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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.
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Transition 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, 
La2–xBaxCuO4. An unprecedented e! ort followed to 
synthesize single crystals of transition metal oxides 
with exquisite crystallographic quality and chemical 
homogeneity. Such advances in materials preparation 
have in turn triggered further exciting discoveries, one 
of which is the ‘colossal’ response of some transition 
metal oxides to modest external stimuli. For instance, 
although the electronic properties of ordinary metals 
depend only very weakly on the magnetic # eld, 
the electrical resistance of metallic La1–xCaxMnO3 
is extremely sensitive to it2. Another example is 
the thermopower of NaxCoO2, where the voltage 
generated by a temperature gradient exhibits a large 
and unusual magnetic-# eld dependence3.

Adding to the variety of electronic e! ects in 
manganites, Yusuke Tokunaga and co-workers 
report on page 937 of this issue4 the discovery of a 
ferroelectric phase transition in another manganese 
oxide, Pr(Sr0.1Ca0.9)2Mn2O7. " eir # nding is 
remarkable, as it represents the # rst observation of 
ferroelectricity induced by electronic mechanisms 
similar to those involved in some of the ‘colossal’ 
e! ects in other transition metal oxides.

Two microscopic properties of transition metal 
oxides are essential for the understanding of their 
intriguing macroscopic behaviour. First, the valence 
electrons in these materials interact very strongly and 
are hence prone to localization around a particular 
atom. Second, the electrons have the choice of several 
types of energetically equivalent (or degenerate) 
electronic orbitals around the atoms that they could 
occupy. " is orbital degree of freedom ensures that 
the electrons can choose from a manifold of possible 
electronic states. For instance, the valence electrons 
of La1–xCaxMnO3 reside on the Mn ions, where they 

can occupy either of two d-orbitals. Nature abhors 
degeneracy, and at su$  ciently low temperatures each 
electron chooses one of the two orbitals (or a linear 
combination of the two). However, their choices are 
not independent. Once a valence electron localizes 
in a de# nite Mn d-orbital, the charge distribution 
around this ion is distorted, and adjacent oxygen 
ligands are dislodged. Eventually, this leads to the 
spontaneous formation of an ordered pattern of 
occupied orbitals throughout the crystal lattice. Two 
possible orbital patterns for Mn3+ ions on a square 
lattice are shown in Fig. 1. For a mixture of Mn3+ and 
Mn4+ ions (the situation realized in La1–xCaxMnO3 and 
Pr(Sr0.1Ca0.9)2Mn2O7), there are even more ways to 
arrange charges and orbitals on the lattice.

States with di! erent orbital order can have 
strikingly di! erent macroscopic properties. " is is 
illustrated in Fig. 1, where the state with uniform 
orbital occupation is antiferromagnetic, whereas the 
state with alternating orbitals exhibits a macroscopic 
ferromagnetic magnetization. An external magnetic 
# eld favours ferromagnetism and can thus switch the 
materials between two states with completely di! erent 
macroscopic magnetic properties if the orbitally 
uniform, antiferromagnetic state is stable in zero # eld. 
If the energy di! erence between both states is small, 
a large magnetic response is triggered by a small 
magnetic # eld. A similar model explains the colossal 
magnetoresistance observed in La1–xCaxMnO3, where 
small changes in the magnetic # eld lead to large 
changes in the material’s electric resistance2.

As Tokunaga et al. have discovered, similar 
orbital ordering e! ects lead to a ferroelectric phase 
transition in the antiferromagnetic, orbitally ordered 

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.
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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.

The quantum mechanical wave function of an
electron takes various shapes when bound to
an atomic nucleus by Coulomb force. Con-
sider a transition-metal atom in a crystal with
perovskite structure. It is surrounded by six
oxygen ions, O2!, which give rise to the
crystal field potential and hinder the free
rotation of the electrons and quenches the
orbital angular momentum by introducing the
crystal field splitting of the d orbitals. Wave
functions pointing toward O2! ions have
higher energy in comparison with those
pointing between them. The former wave
functions, dx2!y2 and d3z2!r2, are called eg

orbitals, whereas the latter, dxy, dyz, and dzx,
are called t2g orbitals (Fig. 1).

When electrons are put into these wave
functions, the ground state is determined by
the semiempirical Hund’s rule. As an exam-
ple, consider LaMnO3, where Mn3" has a d4

configuration, i.e., four electrons in d orbit-
als. Because of Hund’s rule, all of the spins
are aligned parallel, that is, S # 2, and three
spins are put to t2g orbitals and one spin
occupies one of the eg orbitals.

The relativistic correction gives rise to the
so-called spin-orbit interaction Hspin-orbit #
$L! ! S! , where L! is the orbital angular mo-
mentum and S! is the spin angular momentum.
This interaction plays an important role in
some cases, especially for t2g electrons. How-
ever, the coupling between spin and orbital
degrees of freedom described below is not
due to this relativistic spin-orbit coupling.

Up to now, we have considered only one
transition-metal ion. However, in solids,
there are periodic arrays of ions. There are
two important aspects caused by this: one is
the magnetic interactions, i.e., exchange in-
teractions, between the spins and the other is

the possible band formation and metallic con-
duction of the electrons. Before explaining
these two, let us introduce the Mott insulating
state. Band theory predicts an insulating state
when all bands are fully occupied or empty,
whereas a metallic state occurs under differ-
ent conditions. However, it is possible that
the system is insulating because of the Cou-
lomb interaction when the electron number is
an integer per atom, even if the band theory
without the period doubling predicts a metal-
lic state. This occurs when the kinetic energy
gain is smaller and blocked by the strong
Coulomb repulsion energy U, and the elec-
tron cannot hop to the other atom. This insu-
lator is called a Mott insulator. The most
important difference from the usual band in-
sulator is that the internal degrees of freedom,
spin and orbital, still survive in the Mott
insulator. LaMnO3 is a Mott insulator with
spin S # 2 and the orbital degrees of free-
dom. The spin S # 2 can be represented by
the t2g spin 3/2 strongly coupled to the eg spin
1/2 with ferromagnetic JH (Hund’s coupling).
The two possible choices of the orbitals are
represented by the pseudospin T! , whose z
component Tz # 1/ 2 when dx2!y2 is occu-
pied and Tz # !1/ 2 when d3z2!r2 is occu-
pied. Three components of this pseudospin
satisfy the similar commutation relation with
those of the spin operator, i.e., [T%, T&] #
i!%&'T'.

There is an interaction between the spin
and pseudospin, of S! and T! , between differ-
ent ions. This exchange interaction is repre-
sented by the following generalized Heisen-
berg Hamiltonian (1):

H ! !
ij

( Jij)T! i,T! j*S! i ! S! j " Kij)T! i,T! j*+ (1)

The exchange interactions Jij and Kij origi-
nate from the quantum mechanical process
with intermediate virtual states (2, 3). The
rotational symmetry in the spin space leads to
the inner product form of the interaction.

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
orbital of the O atom between them. The
overlap between the dx2!y2 and pz orbitals is
zero because of the different symmetry
with respect to the holding in the xy plane.
Therefore, the electron in the dx2!y2 orbital
cannot hop along the z axis. This fact will
be important later in our discussion.

One can consider the long-range ordered
state of the orbital pseudospin T! as well as the
spin S! . In many respects, analogies can be
drawn between S! and T! in spite of the aniso-
tropy in T! space. However, there is one more
aspect that is special to T! —Jahn-Teller (JT)
coupling (6–8). Because each orbital has dif-
ferent anisotropy of the wave function, it is
coupled to the displacement of the O atoms
surrounding the transition-metal ion. For ex-
ample, when the two apical O atoms move
toward the ion, the energy of d3z2!r2 becomes
higher than dx2!y2 and the degeneracy is lift-
ed. This is called the JT effect (6 ) and is
represented by the following Hamiltonian for
a single octahedron:

HJT ! !g)TxQ2 " TzQ3* (2)

where (Q2, Q3) are the coordinates for the
displacements of O atoms surrounding the
transition-metal atom and g is the coupling
constant. When the crystal is considered,
(Q2, Q3) should be generalized to (Qi2, Qi3)
(i, the site index), which is represented as the
sum of the phonon coordinates and the uni-
form component (u2, u3). Here, (u2, u3)
describes the crystal distortion as a whole.
When the long-range orbital order exists, i.e.,
,Tix- . 0 and/or ,Tiz- . 0, the JT distortion
is always present.

