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super-exchange interaction



Heisenberg model

local spins: effective emergent elementary particles

Heisenberg model: effective interaction




antiferromagnetism
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neutron scattering: Shull and Smart (1949)
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magnetism & emergence

&

from electrons emerge local spins

) local spins as effective
elementary entities

local spins interact

‘ ' ‘ ' cooperative state
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and what about local orbital pseudospins?
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from idealized atom to real atoms
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one-electron part Coulomb repulsion



self-consistent potential approximation
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I =R L VI R
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1
H™ = =5 > Vi% ) va(r) e.g., DFT/LDA

contains e.g. Hartree term

hydrogen-like atom

HYR = —%ZV? 4 ZZeff/Tz'



LDA atomic functions

(P)Y,™ (6, ) (hydrogen-like atom)
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Laguerre polynomials



orbital degrees of freedom

spherical potential

eigenvalues: n
eigenvectors: n,/;m
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many-electron atoms

rewrite for one nl shell in 2nd quantization

kinetic+central Coulomb
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special cases

|I=0: Hubbard Hamiltonian of the idealized atom

what about />0, e.q. [=27



Hund’s rules

direct term: the same for all N electron states

1
ut o,

m’

Uavg —

exchange term: 1. Hund’s rule
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Coulomb exchange

positive, hence always ferromagnetic

Friedrich Hund

two electrons, two levels

1. Hund’s rule A A '—>1~

first Hund'’s rule often valid also in solids (with exceptions)



2-level atom, half-filling

because of Hund’s rule number one
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orbital 1 spin up orbital 2 spin up



2-level atom, away from half-filling




2-level 2-atom problem

with degenerate levels

H=Hy,+ Hy + Hy

Ho=¢a ) (fao+7Bo) -



orbital degrees of freedom

site A site B N per atom

violates first Hund’s rule

2eq+ U w N=2 do=2
N=2
N=1 do=2
N=0
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effective S=1/2 spin

spin 1/2 operators Sx Sy S;

spin ordering
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analogy
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effective O=1/2 pseudospin

pseudospin 1/2 operators Ox Oy O;

pseudospin ordering
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Mn

Cu

pseudospin ordering

KCuFs and LaMnOs;

t296eg3 t 2g3691

3n 1
[Ar]3d5 452 Mn3+ 3d4 f2g°€g

[Ar]3d10 4s! Cu?* 3d° togbeq’
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the hallmark of orbital order

co-operative Jahn-Teller distortion

CORRELATED ELECTRON SYSTEMS
REVIEW

Orbital Physics in Transition-Metal Oxides

Y. Tokura™? and N. Nagaosa'

When the long-range orbital order exists, 1.¢.,
(T.) # 0 and/or (T, ) # 0, the JT distortion
1s always present.



the hallmark of orbital order
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co-operative Jahn-Teller distortion

KCufFs




antiferromagnetism
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neutron scattering: Shull and Smart (1949)
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Fia, 1. Neutron diffraction patterns ior MnQO at room
temperature and at 80°K.,



two mechanisms




1. Jahn-Teller: splitting generates order

Crystal Distortion in Magnetic Compounds

Junjiro Kanamorr*
Institute for the Study of Melals, Universily of Chicage, Chicago 37, Hlinois

The crystal distortion which arises from the Jahn-Teller effect is discussed in several examples. In the
case of compounds containing Cu?* or Mn¥" at octahedral sites, the lowest orbital level of these ions is
doubly degenerate in the undistorted structure, and there is no spin-orbit coupling in this level. It is shown
that, introducing a fictitious spin to specify the degenerate orbital states, we can discuss the problem by
analogy with the magnetic problems. The “ferromagnetic” and ‘‘antiferromagnetic’” distortions are dis-
cussed in detail. The transition from the distorted to the undistorted structure is of the first kind for the
former and of the second kind for the latter. Higher approximations are discussed briefly. In compounds like
FeO, Co0, and CuCr;04, the lowest orbital level is triply degenerate, and the spin-orbit coupling is present
in this level. In this case the distortion is dependent on the magnitude of the spin-orbit coupling relative
to the strength of the Jahn-Teller effect term. The distortion at absolute zero temperature and its tempera-

The Normal Mode ture dependence are discussed.

degenerate states static crystal-field splitting
(original symmetry) (symmetry lowering)
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do we need a large crystal-field?

one electron per atom
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do we need a large crystal-field?

