
Eva Pavarini

Peter Grünberg Institute

Forschungszentrum Jülich

Kugel-Khomskii materials: 
 flipping the order of 

transitions
temperature

Structural

orbital

er,

transition

oxides,

the

anadates,

;



Crystal structure and magnetic properties 

of substances with 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 
(KCuF3, LaMn03, 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. 

1. INTRODUCTION 

When conSidering magnetic and crystallographic 
properties of transition-metal compounds, it is very 
important to take into account the d-Ievel degeneracy. 
In the crystal field, the fivefold d-Ievel splits (for exam-
ple, in a field of cubic symmetry it splits into a three-
fold level t2g and a twofold level eg). A situation is then 

pOSSible, for example, for the ions d9_C2+, d4-Mn 3+, and 
Cr2+ in an octahedral environment, the ground state turns 
out to be degenerate with respect to the orbital angular 
momentum if cubic symmetry is preserved 1). The class 
of compounds in which such a situation is encountered is 
quite large. These are compounds with the structure of 
perovskite KCuF3, KCrF 3 , MnF3), rutile 
(CrCI2, CrF2, CuF2), or spinel, containing the ions Mn3+ 

and Cu2+, and a number of other types of substances [1J • 

The study of such compounds is of great interest, since 
they usually undergo a lattice transition that leads to a 
lowering of the symmetry; the magnetic properties turn 
out to be more complicated and more interesting than in 
analogous substances without orbital degeneracy (more 
complicated magnetic structure, strong anisotropy); a 
low-frequency branch of the exciton type, connected with 
transitions between orbital states, can appear in the 
elementary-excitation spectrum and can interact with 
the magnons; this branch depends strongly on the tem-
perature. 

The properties of such compounds, particularly lat-
tice transitions in them, are usually explained by start-
ing from the Jahn-Teller effect [1-4 J • Accordingly, at 
T = 0 the symmetrical arrangement of the ions, at which 
the orbital degeneracy is preserved, is unstable, and the 
lattice becomes deformed with the lowering of symme-
try, so as to lift the degeneracy of the electronic state. 
Local deformations of the anion environment near the 
given transition-metal ion appear first; it is the elastic 
interaction of such local distortions which is assumed to 
be responsible for the cooperative deformation of the 
entire lattice, which occurs at T < Torb' In this ap-
proach it is necessary to introduce many constants that 
describe the interaction of the deformations of different 
octahedra, and the values of these constants are usually 
unknown and it is quite difficult to predict the concrete 
type of the orbital ordering. In addition, the orbital 
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ordering in this approach is not at all connected with 
the magnetic ordering, 

In this paper we propose a different approach to the 
description of the properties of compounds containing 
ions with orbital degeneracy, the so-called Jahn-Teller 
ions (see also [5J ). Our analYSis is based on a natural 
generalization of ordinary superexchange, which is 
responsible for the magnetic properties of magnetic 
dielectrics, to include the case of orbital degeneracy. 
The reason for the appearance of ordering of localized 
spins in this approach is the fact that the reduction of 
the energy as a result of the virtual transitions of the 
d electron to a neighboring center depends on the mutual 
orientation of the spins at these centers. In complete 
analogy, in the case of orbital degeneracy the corre-
sponding contribution to the energy depends not only on 
the magnetic structure, but also on the particular orbi-
tals that are occupied at the neighboring centers. Thus, 
in our case the usual super-exchange leads in essence 
not only to magnetic ordering, but also to orbital order-
ing, thus determining uniquely both the magnetic and the 
orbital (and accordingly the crystal) structure of the 
ground state. The magnetic and orbital orderings turn 
out to be closely related in this case, although they occur 
generally speaking at different temperatures. 

The possibility of ordering orbitals by superexchange 
was apparently first noted by Roth [6J; this phenomenon 
was subsequently investigated also by Pokrovskit and 
Utmin [7J. They, however, considered only the simplest 
symmetrical model, without taking into account the real 
structure of the d-orbitals, and therefore no comparison 
with real substances was made. 