Up to now, we have discussed the Mott
insulating state. Let us now consider the
doped carriers into a Mott insulator. High-
transition-temperature superconductor cup-
rates, e.g., La2!xSrxCuO4, offer the most
dramatic example of this carrier doping.
However, the two-dimensional (2D) nature
of the lattice, as well as the larger coherent
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Magnetism, conductivity, and orbital order in (LaMnO3)2n Õ (SrMnO3)n superlattices
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The modulation of charge density and spin order in !LaMnO3"2n / !SrMnO3"n !n=1–4" superlattices is
studied via Monte Carlo simulations of the double-exchange model. G-type antiferromagnetic barriers in the
SrMnO3 regions with low charge density are found to separate ferromagnetic LaMnO3 layers with high charge
density. A metal-insulator transition with increasing n is observed in the direction perpendicular to the inter-
faces. Our simulations provide insight into how disorder-induced localization may cause the metal-insulator
transition occurring at n=3 in experiments.

DOI: 10.1103/PhysRevB.78.201102 PACS number!s": 71.30.!h, 73.21.Cd, 75.47.Lx

Transition-metal oxide heterostructures provide a new av-
enue to utilize the complex properties of strongly correlated
electronic materials to produce multifunctional devices. Sev-
eral exotic phenomena emerge in these heterostructures due
to the reconstruction at the interfaces, such as the existence
of a conducting state between two insulators in
LaAlO3 /SrTiO3 !STO" and LaTiO3 /SrTiO3.1 As one of the
most representative families of strongly correlated oxide ma-
terials, the manganites can also be prepared into heterostruc-
tures with other oxides, such as cuprates, and they exhibit
interesting behavior, such as orbital reconstruction.2

Even without involving other oxides, manganite hetero-
structures can be prepared utilizing manganites with different
doping, e.g., LaMnO3 !LMO" and SrMnO3 !SMO".3–8 At low
temperature !T", bulk LaMnO3 is an A-type antiferromag-
netic !A-AFM" insulator, while SrMnO3 is a G-type antifer-
romagnetic !G-AFM" insulator.9 The alloy-mixed
La1−xSrxMnO3 !LSMO" is a ferromagnetic !FM" metal at low
T and 0.17"x"0.5. However, the LMO-SMO superlattices
can behave differently from bulk LSMO even with the same
average charge density: !i" the ordered A-site cations in the
superlattices remove the A-site disorder, which is important
in alloy manganites and !ii" the artificially modulated A-site
cations also modulate the physical properties, such as charge
density, magnetism, and conductivity. In fact, recent experi-
ments on !LMO"2n / !SMO"n superlattices highlighted the ex-
istence of an exotic metal-insulator transition !MIT" at
n=3.5–8 Moreover, LMO thin films on a STO substrate were
found to be FM instead of A-AFM.7,8

Theoretically, in addition to ab initio calculations,10 most
previous model Hamiltonian investigations on manganite
heterostructures were based on the one-orbital model,11 miss-
ing the important orbital degree of freedom. Although more
realistic two-orbital models were used very recently,12,13 sev-
eral properties of the !LMO"2n / !SMO"n superlattices are still
not understood particularly the explanation for the n=3 MIT.

The two-orbital double-exchange !DE" model is used here
to study !LMO"2n / !SMO"n superlattices via Monte Carlo

!MC" simulations. This model Hamiltonian has been exten-
sively studied before and it is successful to reproduce the
several complex phases in manganites.14 Details about the
Hamiltonian and MC technique can be found in previous
publications.15 Schematically, the Hamiltonian reads as

H = HDE!t0" + HSE!JAF" + HEP!#" + #
i

!$i − %"ni, !1"

where HDE, HSE, and HEP are the standard two-orbital large-
Hund-coupling DE, superexchange !SE", and electron-
phonon !EP" interactions, respectively.14 ni is the eg charge
density at site i. % is the uniform chemical potential, and $i is
the on-site effective potential generated by long-range Cou-
lomb interactions that cannot be neglected in superlattices
involving different electronic compositions. There are four
main input parameters: the SE coupling JAF, the EP coupling
#, %, and $i. All these parameters are in units of t0, which is
the DE hopping between nearest-neighbor !NN" d3z2−r2 orbit-
als along the z direction.14,15 The constant-density phase dia-
gram is determined by JAF and #. The expected eg charge
density is obtained by tuning %. Due to the valence differ-
ence between La3+ and Sr2+, the on-site Coulomb potential $i
is inhomogeneous for the Mn sites. In almost all previous
model investigations, the Coulomb interaction is treated us-
ing the Hartree-Fock !HF" approximation.11–13 However, this
HF approximation is rather difficult to converge for the
three-dimensional !3D" two-orbital model when both t2g
classical spins and lattice distortions are also MC-time
evolving. For this reason, here we adopt another strategy.
Each $i will be determined by its eight NN A-site cation
neighbors.16 More specifically, in the LMO-SMO superlat-
tices, $i is 0 for those Mn between two LaO planes !LMO
region", it becomes V /2 for those between LaO and SrO
planes, and finally it is V for those between two SrO planes
!SMO region" $Figs. 1!a" and 1!b"%. Therefore, this !positive"
constant V is the only parameter to regulate the Coulomb
potential and it is related with the dielectric constant in the

PHYSICAL REVIEW B 78, 201102!R" !2008"
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them resulting from thermal retraction. At the transition between
the bright cap and the smooth dusty (darker) H2O-ice-exposed
units, these polygonal features are seen through a thin and bright
CO2 ice layer. The ice-free stratified terrains expand then to the left
of the image.
Wherever CO2 ice is stable, it traps solid H2O. OMEGAdata show

large areas where CO2 ice has sublimated away, while water ice
remains, mostly mixed with dust. The perennial southern cap thus
by far exceeds the bright CO2-rich icy area. Moreover, the lack of
slope change at the transition between the bright cap and the
surrounding water-ice polygonal areas is an indication that the
CO2-ice layer might well be restricted to a fairly thin layer, no more
than some metres in depth, in agreement with previous estimates
derived from shadowmeasurements in quasi-circular depressions11.
OMEGA spectral images of the bright cap and of its scarps are
consistent with a model in which H2O ice is present in the
underlying material, a scenario which has been proposed to explain
the morphology of the ‘Swiss cheese’ terrains12.
The underlying material, over 1–3 km in thickness and some

400 km in size, according to the Mars Orbiter Laser Altimeter
(MOLA) polar cap profile, is likely to constitute a distinct geological
unit as inferred from its morphology11. The direct OMEGA surface
compositional measurements support a model in which the bulk of
this unit is constituted of dust mixed with water ice, as predicted by
mechanical modelling13. The perennial south polar cap would
then constitute a significant fraction of the overall H2O reservoir.
Conversely, if CO2 ice is indeed restricted to the bright areas,
possibly concentrated in a thin surface veneer, it would not
constitute a major sink for the initial atmospheric CO2.
The inventory of condensed volatiles on Mars, in all potential

phases (gas, clouds, hydrated minerals, frosts, ices, permafrost,
liquids), at and below its surface, is central to understanding the
evolution of the planet, from geological timescales to seasonal
variations. Part of the answer to the question of Mars having
harboured life in the past, and to the issue of Mars hosting future
human exploration, is to be deciphered in this inventory. This is
why contributing to this inventory, in particular on the poles,
remains a major goal for Mars space exploration14. With the
ongoing Mars Express mission just starting its global coverage
of Mars, OMEGA will continue mapping the CO2 and H2O
condensation/sublimation cycles at all south and north latitudes;
the goal is to provide a quantitative evaluation of the seasonal
and perennial condensed reservoirs of these crucial volatile species.
In parallel, theMars AdvancedRadar for Subsurface and Ionosphere
Sounding (MARSIS) experiment will start its mapping phase in
May 2004. It should enable an accurate determination of the volume
of the H2O-ice-rich surface permafrost identified by OMEGA at the
south pole, and compare it with a potential subsurface permafrost
considered up until now to be the major Mars water reservoir. A
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Electronic reconstruction at
an interface between a Mott
insulator and a band insulator
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Surface science is an important and well-established branch of
materials science involving the study of changes in material
properties near a surface or interface. A fundamental issue has
been atomic reconstruction: how the surface lattice symmetry
differs from the bulk. ‘Correlated-electron compounds’ are
materials in which strong electron–electron and electron–lattice
interactions produce new electronic phases, including inter-
action-induced (Mott) insulators, many forms of spin, charge
and orbital ordering, and (presumably) high-transition-
temperature superconductivity1,2. Here we propose that the
fundamental issue for the new field of correlated-electron sur-
face/interface science is ‘electronic reconstruction’: how does the
surface/interface electronic phase differ from that in the bulk? As
a step towards a general understanding of such phenomena, we
present a theoretical study of an interface between a strongly
correlated Mott insulator and a band insulator. We find dramatic
interface-induced electronic reconstructions: in wide parameter
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ranges, the near-interface region is metallic and ferromagnetic,
whereas the bulk phase on either side is insulating and anti-
ferromagnetic. Extending the analysis to a wider range of inter-
faces and surfaces is a fundamental scientific challenge and may
lead to new applications for correlated electron materials.