week ending
VOLUME 92, NUMBER 17 PHYSICAL REVIEW LETTERS 30 APRIL 2004

Mott Transition and Suppression of Orbital Fluctuations in Orthorhombic 3d' Perovskites

E. Pavarini,' S. Biermann,2 A. Poteryaev,3 AL Lichtenstein,3 A. Georges,2 and O. K. Andersen”

TiO3

t291

LDA+DMFT 770 K
A=200-300 meV

No! A 100 meV crystal-field is enough (W~3 eV)



2. super-exchange: order without splitting

Crystal structure and magnetic properties
of substances with orbital degeneracy

K. I. Kugel’ and D. I. Khomskit

P. N. Lebedev Physics Institute

(Submitted November 13, 1972)

Zh. Eksp. Teor. Fiz. 64, 1429-1439 (April 1973)

Exchange interaction in magnetic substances containing ions with orbital degeneracy is
considered. It is shown that, among with spin ordering, superexchange also results in
cooperative ordering of Jahn-Teller ion orbitals, which, generally speaking, occurs at a
higher temperature and is accompanied by distortion of the lattice (which is a secondary
effect here). Concrete studies are performed for substances with a perovskite structure
(KCuFs, LaMnOs;, MnFs). The effective spin Hamiltonian is obtained for these substances
and the properties of the ground state are investigated. The orbital and magnetic struc-
tures obtained in this way without taking into account interaction with the lattice are in
accord with the structures observed experimentally. The approach employed also permits
one to explain the strong anisotropy of the magnetic properties of these compounds and to
obtain a reasonable estimate for the critical temperatures.

super-exchange Hamiltonian

H= JssS1 - S2 + JooO102 + Jso(0102)(S; - S2)

Jox 4t?/U O : pseudospins in orbital space



multi-band Hubbard model

Ho+ Hu + Ht



representative system

KCufls
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the LDA electronic structure
cubic KCuFs;
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why do eg and tog level split ?




unit cell




approximate method
how do d levels split at the Cu site?

point charge model

() = 2 g,y = o)+ X g gy = ) )

crystal field




use perturbation theory




cubic perovskite

point charge model: Fe octahedron

39 3 3
Voct (1) = zz—(g (az4 + y4 + 2% — gr‘l) =D <x4 + y4 + 2t — 57“4) :
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atomic functions



atomic d orbitals



exact method: group theory

group O




character table of group O

(2 — 9y, 322 —r?) E
(.’L’, Y, Z) Tl
(zy, x2,y2) Ty




character table of group O

group elements g divided in classes

O |E 8C; 3Cy 6Cy 6C4

(> +y*+2%) A1 1 1 1 1
Ay | 1 1 1 -1 -1

(22 —9y%,32°—r%) E|2 -1 2 0 O
(z,y, 2) Ty | 3 0o -1 -1 1

(xy, xz,y2) Ty | 3 0 -1 1 -1

E: identity

Cn: anticlockwise rotation of 360°/n



character table of group O

types of irreducible representations

8Cs 3C,; 6Cy 6C4
1 1 1 1

1 I -1 -1
—1 2 0 0
0 -1 -1 1

0 -1 I -1

(2% +y* + 2%) A

(2% —y?, 322 —1%) B
(CC7 Y, Z) Tl
(vy, 22, y2) T,

I
(\V]
wwwr—\}—\m

representation:
set of matrices (one for each operation) of dimensionality d

irreducible representation:
minimal set which plays the role of an orthogonal basis in a linear space
for a given Hamiltonian they can be use to label eigenvalues



character table of group O

characters
O |E 8C; 3Cy 6Cy 6C4
(e +y*+2%) A1 1 1 1 1
Ay | 1 1 1 -1 -1
(2 —y%,322—=7%) E|2 -1 2 0 0
(z,y, 2) T, | 3 0 -1 -1 1
(xy, x2,yz2) T | 3 0 -1 1 -1

trace of the matrix corresponding to a given operation
within a given representation



character table of group O

characters of A1

O | E 8C; 3Cy 6Cy 6C4

(2 +y*+2%) AL 1 1 1 1
Ay | 1 1 I -1 -1

(22 —9y%,32°—r%) E|2 -1 2 0 O
(z,y, 2) Ty | 3 0o -1 -1 1

(xy, x2,yz2) Ty | 3 0 -1 1 -1



character table of group O

dimensionality; character of E

O |E 8C; 3Cy 6Cy 6C4

(2 +y*+2%) A1 1 1 1 1
Ay | 1 1 1 -1 -1

(22 —9y%,32°—-r%) E|2 -1 2 0 0
(z,y, 2) T, | 3 0o -1 -1 1

(xy, x2,yz2) T | 3 0 -1 1 -1



character table of group O

partner functions

8Cs 3C,; 6Cy 6C4
1 1 1 1

1 1 -1 -1
—1 2 0 0
0o -1 -1 1

0 -1 I -1

(@ +y +2) A

(2? —y*, 322 —r?) E
(ZB, Y, Z) Tl
(zy,z2,92) Do

T
[\
U C N ey

functions that can be used as a basis of an invariant linear space
for a given irreducible representation