In addition to describing the ordering of orbitals, our 
analysis has one more purpose. In the case of orbital 
degeneracy, the theoretical definition of magnetic struc-
ture becomes indeterminate: the well known Goodenough-
Kanamori-Anderson rules[I,2,8] do not give an unam-

biguous answer in this case. From the generalized 
superexchange Hamiltonian obtained in this paper we 
can obtain the spin Hamiltonian given the type of orbital 
ordering, regardless of the cause of the ordering, and 
determine the magnetic structure. Conversely, knowl-
edge of the magnetic structure can help in some cases 
to determine the concrete type of ordering of the orbitals. 
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spontaneous ordering of orbitals

KCuF3

LaMnO3

+ orbitals degrees of freedom

strong Coulomb repulsion (the Hubbard U)

= orbital super-exchange
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TRANSITION METAL OXIDES

Ferroelectricity driven by orbital order

The discovery that the rotation of the orbital arrangement in manganites induces 

ferroelectricity exposes an intriguing phase transition that could serve as a 

blueprint for novel applications.

BERNHARD KEIMER
is at the Max Planck Institute for Solid State Research, 

Heisenbergstr. 1, 70569 Stuttgart, Germany

e-mail: B.Keimer@fkf.mpg.de

T
ransition metal oxides have fascinated scientists 
since the 1950s, when the newly developed 
technique of neutron di! raction was used to 

show that the compound La1–xCaxMnO3 exhibits a rich 
variety of structural and magnetic phases as the Ca 
concentration is tuned1. " e fascination has increased 
in the wake of the discovery of high-temperature 
superconductivity in a chemically similar compound, 

Figure 1 Possible arrangements of Mn3+ d-orbitals on a square lattice. The patterns are 

two-dimensional versions of orbitally ordered states actually observed in manganese oxides. 

The corresponding magnetic states are indicated by yellow arrows.

orbital ordering and orbital physics

Orbital Physics in Transition-Metal Oxides
Y. Tokura1,2 and N. Nagaosa1

An electron in a solid, that is, bound to or nearly localized on the specific
atomic site, has three attributes: charge, spin, and orbital. The orbital
represents the shape of the electron 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 orbital 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.

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 tij depends

on the direction of the bond ij and also on the

pair of the two orbitals a, b # ( x2 ! y2) or

(3z2 ! r2). 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

by the overlaps of the d orbitals with the p
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Orbital Liquid in Three-Dimensional Mott Insulator: LaTiO3

G. Khaliullin1,2 and S. Maekawa2

1Max-Planck-Institut für Festkörperforschung, Heisenbergstrasse 1, D-70569 Stuttgart, Germany
2Institute for Materials Research, Tohoku University, Sendai 980-8577, Japan

(Received 5 June 2000)

We present a theory of spin and orbital states in Mott insulator LaTiO3. The spin-orbital superexchange
interaction between d1!t2g" ions in cubic crystal suffers from a pathological degeneracy of orbital states
at the classical level. Quantum effects remove this degeneracy and result in the formation of the coherent
ground state, in which the orbital moment of t2g level is fully quenched. We find a finite gap for orbital
excitations. Such a disordered state of local degrees of freedom on unfrustrated, simple cubic lattice is
highly unusual. Orbital liquid state naturally explains observed anomalies of LaTiO3.

Magnetically Hidden Order of Kramers Doublets in d1 Systems: Sr2VO4

George Jackeli* and Giniyat Khaliullin

Max-Planck-Institut für Festkörperforschung, Heisenbergstrasse 1, D-70569 Stuttgart, Germany
(Received 10 June 2009; published 7 August 2009)

We formulate and study an effective Hamiltonian for low-energy Kramers doublets of d1 ions on a

square lattice. We find that the system exhibits a magnetically hidden order in which the expectation

values of the local spin and orbital moments both vanish. The order parameter responsible for a time-

reversal symmetry breaking has a composite nature and is a spin-orbital analog of a magnetic octupole.

We argue that such a hidden order is realized in the layered perovskite Sr2VO4.