To assess the effects of a surface or interface on correlated-
electron behaviour we require to understand the changes in the
parameters governing bulk correlated-electron behaviour. The three
key factors are interaction strengths, bandwidths and electron
densities1,3, all of which may change near a surface or interface. In
most cases, surface- or interface-induced changes in all three factors
will contribute, but in developing a general understanding it is
desirable first to study the different effects in isolation. Here we
focus on the effect of electron-density variation caused by the
spreading of charge across an interface. A different charge distri-
bution effect—the compensation of a polar surface by electronic
charge rearrangement—was argued to change the behaviour of C60

films4. (Indeed, Hesper et al.4 coined the term “electronic recon-
struction” in reference to this specific effect; we suggest that this
useful phrase be applied more generally to denote electronic phase
behaviour that is fundamentally different at a surface from in bulk.)
Proximity to a surface or interface can also change the electron
interaction parameters5,6, the electron bandwidth7, and level degen-
eracy8. Experimental studies of surfaces9–12 and heterostructures13

have been interpreted along these lines. Our work is inspired by the
recent striking experimental results of ref. 14; these authors fabri-
cated atomically precise digital heterostructures by inserting a
controllable number of planes of LaTiO3 (a Mott insulator, that
is, a material which is insulating although standard band theory

arguments would predict it to be metallic1) into a controllable
number of planes of SrTiO3 (a more conventional band-insulating
material). Ohtomo et al.14 have measured both the variation of
electron density transverse to the planes and the in-plane direct
current (d.c.) transport properties of their heterostructure14. The
close chemical similarity of the two componentmaterials minimizes
the effects of changes in bandwidths and interaction strengths,
allowing us to focus on the consequences of the spreading of
electronic charge.
To analyse the experiment of ref. 14 we consider a model

consisting of a number n of (001) layers of LaTiO3 (aMott insulator
with formal Ti valence state d1) embedded in an infinite SrTiO3 (a
band insulator with formal Ti valence state d0) crystal, defined
theoretically by placing unit charges (corresponding to the differ-
ence between the ionic charges of La and Sr) at the ideal crystal-
lographic La positions (see inset to Fig. 1). At very low temperature
T, SrTiO3 is almost ferroelectric: the long-wavelength linear-
response dielectric function becomes larger than 103 and is sample
dependent15,16. The experiments of ref. 14 were performed at room
temperature, where the dielectric constant is much smaller, and the
quantity of interest to us is the short-length-scale nonlinear
response, which is expected to be much smaller. The details of the
ferroelectric behaviour are not of interest here, so we model the
dielectric properties using a background e < 15. We also include

Figure 1 Ground-state phase diagram computed in Hartree–Fock approximation as a

function of the on-site Coulomb interaction U and the inverse of the La layer number n.

For small U values the ground state is a paramagnetic metal with no orbital ordering

(PMM region; shaded blue). The solid line marked with squares denotes a second-order

transition to a orbitally disordered magnetic state (M-OD; shaded yellow) that is

ferromagnetic for n ¼ 1; for n . 1 each (001) Ti layer is uniformly polarized, but the

magnetization direction alternates from layer to layer, leading to a ferrimagnetic state

(n ¼ 2, 4, 6, …; odd number of occupied Ti layers) or antiferromagnetic state (n ¼ 3, 5,

7, …; even number of occupied Ti layers). The solid line marked with circles denotes a

first-order transition to a fully polarized ferromagnetic state with (00p) orbital order (FM-

OO; shaded green). For sufficiently thick samples (Bulk, shaded pink), the latter transition

is pre-empted by a first-order transition to the bulk state, which, in the Hartree–Fock

approximation used here, has ferromagnetic spin order and G-type (ppp) antiferro-

orbital order. The actual materials exhibit a G-type AF order and a complicated orbital

order20 apparently due to subtle lattice distortions neglected here21. Inset, schematic of

plane perpendicular to (010) direction of (001) superlattice for the n ¼ 2 case. Circles

show the the positions of Sr (white) and La (red) ions respectively; small black dots show

the positions of Ti ions.

Figure 2 Spin and orbitally resolved charge densities as function of transverse (001)
coordinate z for heterostructure with one La layer. La plane is at z ¼ 0. Filled (open)

symbols indicate majority (minority) spin densities for xz, yz and xy orbitals (see key on

figure). a, Intermediate U (M-OD) regime; full spin polarization but all three orbitals equally
occupied. b, Large U (FM-OO) regime. Full spin polarization persists, orbital

disproportionation occurs. In the Ti layer at z ¼ 1/2, the yz orbital is dominant; in the Ti

layer at z ¼ 21/2, the xz orbital is dominant; at larger jzj the xy orbital is dominant, but
the electron density is low.
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Ionic relaxation contribution to the electronic reconstruction at the n-type
LaAlO3 ÕSrTiO3 interface

Rossitza Pentcheva1 and Warren E. Pickett2
1Department of Earth and Environmental Sciences, University of Munich, Theresienstr 41, 80333 Munich, Germany

2Department of Physics, University of California, Davis, California 95616, USA
!Received 30 June 2008; revised manuscript received 19 September 2008; published 7 November 2008"

Density-functional theory calculations reveal that the compensation mechanism at the isolated n-type inter-
face in LaAlO3 /SrTiO3 superlattices involves both ionic and electronic degrees of freedom. Strong polar
distortions screen the local electric field and reduce the band discontinuity across the interface. We find that the
electronic reconstruction depends sensitively on whether structural optimization is performed within GGA
!conventional exchange and correlation effects" or GGA+U !which includes strong intra-atomic interactions".
For a structural optimization within GGA+U the excess charge is confined to the interface TiO2 layer with a
charge-ordered, orbitally polarized arrangement of Ti3+ and Ti4+. While the charge-ordered phase represents
the ground state, optimization within GGA leads to more pronounced lattice polarization, suppression of charge
order !with remaining dxy-orbital occupation in the interface layer", and a delocalization of the excess charge
extending over a few SrTiO3 layers.

DOI: 10.1103/PhysRevB.78.205106 PACS number!s": 73.20.Hb, 75.70.Cn, 71.28.!d

I. INTRODUCTION

Correlated electrons in oxide heterostructures open up
new possibilities for electronic behavior that is unanticipated
from the properties of the bulk constituents and can thus lead
to new functionality. Although SrTiO3 !STO" and LaAlO3
!LAO" are two conventional nonmagnetic band insulators,
their interfaces were reported to be conducting.1 Recently,
there are indications for magnetism2,3 and superconductivity4

in this system at low temperature. These new functionalities
lend extra urgency to the effort to understand the unantici-
pated properties of this interface.

In the perovskite structure there is a natural charge modu-
lation in the #001$ direction; e.g., in LaAlO3 positively
charged LaO layers alternate with negatively charged AlO2
layers, while in SrTiO3 both the SrO and TiO2 layers are
charge neutral. At both interfaces, the electron-doped n-type
!LaO /TiO2" and the hole-doped p-type !AlO2 /SrO", local
charge neutrality as inferred from the formal valences is dis-
rupted. This violation of charge neutrality turns out to be a
driving force toward the unexpected behavior emerging at
the interface.

Theoretical studies so far concentrate on explaining the
reported conductivity in this system !e.g., Refs. 5–7" by con-
sidering the ideal !defect-free" interface. However, on the
experimental side there is meanwhile a consensus that the
oxygen pressure during growth and post annealing plays a
crucial role. The initially measured high conductivity is at-
tributed to oxygen defects rather than being an intrinsic
property.8–12 Rijnders and Blank13 related recently the three
novel functional properties to three regions of oxygen pres-
sure: !i" high conductivity is measured in samples grown at
or below pO2

%10−6 mbar oxygen pressure in the chamber;
!ii" superconductivity was found for intermediate pressures
of pO2

%10−4–10−5 mbar; !iii" magnetism and nonconduct-
ing behavior were observed only for pO2

%10−3 mbar. The
higher oxygen pressure is widely thought to mitigate the for-
mation of oxygen vacancies, resulting in more nearly stoichi-
ometric materials.