character table of group O

partner functions of A1

8Cs 3C,; 6Cy 6C4
1 1 1 1

1 1 -1 -1
—1 2 0 0
0o -1 -1 1

0 -1 I -1

(@ +y +2) A

(2% — 9%, 322 —1?) E
(CC, Y, Z) Tl
(zy, 2,y2) Ty

T
[\
U C N ey

functions that can be used as a basis of an invariant linear space
for a given irreducible representation



crystal field and group theory

O3)| E C,

21+1 sin(l+ 3)a/sin g

O|E 8Cy 3C, 6Cy 6C,
|1 1 1 1 1
w3 0 -1 -1 1
¢l s -1 1 1 —1
|7 1 -1 -1 -1




decomposition formula

a; — —

O | E 8Cs; 3Cy, 6C, 6C;
s 1 1 1 1 1
I? | 3 0 -1 -1 1
r<i s -1 1 1 -1
ri|r I -1 -1 -1

1
h

I' = ®ja;l5,
*
Z Xi(9)]" x(g)-

g h=24
O |E 8C; 3C, 6Cy 6C,
(2 +y*+2%) A1 1 1 1 1
Ay | 1 1 1 -1 -1
(2?2 —9y*32°—r*) E|2 -1 2 0 0
(x,y, 2) )3 0 -1 -1 1
(xy, z2,9z2) 15 | 3 0 -1 1 -1




crystal field and group theory

E 8C; 3C, 6Cy 6C4

1 1 1 1 1 I' =;a;1;,
mwi3 0 -1 -1 1

5

7

EEEREE Y ST

8Cs 3C,; 6Cy 604

E
(> +y*+2%) A1 1 1 1 1
Ay | 1 1 1. -1 —1

2

3

3

v

— G@tz

(2? —y?,32° —1%) E -1 2 0 0
(z,y, 2) T, 0o -1 -1 1 rd
(xy, xz,y2) T 0 -1 1 -1
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projector




cubic crystal-field

spherical cubic
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Mn3* 3d4
Cu?* 3d°

Mn [Ar]3d° 4s?

Cu [Ar]3d10 4s'
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eqg Hubbard model
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the hopping integrals
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the LDA electronic structure
cubic perovskite
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let us construct the eg4 tight-biding bands



method

1 1
V2 _ \V& E T —R.) = _—_V?2
helr) = =3 Z \r—T R, 2 o v =T = Ra) = =5 Vo4 v(r),

Bloch functions

Vi (k) fz eTF Yy (r — T, — Ry).
Wannier functions

H (k) = (0 (k) ey (k). Hamiltonian
O (k) = (W, (k)| (k). Overlap



tight-binding Hamiltonian

/
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H /(k) gl/ / O (k) | Aglm,l/m/ 504)0(’ N 6 t

Im,l'm Im,l'm Ilm,l’m/’
1aFi af
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keep only two-center integrals

Vlg”;:%/, :/dr Yim (P — Ry — T))v(r — Ry, — Ty) Yy (r — Ry — Tr)



two-center integrals



two-center integrals



the LDA electronic structure
cubic perovskite
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tight-binding model
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tight-binding model e4 bands
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tight-binding model

H;I;B |k 2¢) k x®) Ik 1°) k322 —r?) |k x? —y?)
k z¢) Ep 0 0 —2Vd0S2 0
k z°) 0 Ep 0 VidoSz  —V3VpdoSu
k %) 0 0 Ep Vido Sy V3Vyio Sy
k 322 — 7“2> —QVPdJEZ Vpdgga; Vpdggy Ed 0
k z? y2> 0 —\@Vpd(,@c \/§Vpd0§y 0 €d




downfolding

2 —
TB |k 2°) |k z%) |ky |k3z —7r |k:x y
Heg

|k 322 —r?)
|k 2* —y?)