DOI: 10.1103/PhysRevLett.103.067205 PACS numbers: 75.30.Et, 71.70.Ej, 75.10.Jm

PRL 103, 067205 (2009) P HY S I CA L R EV I EW LE T T E R S
week ending

7 AUGUST

Review—Orbital Physics: Glorious Past, Bright Future

D. I. Khomskiiz

II. Physikalisches Institut, Universität zu Köln, 50937 Köln, Germany

Transition metal (TM) compounds present a very big class of materials with quite diverse properties. There are insulators, metals
and systems with insulator–metal transitions among them; most magnetic systems are TM compounds; there are also (high-Tc)
superconductors among them. Their very rich properties are largely determined by the strong interplay of different degrees of
freedom: charge; spin; orbital; lattice. Orbital effects play a very important role in these systems—and not only in them! The study
of this field, initiated by Goodenough almost 70 years ago, turned out to be very fruitful and produced a lot of important results. In
this short review I discuss the basics of orbital physics and summarize the main achievements in this big field, in which
Goodenough played a pivotal role, and which are nowadays widely used to explain many properties of TM compounds. In the main
part of the text I discuss novel developments and perspectives in orbital physics, which is still a very active field of research,
constantly producing new surprises.
© 2022 The Electrochemical Society (“ECS”). Published on behalf of ECS by IOP Publishing Limited. [DOI: 10.1149/2162-8777/
ac6906]

ECS Journal of Solid State Science and Technology, 2022 11 054004
2162-8777/2022/11(5)/054004/16/$40.00 © 2022 The Electrochemical Society (“ECS”). Published on behalf of ECS by IOP Publishing Limited
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Surface science is an important and well-established branch of
materials science involving the study of changes in material

Superexchange Interaction in Orbitally Fluctuating RVO3
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LaMnO3

t2g6eg3 t2g3eg1

co-operative Jahn-Teller-like distortion

the secondary effect 

KCuF3

G-type OO C-type OO
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a small CF splitting can be enough!

Mott Transition and Suppression of Orbital Fluctuations in Orthorhombic 3d1 Perovskites

E. Pavarini,1 S. Biermann,2 A. Poteryaev,3 A. I. Lichtenstein,3 A. Georges,2 and O. K. Andersen4

1INFM and Dipartimento di Fisica ‘‘A. Volta,’’ Università di Pavia, Via Bassi 6, I-27100 Pavia, Italy
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CF=200-300 meV LDA+DMFT 770 K

t2g1

YTiO3LaTiO3



a chicken-and-egg problem

distortions

orbital ordering

 Kugel-Khomskii materials ?



(i) are there true Kugel-
Khomskii materials ?

and how do we identify them?

a chicken-and-egg problem



(ii) why  TOO>TN ?

can one flip the transitions?

TOOTN

spin

order 
parameter

spin orbital

•  TOO>TN

TN~40 K    TOO ~1400 K

KCuF3
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solution of chicken and egg problem 
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Mechanism for Orbital Ordering inKCuF3

E. Pavarini,1 E. Koch,1 and A. I. Lichtenstein2

1Institut für Festkörperforschung and Institute for Advanced Simulation, Forschungzentrum Jülich, 52425 Jülich, Germany
2Institute of Theoretical Physics, University of Hamburg, Jungiusstrasse 9, 20355 Hamburg, Germany

(Received 18 August 2008; published 31 December 2008)
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(i) progressively reduce distortion (hence CF splitting)

to single out KK effects:

(ii) calculate order parameter vs temperature 
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KK SE large but not sufficient alone
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TKK~350 K  j TOO ~ 1400 K
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TKK~600 K  j TOO ~ 1200 K

KCuF3 LaMnO3



KCuF3 LaMnO3

(and many more systems)

so far for eg systems…

KK super-exchange large but not sufficient to explain 
ordering at high temperature



KCuF3 not a true KK material 

… but also not a true Jahn-Teller system!

TOO

q
q~2(l-s)/(l+s)

l= long CuF bond

s= short CuF bond



experiments: q increases with temperature

Empty symbols: P. Ghigna et al, to be published
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the T-dependence is via the lattice constant!

PHYSICAL REVIEW B 96, 054107 (2017)

Thermally assisted ordering in Mott insulators

Hunter Sims,1 Eva Pavarini,2,3 and Erik Koch1,2,3,*

1Computational Materials Science, German Research School for Simulation Sciences, 52425 Jülich, Germany
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(i) are there true Kugel-
Khomskii materials ?

and how do we identify them?

a chicken-and-egg problem



let us change perspective
focus on electronic effects only 

candidates: t2g systems

larger orbital degeneracy, smaller electron-lattice 
coupling, smaller crystal-field coupling
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Origin of orbital ordering in YTiO3 and LaTiO3

Xue-Jing Zhang, Erik Koch, and Eva Pavarini

Institute for Advanced Simulation, Forschungszentrum Jülich, 52425 Jülich, Germany

(Received 14 April 2020; accepted 15 June 2020; published 6 July 2020)