In this paper we concentrate on the intrinsic effects in the
case where the influence of oxygen defects is minimized and
study the !effectively" isolated n-type interface. Using
density-functional theory !DFT" calculations and including a
Hubbard U we have found previously that the charge mis-
match at the n-type LAO/STO interface is accommodated by
charge disproportionation on the Ti sublattice in the interface
layer with Ti3+ and Ti4+ ordered in a checkerboard
arrangement.14 This diluted layer of Ti3+ spins shows a slight
preference for antiferromagnetic coupling,15 as found also
for LaTiO3 /SrTiO3 superlattices.16 First experimental indica-
tions for localized magnetic moments at the interface were
obtained by Brinkman et al.2 Because the above-mentioned
calculations were done for a superlattice containing a single
unit cell of each material and ideal !bulk" positions of the
ions in the cell, we study here the compensation mechanism
in more separated interfaces containing thicker slabs of both
materials. We focus specifically on the crucial role of lattice
relaxations on the electronic state at the interface, since the
largest contribution to the static dielectric constant in both
materials arises from the lattice response. In addition we ex-
plore how the level of treatment of correlation for the Ti 3d
bands influences the structural and electronic properties at
the interface. Finally, the band alignment across the interface
is determined.

II. CALCULATIONAL DETAILS

The DFT calculations are performed using the all-electron
full-potential augmented plane-wave !FP-APW" method in
the WIEN2K implementation17 and the generalized gradient
approximation !GGA" !Ref. 18" of the exchange-correlation
potential. Because at the n-type interface a LaO layer is
placed next to a TiO2 layer which is the building unit of the
Mott insulator LaTiO3, we have considered an on-site Cou-
lomb repulsion on the Ti 3d states within the fully localized
limit !LDA+U" !Ref. 19" using U=8 eV and J=1 eV.
These values are necessary to describe the insulating nature
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Coupling between Spin and Orbital Degrees of Freedom in KCuF3
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We present the results of resonant x-ray scattering experiments on KCuF3. Structurally forbidden
reflections, corresponding to magnetic and 3d-orbital long-range order, have been observed. Integrated
intensities have been measured as a function of incident energy, polarization, azimuthal angle, and tem-
perature. The results give evidence for a strong coupling between orbital and spin degrees of freedom.
The interplay between magnetic and orbital order parameters is revealed by the temperature dependence
of the intensity of orbital Bragg peaks.

DOI: 10.1103/PhysRevLett.88.106403 PACS numbers: 75.30.Et, 71.70.–d, 78.70.Ck

The interplay between charge, orbital, and spin degrees
of freedom is the key ingredient underlying the physics
of transition-metal oxides. An ideal tool for studying the
consequences of such a correlation is provided by Reso-
nant X-Ray Scattering (RXS), as was demonstrated by
several experiments carried out during the past few years
on manganites and other oxides, for instance, those re-
ported in [1–5].

RXS has its origin from processes in which photons
are virtually absorbed by exciting core electrons to empty
states, and subsequently reemitted when the excited elec-
trons and the core holes recombine [6–9]. These processes
give rise to anomalous tensor components in the atomic
scattering factor, and to Bragg peaks at positions forbid-
den by the crystallographic space group if long-range or-
der of magnetic moments, electronic orbital occupancy, or
aspherical valence-electron clouds is present. The inten-
sity of the superlattice reflections increases dramatically
as the photon energy is tuned to an atomic absorption
edge, the K-edge if the absorbing atom belongs to the
transition-metal series. Physical information is obtained
by measuring the polarization-dependent scattering inten-
sity at forbidden Bragg positions as a function of photon
energy and azimuthal rotation angle (the angle describing
the rotation of the crystal around the scattering vector).

In experiments at a transition-metal K-edge, electric-
dipole transitions involve the promotion of a core electron
to an empty 4p state, while the promotion to an empty 3d
state requires weaker quadrupole transitions. In the case of
V2O3 [5], orbital peaks have been observed only when the
photon energy was tuned to the threshold of the vanadium
3d band, whereas in LaMnO3 the resonant enhancement
of superlattice reflections corresponding to orbital ordering
shows also a second, stronger peak at an energy of about
10 eV higher than the quadrupole resonance, correspond-
ing to the threshold of the 4p band. The exciting results of
the above-mentioned experiments have prompted substan-
tial theoretical work [2,10–13]. Models suggest that the

resonance in manganites is due to 1s ! 4p electric-dipole
transitions, the splitting of the 4p states being mainly due
to the J-T distortion that accompanies the orbital ordering
[11–13]. However, no general consensus has so far been
reached. Clearly, more experimental results are needed to
understand the origin of the RXS signal and to extract from
it the details of orbital ordering.

An interesting phenomenon has been reported for
several manganites at the magnetic transition tempera-
ture. The intensity of the orbital superlattice reflections
increases substantially in a region where the associated
order parameter (OP) is expected to be saturated [2].
Ishihara and Maekawa [14] suggest that this anomalous
temperature dependence signals a change in the type of
orbital order near the magnetic transition.

In this respect, the pseudocubic perovskite KCuF3 is an
ideal model system for an experimental investigation, as
orbital order has been theoretically predicted [15–17] and
indirectly established from its consequences on the physi-
cal properties of the system. Our RXS findings reveal that
three-dimensional (3D) antiferro(AF)-magnetic order in
KCuF3 is driven by orbital ordering, and that the orbital OP
acts as a hidden parameter of the magnetic transition. The
increase in intensity of the orbital peaks at the Neél tem-
perature is even larger than that observed for manganites,
and cannot be attributed to a change in the orbital state. We
propose a simple mean-field approach that can explain this
phenomenon as a consequence of the interplay between
orbital and magnetic OPs. The physical principle under-
lying the model is quite general and can also be applied
to manganites and other systems, where magnetic long-
range order is driven by the order of orbital occupancies.

KCuF3 is a Mott-Hubbard insulator with a pseudocu-
bic perovskite structure [16], characterized by almost equal
Cu-Cu distances along the three principal axes (a ! b !
8.2802 Å, c ! 7.852 Å). In spite of this, the system ex-
hibits one-dimensional magnetic properties down to about
38 K, where 3D AF-magnetic order starts to develop. In

106403-1 0031-9007!02!88(10)!106403(4)$20.00 © 2002 The American Physical Society 106403-1
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FIG. 4. Qualitative behavior of the orbital order parameter C
as a function of temperature, computed in the mean-field ap-
proximation with the free energy Eq. (1), where TOO ! 800 K,
a1 ! a0

2 ! b2 ! 1, b1 ! 10, a2 !
p

20.

experiment, it is easy to generate the behavior of C
similar to the observed behavior, as shown in Fig. 4.

In conclusion, we have reported the results of RXS stud-
ies of the magnetic and orbital ordering in the pseudocubic
perovskite KCuF3. The results obtained provide evidence
for a strong coupling between orbital and spin degrees of
freedom. The increase in intensity of the orbital peaks
across TN , which is also observed in several manganites,
is described in the framework of a simple mean-field ap-
proach as a consequence of the interplay between orbital
and magnetic order parameters. The proposed model, al-
though semiquantitative for the intrinsic limitations of a
mean-field approach, is not specific of KCuF3, but can also
describe the experimental results obtained in manganites,

questioning the interpretation of those results as due to a
change in the type of orbital order state.
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Unusual Evolution of the Magnetic Interactions versus Structural Distortions

in RMnO3 Perovskites
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We report the refinement of x-ray powder diffraction together with magnetic and thermal conductivity
measurements made on the entire family of RMnO3 perovskites prepared by melt growth or under high
pressure. Analysis of the data has identified the origin of the transition from type-A to type-E magnetic
order as a competition between t-orbital and e-orbital spin-spin interactions within each Mn-O-Mn bond
in the (001) planes, the e-orbital interactions decreasing with decreasing R3!-ion size.