downfolding to eq

H |k 322 —1?), |k 2% —1?).
|k 327 —12). | e/, —2t7[;(cos kya-+cos kya)+cos kal ZtG[\f(cosk a—cos kya)]
|k 2°—y?), th[\f(cos kya—cos kya)] [, —2t7[2 (cos kya+cos kya)]
V2
t0 = —PI7 = ey 3O




downfolding to eq

basis x?-y?, 3z2-r¢
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tight-binding model
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the Jahn-Teller mechanism

JT
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Jahn-Teller: splitting generates order

Crystal Distortion in Magnetic Compounds

Juxjiro Kanamorr*
Institute for the Study of Melals, University of Chicage, Chicago 37, Illinots

The crystal distortion which arises from the Jahn-Teller effect is discussed in several examples. In the
case of compounds containing Cu?" or Mn#** at octahedral sites, the lowest orbital level of these ions is
doubly degenerate in the undistorted structure, and there is no spin-orbit coupling in this level. It is shown
that, introducing a fictitious spin to specify the degenerate orbital states, we can discuss the problem by
analogy with the magnetic problems. The “ferromagnetic” and ‘‘antiferromagnetic’” distortions are dis-
cussed in detail. The transition from the distorted to the undistorted structure is of the first kind for the
former and of the second kind for the latter. Higher approximations are discussed briefly. In compounds like
FeO, Co0, and CuCr,0s, the lowest orbital level is triply degenerate, and the spin-orbit coupling is present
in this level. In this case the distortion is dependent on the magnitude of the spin-orbit coupling relative
to the strength of the Jahn-Teller effect term. The distortion at absolute zero temperature and its tempera-
ture dependence are discussed.
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the many-body Hamiltonian
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Born-Oppenheimer Ansatz
U({ri},{Ra}) = ¥({ri}; {Ra})2({Ra})
Ho({ri};{Ra}) =c({RaDv({ri}; {Ra}), electrons

H,9({R,}) = Ed({R,}), lattice

H, =T, +¢({R.}) BO surface



degenerate BO surfaces

em({Ro}) =c({R0) @
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IS the structure stable?

NoO.

(apart linear molecules and Kramers degeneracy)

Jahn-Teller theorem

There is always some distortion which lowers the symmetry



Jahn-Teller theorem

Stability of Polyatomic Molecules in Degenerate
Electronic States

[—Orbital Degeneracy

By H. A. JanN, Davy-Faraday Laboratory, The Royal Institution
AND E. TELLER, George Washington University, Washington, D.C *

(Communicated by F. G. Donnan, I.R.8.— Received 17 February 1937)

INTRODUCTION

In the following we investigate the conditions under which a polyatomic
molecule can have a stable equilibrium configuration when its electronic
“state has orbital degeneracy, i.e. degeneracy not arising from the spin. We
shall show that stability and degeneracy are not possible simultaneously
unless the molecule is a linear one, i.e. unless all the nuclei in the equilibrium
configuration lie on a straight line. We shall see also that the instability is
only slight if the degeneracy is due solely to electrons having no great.
influence on the binding of the molecule.

* This research was carried out when the authors were workimg in the Sir William

Ramsay Laboratories of Inorganic and Physical Chemistry, University College,
London.



Jahn-Teller theorem

SUMMARY

It is shown that orbital electronic degeneracy and stability of the nuclear
configuration are incompatible unless all the atoms of a molecule lie on a
straight line. The proofis based on group theory and is therefore valid only if
accidental degeneracy is disregarded. If the electrons causing the degeneracy
are not essential for molecular binding, only a slight instability will result.
Table I, which is needed to prove the theorem, can also be used to obtain the
number of proper vibrations of a given symmetry type for any polyatomic
molecule.

REFERENCES

Bright Wilson, E. 1934 J. Chem. Phys. 2, 432.
Kramers, H. A. 1930 Proc. Acad. Sci. Amst. 33, 959.
Lennard-Jones, J. E. 1934 Trans. Faraday Soc. 30, 70.
Mulliken, R. 8. 1933 Phys. Rev. 43, 279.
Placzek, G. 1934 Handbuch der REadiologie, 6, 11, 205.
Tisza, L. 1933 Z. Phys. 82, 48.
van Vleck 1932 ‘‘Electric and Magnetic Susceptlbﬂltles, p- 273. Oxford.
Weyl 1928 ‘Gruppentheorie und Quantenmechanik,” p. 115. Leipzig.
Wigner, E. 1930 Nachr. Ges. Wiss. Gottingen, p. 133.
— 1932 Nachr. Ges. Wiss. Gottingen, p. 546.



normal modes
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two atoms

R1+X1 Ra2+x2
Q_Q R1-R2
1 .2 1 .2
H = §Ml L1 -+ §M2 Lo -+ V(CBl,CIZ'Q)

V(R) =0



change variables

r; = 5:’“/ Mz




diagonalize D

@_® 27 = (D11 + D12)/2
@_@ (25 = (D11 — D12)/2

_ 1'2 1 2
H_Zli ¢+§9¢]

2

but the first is a mere translation, only one normal mode



how many modes”?