The origin of orbital order in correlated transition-metal compounds is strongly debated. For the paradigmatic

eg systems KCuF3 and LaMnO3, it has been shown that the electronic Kugel’-Khomskii mechanism alone is

not sufficient to drive the orbital-ordering transition up to the high temperatures at which it is experimentally

observed. In the case of t2g compounds, however, the role played by the superexchange interaction remains

unclear. Here we investigate this question for two representative systems, the 3d t1
2g Mott insulators LaTiO3 and

YTiO3. We show that the Kugel’-Khomskii superexchange transition temperature TKK is unexpectedly large,

comparable to the value for the e3
g fluoride KCuF3. By deriving the general form of the orbital superexchange

Hamiltonian for the t1 configuration, we show that the GdFeO -type distortion plays a key part in enhancing T

augment DMFT with general SE Hamiltonians

PHYSICAL REVIEW B 105, 115104 (2022)

General superexchange Hamiltonians for magnetic and orbital physics in eg and t2g systems

Xue-Jing Zhang,1 Erik Koch,1,2 and Eva Pavarini1,2,*

1Institute for Advanced Simulation, Forschungszentrum Jülich, 52425 Jülich, Germany
2JARA High-Performance Computing, 52062 Aachen, Germany.

(Received 6 December 2021; accepted 16 February 2022; published 3 March 2022)

Material-specific super-exchange Hamiltonians are the key to studying spin and orbital physics in strongly

correlated materials. Recently, via an irreducible-tensor operator representation, we derived the orbital superex-

change Hamiltonian for t1
2g perovskites and successfully used it, in combination with many-body approaches, to

explain orbital physics in these systems. Here, we generalize our method to en
g and tn

2g systems at arbitrary integer

filling n, including both spin and orbital interactions. The approach is suitable for numerical implementations
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Ĥi,j
SE =

X

qq0

X

νν
0

X

rr0

X

µµ0

τ̂
rµ;qν
i Dij;qν

rµ,r0µ0 τ̂
r0µ0;qν
j

PRB 102, 035113 (2020); PRB 106, 115110 (2022); PRL 135, 026508 (2025)

analytic  & numerical

-30

-20

-10

 0

 10

0
s
 1

z

0
s
 1

x

0
s
 2

(3
z

2
- 

r2
)

0
s
 2

x
z
 

0
s
 2

(x
2
- 

y
2
)

1
z
 1

z

1
z
 1

x

1
z
 2

(3
z

2
- 

r2
)

1
z
 2

x
z

1
z
 2

(x
2
- 

y
2
)

1
x
 1

x

1
x
 2

(3
z

2
- 

r2
)

1
x
 2

x
z

1
x
 2

(x
2
- 

y
2
)

2
(3

z
2
- 

r2
) 

2
(3

z
2
- 

r2
)

2
(3

z
2
- 

r2
) 

2
x
z

2
(3

z
2
- 

r2
) 

2
(x

2
- 

y
2
)

 2
x
z
 2

(x
2
- 

y
2
)

2
(x

2
- 

y
2
) 

2
(x

2
-y

2
)

2
x
z
 2

x
z

&
E

 (
m

e
V

)

 YVO3   LaVO3 CubicTotal

&



|θ ,φ〉 = − |π−θ ,φ ± π〉
= sin θ cos φ|xz〉 + cos θ |xy〉 + sin θ sin φ|yz〉
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orbital channels decomposition
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TOO: evolution with RI
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TKK and TN: evolution with RI
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wonderful, but, why?

Ĥi,j
SE = ĤCij

+ ĤOiOj
+ ĤSiSj

+ ĤSiSjOiOj
.
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rr0
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spin dipolar (q=q’=1)

orbital multipolar (r+r’>1)

spin monopolar (q=q’=0)

orbital monopolar (r=r’=0)

r: orbital rank       q:spin rank

SiSj term main contribution to TN!

SiSjOiOj term does the rest
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idealized magnetic state 

AF: orbital “Zeeman” term dominate 

AF

PM



(i) are there true Kugel-Khomskii materials ?

Yes ! t2g systems better than eg 
 signatures are electronic

(ii) why (usually) TOO>TN   ? KCuF3 LaMnO3

in most systems TOO>>TKK

but if TKK~TOO, TN and TKK~TOO can be flipped 

conclusions

G-type magnetic ordering is better 
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