DOI: 10.1103/PhysRevLett.96.247202 PACS numbers: 75.30.Et, 71.70.Ej, 72.15.Eb

From elastic-energy considerations, LaMnO3 was ini-
tially proposed to undergo a cooperative orbital ordering
below a TJT that places the e electron of high-spin
Mn3!:t3e1 in the (001) plane [1]. The predicted orbital
ordering and the consequent anisotropic magnetic cou-
plings in LaMnO3 were proven a few years ago by reso-
nance x-ray scattering [2] and neutron inelastic scattering
[3]. At T > TJT, the Jahn-Teller (JT) distortion remains
dynamic, as has been shown by x-ray absorption spectros-
copy [4], and the vibronic states are degenerate in the
(Q2; Q3) plane describing the Eg lattice-vibration breath-
ing modes of a MnO6=2 octahedron. Q2 is orthorhombic
and Q3 is tetragonal. The introduction of anharmonic terms
in the Hamiltonian changes the ‘‘Mexican hat’’ form of the
potential in the (Q2; Q3) plane into three wells separated by
!a " 120# in the (Q2; Q3) plane for an isolated molecular
complex. However, the cooperative JT distortion results in
a two-well potential in the case of LaMnO3 [5]. As pointed
out by Kanamori [6], the cooperative JT distortion in
orthorhombic LaMnO3 does not have the two potential
wells in exactly the directions of !a " 2"=3 and 4"=3
in the (Q2; Q3) plane as predicted from the classic 120#

model, but they are leaning towards the $Q2 axis. This
shift is caused by a mixing of the JT distortion modes and
an intrinsic octahedral-site distortion in the orthorhombic
perovskite structure [7]. On the other hand, the overlap
integral entering the perturbation formula J % 4b2=U of
the superexchange spin-spin interaction depends on the
(180# &!) Mn-O-Mn bond angle, which decreases mono-
tonically as the ionic radius (IR) of rare-earth R3! ion
decreases. In comparison with the perovskite RFeO3 fam-
ily where Fe3! is not JT active, the phase diagram of the
RMnO3 perovskites is more complex as is seen in Fig. 1.
Although the perovskite RMnO3 family shows a gradual
structural change as IR decreases, the orbital ordering
remaining the same as that in LaMnO3 below TJT, the
phase diagram is divided sharply into three regions:
(1) type-A spin order [ferromagnetic (001) planes coupled
antiparallel] with a TN that is extremely sensitive to IR,
(2) a phase without classic spin ordering, and (3) type-E
spin order [alternating ferromagnetic and antiferromag-

netic coupling in (001) planes] below an IR-independent
TN . How the JT and the intrinsic octahedral-site distortions
influence the magnetic coupling and whether the evolution
of the octahedral-site distortions and the Mn-O-Mn bond
angle as a function of IR are sufficient to account for the
complicated phase diagram of the RMnO3 perovskites
remain open questions for two reasons: (a) the existing
phase diagram of the RMnO3 perovskites does not cover
the heavy rare earths since some members of group II
RMnO3 (R " Y;Ho;Er; . . . ;Lu) need to be synthesized
as perovskites under high pressure; and (b) for group I
RMnO3 (R " La; . . . ;Dy), the available structural data
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FIG. 1 (color online). Transition temperatures versus R3!-ion
radius (IR) in the perovskite RMnO3 family. The TN values
shown by solid circles were obtained from magnetization mea-
surements in a magnetic field of 20 Oe. Open triangles mark the
temperature where the thermal conductivity #'T( shows an
anomaly. The JT transition temperatures TJT are taken from
Refs. [8–10]. See the text for the meaning of the shaded area.
Inset: Schematic drawing of the octahedral-site rotations and the
e-orbital ordering in a primary unit cell of the cubic perovskite
structure. The arrows point to axes for the unit cell of the
orthorhombic Pbnm structure. The unoccupied e orbital is
placed at site 2 along with the occupied orbital in the other sites
to illustrate the e1-O-e0 coupling in the ab plane.
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a micro-optical setup and sample loading procedures (KCl
pressure medium) described in Ref. [9]. All of the above
experiments were performed at T ! 300 K. Four-probe
dc resistance measurements were carried out with
5 7 mm thick Pt foil electrodes as a function of tempera-
ture and pressure [10]. The sample/metal-gasket cavity
was coated with an insulating mixture of Al2O3!NaCl
combined with epoxy. No pressure-transmitting medium
was used. In all experiments pressures were measured
with the ruby luminescence method [11].

Typical diffraction patterns of LaMnO3 are shown in
Fig. 1(a) for the pressure range 0–40 GPa. Up to 11 GPa
the diffraction patterns were suitable for Rietveld refine-
ments [12] yielding the lattice parameters and the atomic
positions. Figure 1(b) shows the result of a refinement for
a pressure of 5.9 GPa. Above 11 GPa, lattice parameters
were determined from full-profile fits with the atomic po-
sitions fixed to the 11-GPa values (space group Pnma).

Figure 2(a) illustrates the pressure dependence of the
lattice parameters. The b-axis data are normalized by a
factor of 221!2 corresponding to a pseudocubic represen-
tation of the lattice. Up to 15–20 GPa, the compression is
anisotropic with the soft direction along the a axis. Its ini-
tial compressibility is "4 times larger than those of the b
and c axes. The compressibilities along the c and a direc-
tions change markedly at "7 and "18 GPa, respectively.
LaMnO3 remains orthorhombic to at least 40 GPa.

From the lattice parameter data we obtain the pressure
dependence of the unit-cell volume shown in Fig. 2(b).
The V #P$ data are well described by the Murnaghan equa-
tion [13] which yields the bulk modulus B0 and its pres-
sure derivative B0 at zero pressure. The large value of
B0 ! 8.5 6 0.4 (compared to typical values of B0 % 4 6
for crystals with nearly isotropic compression) reflects the
pronounced anisotropic compressibility.

FIG. 1. (a) X-ray powder diffraction patterns of LaMnO3
at various pressures (T ! 298 K). (b) Diffraction pattern at
5.9 GPa and difference between the observed and calculated
profile. Marks show the calculated peak positions. The reflec-
tion marked “N2” is due to solid nitrogen.

Figure 2(c) shows the free positional parameters x and
z of the La ions as a function of pressure. The x parame-
ter decreases continuously and becomes zero near 12 GPa.
This is also evidenced directly by the decreasing intensity
of the (111) reflection [cf. Fig. 1 and inset of Fig. 2(c)].
The fact that this reflection does not reappear at higher
pressures implies that the La ions remain located at x ! 0
(and x ! 1!2) at pressures above 12 GPa. The structural
data further indicate that the relative compression of the
distorted MnO6 octahedra is larger than that of the unit
cell [inset in Fig. 2(b)]. This implies that the octahedral
tilting decreases with increasing pressure, consistent with
the shift of the La ion. Mizokawa et al. concluded that
at ambient pressure the shift of the La ion, driven by the
GdFeO3-type distortion, is essential to stabilize the or-
bital ordering [14]. The observed reversal of this shift
thus suggests a destabilization of the orbital order at high
pressures.

The three Mn-O distances of the distorted MnO6 octahe-
dra decrease under pressure [Fig. 2(d)]. This effect is most

FIG. 2. (a) Lattice parameters of LaMnO3 at ambient tempera-
ture as a function of pressure. There are marked changes of
the a and c axis compressibility at 7 and 18 GPa, respectively.
The inset shows the crystal structure of LaMnO3 at ambient
conditions (space group Pnma). (b) Unit-cell volume versus
pressure. The inset depicts the volume of the MnO6 octahe-
dra up to 10 GPa. (c) Atomic coordinates of La as a function
of pressure (yLa ! 1!4). The inset shows the evolution of the
intensity of the (111) reflection normalized to the (101) peak.
(d) Mn-O distances of the distorted MnO6 octahedra as a func-
tion of pressure.
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mechanism of orbital-order 

what is the origin?

electron-phonon coupling (+U)
 vs

electronic super-exchange

KCuF3 and RMnO3 

super-exchange effects remarkably large
but electron-phonon coupling essential



understanding orbital order
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Using t2g Wannier functions, a low-energy Hamiltonian is derived for orthorhombic 3d1 transition-
metal oxides. Electronic correlations are treated with a new implementation of dynamical mean-field
theory for noncubic systems. Good agreement with photoemission data is obtained. The interplay of
correlation effects and cation covalency (GdFeO3-type distortions) is found to suppress orbital fluctua-
tions in LaTiO3 and even more in YTiO3, and to favor the transition to the insulating state.

DOI: 10.1103/PhysRevLett.92.176403 PACS numbers: 71.30.+h, 71.15.Ap, 71.27.+a

Transition-metal perovskites have attracted much in-
terest because of their unusual electronic and magnetic
properties arising from narrow 3d bands and strong Cou-
lomb correlations [1]. The 3d1 perovskites are particularly
interesting, since seemingly similar materials have very
different electronic properties: SrVO3 and CaVO3 are
correlated metals with mass enhancements of, respec-
tively, 2.7 and 3.6 [2], while LaTiO3 and YTiO3 are Mott
insulators with gaps of, respectively, 0.2 and 1 eV [3].