%.

displacement vector

6+1=7 atoms, every atom represented by a vector
21 degrees of freedom

-6 (three translations and three rotations)

15 modes



which modes are relevant?

only those that can couple to degenerate states

. O,
(| He({Ra})[thmr) = > (] o [ Vit + -
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group O, eq states

[Fm X Fm] a Fvibrations D) Ala

ITE®@IgE=A19A D F

IE®Igl=A1®dF

O | E 8C; 3Cy 6Cy 6C4

(r*+9y*+2%) A1 1 1 1 1
Ay | 1 1 1 -1 -1

(2> —y%322—7r%) E|2 -1 2 0 0
(z,y, 2) Ty | 3 o -1 -1 1
(xy,z2,yz2) T | 3 0 -1 1 -1




u1=q1(1,0,0)

modes A1 and E

let us use symmetries

O | E 8Cs; 3C, 6Cy 6C,

(> +y*+2%) A1 1 1 1 1
Ay | 1 1 I -1 -1

(2?2 —9y%,322—7r?) E |2 -1 2 0 0
(z,y, 2) Ty | 3 o -1 -1 1
(xy,x2,y2) T, | 3 0 -1 1 -1



which modes are relevant?

let us use symmetries

u1=qo(1,0,0) u2=C4 u1=qo(0,1,0)

Eui=u

(@ +y”+2%) T

(2% — 9%, 32> —r?) B
(337 y? Z) Tl
(xy, x2,y%2) T




effect of operations

E ui = uq

Cauq1= U2
Csui1=us
Ca U1 = U1

Cidui=ue C4?Ui=us

2 =
C43 U1 = Us C4%u1=u4

C43 U1 = uy C42 U1 = Uy



effect of operations

3C4 4Cs3

C2u1=u2
Cout=us
C2u1=us
C2 U1 = U Co
Co u1=us

Coui=us



Effect of operations

3C4 4Cs

Cs u1=uz
Cz u1=us
Csu1=uz
Cs U1 = Ue
C3 U1=Us
C3 Uu1=us
Caui=us



using the projector

Par u1 = (4uq + 4uz+2us +4us + 4us + 4us)/24

8C53 3C; 6C5 6C4
1 1 1 1

1 1 -1 -1
—1 2 0 0
0 —1 -1 1

0 -1 I -1

(2?2 —y* 322 —r?) E
(ZC, Y, Z) Tl
(vy, 22,y2) T

I
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WL N — | T




let us try different displacements..

let us use symmetries

u1%=qo(0,0,1)

(2% — 9%, 32> —r?) B
(ZE, y7 Z) Tl
(xy, x2,y%2) T




effect of operations

E u1z= uq? C42 uiZ= -U4?

Cauiz= uqyY C43 uqZ= -uyY

u12=qo(0,0,1)

u1¥=qo(0,1,0)




modes A1 and E




E modes



Jahn-Teller potential
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perturbation theory

(point charge model)

dC — dc —|_5d'LCL’
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pseudospin operators
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Jahn-Teller potential

. . 1 )
UJT+U5H=A<Q2 Q1>+—CE(Qf+q§)I
q1  —q2 2

g2 = —qcosf,q1 = —qsin6

l-’]JT__)\q< cos 6 sin 6 >

sin@ —cosb



E_(q)

—Aq +

Jahn-Teller potential

2 1

A E

g7 = A CE




empty state

anharmonic effects determine the angle



Kugel-Khomskii super-exchange

KK

i_



Crystal structure and magnetic properties
of substances with orbital degeneracy

K. I. Kugel’ and D. I. Khomskii

P. N. Lebedev Physics Institute
(Submitted November 13, 1972)
Zh. Eksp. Teor. Fiz. 64, 1429-1439 (April 1973)

Exchange interaction in magnetic substances containing ions with orbital degeneracy is
considered. It is shown that, among with spin ordering, superexchange also results in
cooperative ordering of Jahn-Teller ion orbitals, which, generally speaking, occurs at a
higher temperature and is accompanied by distortion of the lattice (which is a secondary
effect here). Concrete studies are performed for substances with a perovskite structure
(KCuFs, LaMnOs;, MnF3). The effective spin Hamiltonian is obtained for these substances
and the properties of the ground state are investigated. The orbital and magnetic struc-
tures obtained in this way without taking into account interaction with the lattice are in
accord with the structures observed experimentally. The approach employed also permits
one to explain the strong anisotropy of the magnetic properties of these compounds and to
obtain a reasonable estimate for the critical temperatures.



eqg Hubbard model
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two-site problem, one electron per site

H=H,+ Hr + Hy

Hy =¢g4 Z(ﬁAa + NBo)
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two-site problem, one electron per site

16 states with Ng=0 12 states with Ng=1

+ + 4 states e % 4 states
+ + 4 states

+ + 4 states —_— % 4 states
+ + 4 states — — 4 states

E = 2¢e4 E=2e4+U+E;




energies of doubly occupied states

12,0) o E. (2,0)
2,0)im = Chpcr |0) 2e, +U
2,0)59m = (:,:.fﬂﬁ(:;rm,i 0) 2ec, +U —2J m' #m
2,003, = c;.fmac;fm,g 0) 2¢c, +U —3J m' #m




classify states in order of Ngq

Nq¢= number doubly occupied sites



second order perturbation theory
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second order perturbation theory

AFO FM U-3J AE=-212/(U-3J)
«f’ " X o .‘A A
A A A A
FO FM AE=0
A v A
AFO = AFM U-2J : AE=-2t2/(U-2J)
/\A/\
A &
AFM =_2t2
FO 3 U - AE=-2t?/U




Kugel-Khomskil super-exchange
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Kugel-Khomskil super-exchange

Z direction
approximation: J=0 0 0
other dirs: rotate axis and back 27 = ¢, ( . )
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Kugel-Khomskil super-exchange
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Kugel-Khomskil super-exchange
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other dirs: rotate axis and back
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variational approach

6) 6)
6) 6)
_ 0 _
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variational approach

0 — 0—m

6); = — sin — Tlz? — 4?) + cos —— (32" — 1)
g o —
) =+ sin — Tla? — 42) + cos — (322 — 12)
I 3

AFE(0) = 16 3cos® (0 — ) — 5

# = w/2 (Jahn-Teller-like Q; distortion).



KCuFs;

eg°: particle-hole symmetry

I
AB(6) = 1 [3c082(9 w)—g

AFO and FO along z: same variational energy



KCuF3;

eg°: particle-hole symmetry

0 — 0 —m

0); = — sin 22 — y?) + cos 322 — 7r?)

AFO and FO along z: same variational energy

I
AB(6) = 1 [3cos?(6 — m) - g



mode Q1
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origin of orbital order

recent insights from our work

Phys. Rev. Lett. 101, 266405 (2008)
Phys. Rev. Lett. 104, 086402 (2010)
Phys. Rev. B 85, 035124 (2012)

Phys. Rev. B 87, 195141 (2013)



LDA+U: KK-like mechanism

Density-functional theory and strong interactions: Orbital ordering in Mott-Hubbard insulators

A. I. Liechtenstein
Max-Planck-Institut fur Festkorperforschung, D-70506 Stuttgart, Germany

V. 1. Anisimov

Institute of Metal Physics, GSP-170 Ekaterinburg, Russia

J. Zaanen

Lorentz Institute for the Theoretical Physics, Leiden University, Leiden, The Netherlands
(Received 15 May 1995)
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Quadrupolar distortion (% of a

)

The situation changes drastically if we allow for orbital
polarization. Because U exceeds the bandwidth, the orbital
sector is already strongly polarized (as are the spins) before
the lattice is allowed to react. Overlooking some unimportant
details concerning the coherence of the intermediate states,
the well-known rule that electronic MFT in strong coupling
maps onto the classical “spin” problem holds also in this
case. In other words, we find the quadrupolar orbital-

ferromagnetic spin phase to be most stable (for the same

reasons as Kugel and Khomski1”). Obviously the cubic lattice

H|> KK-like mechanism !

1s unstable in the presence of this orbital order parameter. In
fact, despite large-scale changes in the electronic system the
deformation is modest, indicating a rather weak electron-

phonon coupling.