In the Mott-Hubbard picture the metal-insulator tran-
sition occurs when the ratio of the on-site Coulomb re-
pulsion to the one-electron bandwidth exceeds a critical
value Uc=W, which increases with orbital degeneracy
[4,5]. In the ABO3 perovskites the transition-metal ions
(B) are on a nearly cubic (orthorhombic) lattice and at the
centers of corner-sharing O6 octahedra. The 3d band
splits into pd!-coupled t2g bands and pd"-coupled eg
bands, of which the former lie lower, have less O character
and couple less to the octahedra than the latter. The
simplest theories for the d1 perovskites [1] are therefore
based on a Hubbard model with three degenerate, 16 -filled
t2g bands per B ion, and the variation of the electronic
properties along the series is ascribed to a progressive
reduction of W due to the increased bending of the pd!
hopping paths (BOB bonds).

This may not be the full explanation of the Mott
transition however, because a splitting of the t2g levels
can effectively lower the degeneracy. In the correlated
metal, the relevant energy scale is the reduced bandwidth
associated with quasiparticle excitations. Close to the
transition, this scale is of order !ZW, with Z! 1"
U=Uc , and hence much smaller than the original band-
width W. A level splitting by merely ZW is sufficient to
lower the effective degeneracy all the way from a three-
fold to a nondegenerate single band [6]. This makes the
insulating state more favorable by reducing Uc=W [5,6].
Unlike the eg-band perovskites, such as LaMnO3, where
large (10%) cooperative Jahn-Teller (JT) distortions of
the octahedra indicate that the orbitals are spatially or-
dered, in the t2g-band perovskites the octahedra are al-

most perfect. The t2g orbitals have therefore often been
assumed to be degenerate. If that is true, it is conceivable
that quantum fluctuations lead to an orbital liquid [7]
rather than orbital ordering. An important experimental
constraint on the nature of the orbital physics is the
observation of an isotropic, small-gap spin-wave spec-
trum in both insulators [8]. This is remarkable because
LaTiO3 is a G-type antiferromagnet with TN # 140 K,
m # 0:45#B, and a 3% JT stretching along a [9], while
YTiO3 is a ferromagnet with TC # 30 K, m0 ! 0:8#B,
and a 3% stretching along y on sites 1 and 3, and x on 2
and 4 [10] (see Fig. 1).

FIG. 1 (color). Pbnm primitive cells (right panels), subcells 1
(left panels), and the occupied t2g orbitals for LaTiO3 (top
panels) and YTiO3 (bottom panels) according to the LDA$
DMFT calculation. The oxygens are violet, the octahedra
yellow, and the cations orange. In the global, cubic xyz system
directed approximately along the Ti-O bonds, the orthorhombic
translations are a#%1;"1; 0&%1$ $&, b#%1; 1; 0&%1$ %&, and
c#%0; 0; 2&%1$ &&, with $, %, and & small. The Ti sites 1 to 4
are a=2, b=2, %a$ c&=2, and %b$ c&=2. The La(Y) ab plane is
a mirror %z $ "z& and so is the Ti bc plane %x $ y& when
combined with the translation %b" a&=2.
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[4,5]. In the ABO3 perovskites the transition-metal ions
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and couple less to the octahedra than the latter. The
simplest theories for the d1 perovskites [1] are therefore
based on a Hubbard model with three degenerate, 16 -filled
t2g bands per B ion, and the variation of the electronic
properties along the series is ascribed to a progressive
reduction of W due to the increased bending of the pd!
hopping paths (BOB bonds).

This may not be the full explanation of the Mott
transition however, because a splitting of the t2g levels
can effectively lower the degeneracy. In the correlated
metal, the relevant energy scale is the reduced bandwidth
associated with quasiparticle excitations. Close to the
transition, this scale is of order !ZW, with Z! 1"
U=Uc , and hence much smaller than the original band-
width W. A level splitting by merely ZW is sufficient to
lower the effective degeneracy all the way from a three-
fold to a nondegenerate single band [6]. This makes the
insulating state more favorable by reducing Uc=W [5,6].
Unlike the eg-band perovskites, such as LaMnO3, where
large (10%) cooperative Jahn-Teller (JT) distortions of
the octahedra indicate that the orbitals are spatially or-
dered, in the t2g-band perovskites the octahedra are al-

most perfect. The t2g orbitals have therefore often been
assumed to be degenerate. If that is true, it is conceivable
that quantum fluctuations lead to an orbital liquid [7]
rather than orbital ordering. An important experimental
constraint on the nature of the orbital physics is the
observation of an isotropic, small-gap spin-wave spec-
trum in both insulators [8]. This is remarkable because
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Orbital Fluctuations in the Different Phases of LaVO3 and YVO3
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We investigate the importance of quantum orbital fluctuations in the orthorhombic and monoclinic
phases of the Mott insulators LaVO3 and YVO3. First, we construct ab initio material-specific t2g Hubbard
models. Then, by using dynamical mean-field theory, we calculate the spectral matrix as a function of
temperature. Our Hubbard bands and Mott gaps are in very good agreement with spectroscopy. We show
that in orthorhombic LaVO3, quantum orbital fluctuations are strong and that they are suppressed only in
the monoclinic 140 K phase. In YVO3 the suppression happens already at 300 K. We show that Jahn-
Teller and GdFeO3-type distortions are both crucial in determining the type of orbital and magnetic order
in the low temperature phases.

DOI: 10.1103/PhysRevLett.99.126402 PACS numbers: 71.27.+a, 71.15.Ap, 71.30.+h

The Mott insulating t22g perovskites LaVO3 and YVO3

exhibit an unusual series of structural and magnetic phase
transitions (Fig. 1) with temperature-induced magneti-
zation-reversal phenomena [1] and other exotic properties
[2,3]. While it is now recognized that the V-t2g orbital
degrees of freedom and the strong Coulomb repulsion are
the key ingredients, it is still controversial whether classi-
cal (orbital order) [1,4–8] or quantum (orbital fluctuations)
[2,9] effects are responsible for the rich physics of these
vanadates.

At 300 K, LaVO3 and YVO3 are orthorhombic para-
magnetic Mott insulators. Their structure (Fig. 2) can be
derived from the cubic perovskite ABO3, with A ! La, Y
and B ! V, by tilting the VO6 octahedra in alternating
directions around the b axis and rotating them around the c
axis. This GdFeO3-type distortion is driven by AO cova-
lency which pulls a given O atom closer to one of its four
nearest A neighbors [10,11]. Since the Y 4d level is closer
to the O2p level than the La 5d level, the AO covalency
increases when going from LaVO3 to YVO3 and, hence,
the shortest AO distance decreases from being 14% to
being 20% shorter than the average, while the angle of
tilt increases from 12" to 18", and that of rotation from 7"

to 13" [12,13]. Finally, the A cube is deformed such that
one or two of the ABA body diagonals are smaller than the
average by, respectively, 4% and 10% in LaVO3 and
YVO3. These 300 K structures are determined mainly by
the strong covalent interactions between O 2p and the
empty Beg and Ad orbitals, hardly by the weak interac-
tions involving B t2g orbitals, and they are thus very similar
to the structures of the t12g La and Y titanates [10,11].

The t22g vanadates, however, have a much richer phase
diagram than the t12g titanates. At, respectively, 140 K and
200 K, LaVO3 and YVO3 transform to a monoclinic
structure in which c is turned slightly around a whereby
the two subcells along c, related by a horizontal mirror

plane in the orthorhombic structure, become independent
(Fig. 2). Most important: a sizable (3%–4%) Jahn-Teller
(JT) elongation of a VO bond, that along y in cells 1 and 4,
and along x in cells 3 and 2, deforms the VO6 octahedra. At
about 140 in LaVO3 and 116 K in YVO3, antiferromag-
netic (AFM) C-type order develops (ferromagnetic stack-
ing of antiferromagnetic ab layers). At 77 K, YVO3
recovers the orthorhombic structure and the magnetic order
changes from C to G type (3D-AFM), while the long VO
bond becomes that along x in cells 1 and 3, and along y in 2
and 4.