~



LDA+DMFT confirms LDA+U

week ending

PRL 101, 096405 (2008) PHYSICAL REVIEW LETTERS 29 AUGUST 2008

Structural Relaxation due to Electronic Correlations in the Paramagnetic Insulator KCuF;

I. Leonov,' N. Binggeli,'* Dm. Korotin,? V. I. Anisimov,” N. Stoji¢,** and D. Vollhardt’

'Abdus Salam International Center for Theoretical Physics, Trieste 34014, Italy
2INFM-CNR Democritos, Theory @ Elettra group, Trieste 34014, Italy
3Institute of Metal Physics, South Kovalevskoy Street 18, 620219 Yekaterinburg GSP-170, Russia
*International School for Advanced Studies, SISSA, Via Beirut 2/4, 34014 Trieste, Italy
>Theoretical Physics III, Center for Electronic Correlations and Magnetism, Institute of Physics, University of Augsburg,
Augsburg 86135, Germany
(Received 7 April 2008; published 29 August 2008)
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JT distortion, 8 . (% of a)

energy gain ~ 175 meV

DMFT para and LDA+U AFM
give similar results



KK Is the mechanism: Too ~Tkk

.orisit?

Problems:
e why Ty (40K-140K) much smaller than T,r (800-1400 K) ?
e |DA+U HFGGA+DMFT results show OO also for no distortion
e trends with RE, volume, temperature, pressure, in Ty77?

Our new approach:
e single out Kugel-Khomskii mechanism
e calculate Tkk directly using LDA+DMFT



idea: single out super-exchange
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LDA+DMFT with Wannier functions

g VOLUME 92, NUMBER 17 PHYSICAL REVIE W LETTER S
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Mott Transition and Suppression of Orbital Fluctuations in Orthorhombic 3d! Pero

tenstein,> A. Georges,2 and O. K. Andersen*

vskites



LDA+DMFT with Wannier functions

H= = > 3> tiowChuoComo self-energy matrix spin-orbital space

i’ mm’ o
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2 im#m/oo’ 0 y
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DMFT and cDMFT 2048 |
quantum impurity solvers:
general HF QMC e

general CT-INT QMC
general CT-HYB QMC

* A. Flesch, E. Gorelov, E. Koch and E. Pavarini
Multiplet effects in orbital and spin ordering phenomena:
A hybridization-expansion quantum impurity solver study
Phys. Rev. B 87, 195141 (2013)



the KK mechanism in KCuFs;
p=n1-N2

-—

p (DMFT)

order parameter

Phys. Rev. Lett. 101, 266405 (2008)

Tkk~350 K

Tkk < Too = 1400 K

reminder: mean field theory overestimates Tkk



p (DMFT)

LaMnO3 : Tk~ 600 K !

Phys. Rev. Lett. 104, 086402 (2010)

180° non-JT crystal-field
red: cDMFT 4 sites

black: DMFT
1 150°
-
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500 1000
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orbital-order transition at Tooin " MnQO3

5.80 ] VOLUME 81, NUMBER 3 PHYSICAL REVIEW LETTERS 20 JuLy 1998
5.75 ] . . S
] Resonant X-Ray Scattering from Orbital Ordering in LaMnO3
by 5.70 ] Y. Murakami,"? J.P. Hill > D. Gibbs,> M. Blume,’? I. Koyama,' M. Tanaka,! H. Kawata,' T. Arima,* Y. Tokura,’
‘; ] K. Hirota,2® and Y. Endoh?®
B 5.65 ] 'Photon Factory, Institute of Materials Structure Science, High Energy Accelerator Research Organization,
2 1 Tsukuba, 305-0801, Japan
=1 5.60 b 2Core Research for Evolutional Science and Technology (CREST), Tsukuba 305-0047 Japan
f 2 ] 3Department of Physics, Brookhaven National Laboratory, Upton, New York 11973
d“; 1 “Institute of Materials Science, University of Tsukuba, Tsukuba 305-8573, Japan
— S§.55 - SDepartment of Applied Physics, University of Tokyo, Tokyo 113-0033, Japan
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&} ] SDepartment of Physics, Tohoku University, Sendai 980-8578, Japan
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PHYSICAL REVIEW B VOLUME 57, NUMBER 6 1 FEBRUARY 1998-I1 d TN [ s ;
Neutron-diffraction study of the Jahn-Teller transition in stoichiometric LaMnO; 2 s
4k
J. Rodriguez-Carvajal,* M. Hennion, F. Moussa, and A. H. Moudden
Laboratoire Léon Brillouin (CEA-CNRS), Centre d’Etudes de Saclay, 91191 Gif sur Yvette Cedex, France i
-
L. Pinsard and A. Revcolevschi 3
Laboratoire de Chimie des Solides, Université Paris Sud, 91405 Orsay Cedex, France 2 L.
(Received 2 September 1997)
-
The parent compound of the giant magnetoresistance Mn-perovskite, LaMnOj3, has been studied by thermal !
analysis and high-resolution neutron-powder diffraction. The orthorhombic Pbnm structure at room tempera-
ture is characterized by an antiferrodistorsive orbital ordering due to the Jahn-Teller effect. This ordering is i
evidenced by the spatial distribution of the observed Mn-O bond lengths. LaMnO; undergoes a structural phase 0 e ——
transition at Tyr=~750 K, above which the orbital ordering disappears. There is no change in symmetry 0 200 400 600
although the lattice becomes metrically cubic on the high-temperature side. The MnOgy octahedra become
nearly regular above Tyr and the thermal parameter of oxygen atoms increases significantly. The observed Temperatu re (K)