FIG. 1 (color). Temperature-dependent structural and mag-
netic phases of LaVO3 and YVO3. The lines show LDA#
DMFT (quantum Monte Carlo [21] ) results for the occupations,
n, of the three t2g crystal-field orbitals, 1, 2, and 3 (Table I).
Black lines: orthorhombic phases. Green and blue lines: mono-
clinic, sites 1 and 3 (see Fig. 2). For each structure we calculated
the occupations down the temperature at which the orbital
polarizations are essentially complete (T $ 200 K) and then
extrapolated in a standard way [21] to T ! 0 K.
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average by, respectively, 4% and 10% in LaVO3 and
YVO3. These 300 K structures are determined mainly by
the strong covalent interactions between O 2p and the
empty Beg and Ad orbitals, hardly by the weak interac-
tions involving B t2g orbitals, and they are thus very similar
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and along x in cells 3 and 2, deforms the VO6 octahedra. At
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netic (AFM) C-type order develops (ferromagnetic stack-
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changes from C to G type (3D-AFM), while the long VO
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Nature of the Mott Transition in Ca2RuO4
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We study the origin of the temperature-induced Mott transition in Ca2RuO4. As a method we use the

local-density approximationþ dynamical mean-field theory. We show the following. (i) The Mott

transition is driven by the change in structure from long to short c-axis layered perovskite (L-Pbca !
S-Pbca); it occurs together with orbital order, which follows, rather than produces, the structural

transition. (ii) In the metallic L-Pbca phase the orbital polarization is "0. (iii) In the insulating

S-Pbca phase the lower energy orbital, "xy, is full. (iv) The spin-flip and pair-hopping Coulomb terms

reduce the effective masses in the metallic phase. Our results indicate that a similar scenario applies to

Ca2#xSrxRuO4 (x $ 0:2). In the metallic x $ 0:5 structures electrons are progressively transferred to the

xz=yz bands with increasing x; however, we find no orbital-selective Mott transition down to "300 K.

DOI: 10.1103/PhysRevLett.104.226401 PACS numbers: 71.27.+a, 71.15.–m, 71.30.+h, 75.25.Dk

The layered perovskite Ca2RuO4 (Ru 4d4, t42ge
0
g) under-

goes a paramagnetic metal-paramagnetic insulator transi-
tion (MIT) at TMIT " 360 K [1]. A similar insulator-to-
metal transition happens also by application of a modest
("0:5 GPa) pressure [2] and finally when Ca is partially
substituted by Sr (Ca2#xSrxRuO4, x $ 0:2) [3,4]. The na-
ture of these transitions, in particular across x ¼ 0:2, has
been debated for a decade [5–13]. While it is clear that a
Mott-type mechanism makes the 2=3-filled t2g bands in-
sulating, two opposite scenarios, with different orbital
occupations n ¼ ðnxy; nxz þ nyzÞ and polarizations p (
nxy # ðnxz þ nyzÞ=2, have been suggested. In the first,
only the xy band becomes metallic; i.e., the transition is
orbital selective (OSMT) [5]; n and p jump from (2, 2) and
1 in the insulator to (1, 3) and #1=2 in the metal. In the
second, there is a single Mott transition, assisted by the
crystal-field splitting ! ¼ !xz=yz # !xy > 0 [13], similar to
the case of 3d1 perovskites [14]; p > 0 in all phases. To
date the issue remains open. Recently, for x ¼ 0:2 a novel
(xy insulating, nxy ¼ 1:5 and p ¼ 1=4) OSMT was in-
ferred from angle-resolved photoemission (ARPES) ex-
periments [7], but other ARPES data show three metallic
bands and no OSMT [8].

Ca2RuO4 is made of RuO2 layers built up of corner-
sharing RuO6 octhahedra (space group Pbca [3,15]). This
structure (Fig. 1) combines a rotation of the octahedra
around the c axis with a tilt around the b axis. It is similar
to that of the tetragonal unconventional superconductor
Sr2RuO4; the corresponding pseudotetragonal axes x, y,
and z are shown in Fig. 1. The structure of Ca2RuO4 is
characterized by a long c axis (L-Pbca) above TS " 356 K
and by a short one (S-Pbca) below TS. The L- and S-Pbca
phases are also observed in Ca2#xSrxRuO4 for all x $ 0:2,
but TS decreases with increasing x; for x > 0:2 the system
becomes tetragonal (for x < 1:5: I41=acd, c-axis rotations
only).

Because of the layered structure, the"xz, yz bandwidth,
Wxz=yz, is about one-half of the "xy bandwidth, Wxy.
Because of the structural distortions, the t2g manifold splits

into nondegenerate crystal-field states. Many-body studies
of 3-band Hubbard models show that a large difference in
bandwidths, a crystal-field splitting! and a finite Coulomb
exchange interaction can affect the nature of the Mott
transition [5,13,16]. Simple models neglect, however, the
actual effects of distortions on the electronic structure;
such effects could be crucial [14] to the mechanism of
the MIT. On the other hand, approximate treatments of the
many-body effects [6], or the neglect of the spin-flip and
pair-hopping contribution to the Coulomb exchange inter-

FIG. 1 (color online). Ca2RuO4 L-Pbca [3,15]. The primitive
cell is orthorhombic with 4 formula units; x" ðaþ bÞ=2, y "
ðb# aÞ=2, z ¼ c are the pseudotetragonal axes. Ru sites i at Ti

(i ¼ 2, 3, 4) are equivalent to site 1 at T1, with operations a !
#a (i ¼ 2), c ! #c (i ¼ 3), b ! #b (i ¼ 4), and Ti ! T1. In
the S-Pbca structure the tilting angle is about twice as large,
while the rotation angle is slightly smaller.

PRL 104, 226401 (2010) P HY S I CA L R EV I EW LE T T E R S
week ending
4 JUNE 2010

0031-9007=10=104(22)=226401(4) 226401-1 ! 2010 The American Physical Society

full U
CT-QMC



do we need a large crystal-field?

no, a 100 meV crystal-field could be enough

Downloaded 06 Feb 2009 to 134.94.163.194. Redistribution subject to AIP license or copyright; see http://jap.aip.org/jap/copyright.jsp

Downloaded 06 Feb 2009 to 134.94.163.194. Redistribution subject to AIP license or copyright; see http://jap.aip.org/jap/copyright.jsp

el-ph coupling

|θ� = sin
θ

2
|3z2 − 1�+ cos

θ

2
|x2 − y2�

!
"E0 -!/2

E0 +!/2

H = −g
√
C(τzQ3 + τxQ2)



super-exchange

perturbation t/U

super-exchange Hamiltonian

! : pseudospins in orbital space

H = −
�

imjm�σ

timjm�c
†
imσcjm�σ + U

�

imσjm�σ�

nimσnjm�σ�

H = −JSSS1 · S2 − JOOτ1τ2 − JSO[τ1S2 + τ2S1]

no static JT



what state is occupied?
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JT instability in afm LDA+U

KK-like mechanism ! 
however this is not the energy gain due to orbital polarization!



JT instability in pm LDA+DMFT
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FIG. 1: (colour online) Orbitally resolved Cu eg spec-
tral densities of paramagnetic KCuF3 as obtained by
GGA+DMFT(QMC) for different values of the JT distortion.
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FIG. 2: (colour online) Comparison of the total en-
ergies of paramagnetic KCuF3 computed by GGA and
GGA+DMFT(QMC) as a function of the JT distortion. Er-
ror bars indicate the statistical error of the DMFT(QMC)
calculations.

repulsion between the Neg
electrons in the Cu eg Wannier

orbitals.
The many-body Hamiltonian (1) is solved within

DMFT for U = 7 eV and J = 0.9 eV [6] using quan-
tum Monte Carlo (QMC) [28, 29, 30]. Figure 1 shows
the spectral density of paramagnetic KCuF3, obtained
from the QMC data by the maximum entropy method,
for three values of the JT distortion δJT . Most impor-
tantly, a paramagnetic insulating state with a strong or-
bital polarization is obtained for all δJT . The energy gap
is in the range 1.5–3.5 eV, and increases with increasing
δJT . The sharp feature in the spectral density at about
−3 eV corresponds to the fully occupied 3z2 − r2 orbital
[27], whereas the lower and upper Hubbard bands are
predominantly of x2 − y2 character and are located at
−5.5 eV and 1.8 eV, respectively.

The total energies as a function of the JT distortion
obtained by the GGA and GGA+DMFT, respectively,
are compared in Fig. 2. We note that the GGA not only
predicts a metallic solution, but its total energy is seen to
be almost constant for 0 < δJT

<
∼ 4%. Both features are

in contradiction to experiment since the extremely shal-

low minimum at δJT # 2.5% would imply that KCuF3

has no JT distortion for T >
∼ 100 K. By contrast, the in-

clusion of the electronic correlations among the partially
filled Cu eg states in the GGA+DMFT approach leads
to a very substantial lowering of the total energy by ∼
175 meV per formula unit (fu). This implies that the
strong JT distortion persists up to the melting temper-
ature (> 1000 K), in agreement with experiment. The
minimum of the GGA+DMFT total energy is located at
the value δJT = 4.2% which is also in excellent agreement
with the experimental value of 4.4% [20]. This clearly
shows that the JT distortion in paramagnetic KCuF3 is
caused by electronic correlations.