average cubic lattice is probably the result of dynamic spatial fluctuations of the underlying orthorhombic
distortion. [S0163-1829(98)51706-7]

Too~ 800 K



Too: orbital order-to-disorder transition

PHYSICAL REVIEW LETTERS week ending

PRL 94, 177203 (2005) 6 MAY 2003

Orbital Correlations in the Pseudocubic O and Rhombohedral R Phases of LaMnO;

Xiangyun Qiu,' Th. Proffen,” J. F. Mitchell,? and S.J.L. Billinge'

]Department of Physics and Astronomy, Michigan State University, E. Lansing, Michigan 48824, USA
2Los Alamos National Laboratory, LANSCE-12, MS H805, Los Alamos, New Mexico 87545, USA

*Material Science Division, Argonne National Laboratory, Argonne, Illinois 60439, USA
(Received 12 August 2004; revised manuscript received 24 February 2005; published 5 May 2005)

The local and intermediate structure of stoichiometric LaMnO; has been studied in the pseudocubic and
rhombohedral phases at high temperatures (300—1150 K). Neutron powder diffraction data were collected
and a combined Rietveld and high real space resolution atomic pair distribution function analysis was
carried out. The nature of the Jahn-Teller (JT) transition around 750 K is confirmed to be orbital order to
disorder. In the high-temperature orthorhombic (O) and rhombohedral (R) phases, the MnOg octahedra
are still fully distorted locally. More importantly, the intermediate structure suggests the presence of local
ordered clusters of diameter ~16 A (~4 MnOg octahedra) implying strong nearest-neighbor JT anti-
ferrodistortive coupling. These clusters persist well above the JT transition temperature even into the high-
temperature R phase.

DOI: 10.1103/PhysRevLett.94.177203 PACS numbers: 75.47.Lx, 61.12.—q, 75.47.Gk

Too~ 800 K
T,r>1150 K



Too~ 800 K and Tkxk~ 600 K !

Cell Parameters (3)
9]
(=23
>

0 200 400 600 800 1000 1200
Temperature (K)

Rodriguez-Carvajal et al., PRB 57, R3189 (1996)

IS super-exchange driving oo melting?



IS super-exchange driving oo melting?

approach: REMnQOs3 series + high pressure data
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without distortions

Tkk decreases with IR
Too in experiments

1500 [ 4ok /
Tk 1000 | o+ - KCuFs3
polarization
0 Dy Tb _Nd  La
/os 1.1 1.15 1.2 1.25 LaMnOs;

TKK under pressure
from total energy

T(K)
©

Phys. Rev. B 85, 035124 (2012)

Using out general CT-HYB code we could show that

spin flip and pair hopping do not change trends
5 bands yield same result as two bands

Phys. Rev. B 87, 195141 (2013)



conclusion
KBFs KoBF.and MnOs

what is the mechanism of orbital-order and orbital-order melting ?

] AEMQ
IN 2N

p (DMFT)

Tk < Tooand Tyt

= , . o 600
0 500 1000 O 500 1000 The Normal Mode

T/K TK Qp (0, >0)

super-exchange alone cannot explain trends in Too
electron-phonon coupling

Phys. Rev. Lett. 101, 266405 (2008) Phys. Rev. B 85, 035124 (2012)
Phys. Rev. Lett. 104, 086402 (2010) Phys. Rev. B 87, 195141 (2013)



conclusion

emergence of local spins and pseudospins

-
' S
W A
high energy low energy
electron-phonon coupling super-exchange interactions
KK
crustal-field splitting purely electronic mechanism

enhanced by coulomb repulsion coupling 4t*/U