An analysis of the occupation matrices for the eg Cu
Wannier states obtained by the GGA+DMFT calcula-
tions confirms a substantial orbital polarization in the
calculated paramagnetic phase of KCuF3. As shown in
Fig. 3 the orbital order parameter (defined as the differ-
ence between 3z2−r2 and x2−y2 Cu eg Wannier occupan-
cies [27]) saturates at about 98% for δJT

>
∼ 4%. Thus, the

GGA+DMFT result shows a predominant occupation of
the Cu 3z2 − r2 orbitals. We note that even without a
JT distortion the orbital order parameter would remain
quite large (∼40%). Moreover, while the GGA result
for δJT = 0 yields a symmetric orbital polarization with
respect to C4 rotations around the c axis, spontaneous
antiferro-orbital order is found in GGA+DMFT. This
difference is illustrated in Fig. 3 where insets (a) and
(c) depict the hole orbital order obtained by the GGA
and GGA+DMFT for δJT = 0.2%, respectively. The
GGA charge density is more or less the same along the a
and b axis [inset (a)], i.e., the Cu dx2−z2 and dy2−z2 hole
orbitals are almost equally occupied and hence are not
ordered. By contrast, the GGA+DMFT results clearly
show an alternating occupation [inset (c)], corresponding
to the occupation of a x2 − y2 hole orbital in the local
coordinate system, which implies antiferro-orbital order.
For the experimentally observed value of the JT distor-
tions of δJT = 4.4% both GGA and GGA+DMFT find
antiferro-orbital order [insets (b),(d)]. However, we note
again that, in contrast to the GGA+DMFT, the GGA
yields a metallic solution without any JT distortion for
T >
∼ 100 K, in contradiction to experiment.
In conclusion, by formulating GGA+DMFT — the

combination of the ab initio band structure calculation
technique GGA with the dynamical mean-field theory
— in terms of plane-wave pseudopotentials [16] we con-
structed a robust computational scheme for the inves-
tigation of complex materials with strong electronic in-
teractions. Most importantly, this framework is able to
determine the correlation induced structural relaxation
of a solid. Results obtained for paramagnetic KCuF3,
namely an equilibrium Jahn-Teller distortion of 4.2% and
antiferro-orbital ordering, agree well with experiment.
The electronic correlations were also found to be respon-
sible for a considerable enhancement of the orbital po-

energy gain ~ 175 meV
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A computational scheme for the investigation of complex materials with strongly interacting electrons

is formulated which is able to treat atomic displacements, and hence structural relaxation, caused by

electronic correlations. It combines ab initio band structure and dynamical mean-field theory and is

implemented in terms of plane-wave pseudopotentials. The equilibrium Jahn-Teller distortion and

antiferro-orbital order found for paramagnetic KCuF3 agree well with experiment.

DOI: 10.1103/PhysRevLett.101.096405 PACS numbers: 71.10.!w, 71.15.Ap, 71.27.+a

In materials with correlated electrons, the interaction
between spin, charge, orbital, and lattice degrees of free-
dom leads to a wealth of ordering phenomena and complex
phases [1]. The diverse properties of such systems and their
great sensitivity with respect to changes of external pa-
rameters such as temperature, pressure, magnetic field, or
doping also make them highly attractive for technological
applications [1]. In particular, orbital degeneracy is an
important and often inevitable cause for this complexity
[2]. A fascinating example is the cooperative Jahn-Teller
(JT) effect—the spontaneous lifting of the degeneracy of
an orbital state—leading to an occupation of particular
orbitals (‘‘orbital ordering’’) and, simultaneously, to a
structural relaxation with symmetry reduction.

The electronic structure of materials can often be de-
scribed quite accurately by density functional theory in the
local density approximation (LDA) [3] or the generalized
gradient approximation (GGA) [4,5]. However, these
methods usually fail to predict the correct electronic and
structural properties of materials where electronic correla-
tions play a role. Extensions of LDA, e.g., LDAþ U [6]
and self-interaction correction LDA [7], can improve the
results, e.g., the band gap value and local moment, but only
for solids with long-range order. Hence the computation of
electronic, magnetic, and structural properties of strongly
correlated paramagnetic materials remains a great chal-
lenge. Here the recently developed combination of band-
structure approaches and dynamical mean-field theory [8],
the so-called LDAþ DMFT computational scheme [9],
has become a powerful new tool for the investigation of
strongly correlated compounds in both their paramagnetic
and magnetically ordered states. This technique has re-
cently provided important insights into the properties of
correlated electron materials [10], especially in the vicinity
of a Mott metal-insulator transition as encountered in
transition metal oxides [1].

Applications of LDAþ DMFT so far mainly employed
linearized and higher-order muffin-tin orbital [L(N)MTO]
methods [11] and concentrated on the study of correlation
effects within the electronic system for a given ionic
lattice. On the other hand, the interaction of the electrons
with the ions also affects the lattice structure. LDAþ
DMFT investigations of particularly drastic examples, the
volume collapse in paramagnetic Ce [12,13] and Pu [14]
and the magnetic moment collapse in MnO [15], incorpo-
rated the lattice by calculating the total energy of the
correlated material as a function of the atomic volume.
However, for investigations going beyond equilibrium vol-
ume calculations, e.g., of the cooperative JT effect and
other subtle structural relaxation effects, the L(N)MTO
method is not suitable since it cannot determine atomic
displacements reliably. This is partly due to the fact that the
atomic-sphere approximation used in the L(N)MTO
scheme, with a spherical potential inside the atomic sphere,
completely neglects multipole contributions to the electro-
static energy originating from the distorted charge density
distribution around the atoms. By contrast, the plane-wave
pseudopotential approach employed here does not neglect
such contributions and can thus fully describe the effect of
the distortion on the electrostatic energy.
In this Letter, we present a computational scheme which

allows us to calculate lattice relaxation effects caused by
electronic correlations. To this end, the GGAþ DMFT—a
merger of the GGA and DMFT—is formulated within a
plane-wave pseudopotential approach [16–18]. Thereby
the limitations of the L(N)MTO scheme in the direct
calculation of total energies are overcome. In particular,
we apply this new method to determine the orbital order
and the cooperative JT distortion in the paramagnetic phase
of the prototypical JT system KCuF3.
KCuF3 has long been known to be a prototypical mate-

rial with a cooperative JT distortion [2] where the elec-
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what is the mechanism?

•electron-phonon coupling   
            

•super-exchange

• why TN  (40K) much smaller than TOO  (800-1400 K) ?

Our approach: single out Kugel-Khomskii mechanism
                             using LDA+DMFT

• what about LDA+U,HF,GGA+DMFT results?



Hubbard model:

DMFT approximation: from a lattice problem to a
self-consistent one-impurity model 

dynamics captured        self-energy local
            exact in infinite dimensions

Metzner and Vollhardt, PRL 62, 324 (1989); Georges and Kotliar, PRB 45, 6479 (1992)
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single out super-exchange
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KK mechanism in KCuF3
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experiments: TJT~800-1400 K
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Effects of magnetic ordering on the anisotropy and temperature dependence
of the optical conductivity in LaMnO3: A tight-binding approach

K. H. Ahn* and A. J. Millis
Department of Physics and Astronomy, Rutgers University, Piscataway, New Jersey 08854

!Received 14 January 1999; revised manuscript received 29 November 1999"

A tight-binding parametrization of the band structure, along with a mean-field treatment of the Hund,
electron-electron, and electron-lattice couplings, is used to obtain the full optical conductivity tensor of
LaMnO3 as a function of temperature. We predict striking changes with temperature in the functional form and
magnitude of the optical absorption. Comparison of our results with existing data makes it possible to deter-
mine the electron-lattice and electron-electron couplings. The effective ‘‘Hubbard U’’ is found to be #1.6 eV,
rather less than the full bandwidth #3.6 eV, putting the material in the weak-intermediate coupling regime.

I. INTRODUCTION

In this paper we present calculations of the temperature-
dependent optical conductivity of LaMnO3. Our work has
two motivations. One is to help clarify the physics of an
important class of materials. LaMnO3 is the ‘‘parent com-
pound’’ of the ‘‘colossal’’ magnetoresistance compounds,
which are currently the subject of intense theoretical, experi-
mental, and applied interest.1 Our results suggest that the
optical conductivity of the parent compound exhibits charac-
teristic structures, frequency scales, and temperature depen-
dences, from which the important interactions and energy
scales may be deduced, and the consistency of the theory and
data may be verified. In particular, we show how estimates of
the Hund’s coupling and the effective Coulomb repulsion
may be obtained. The values of both of these parameters
have been the subject of controversy in literature.2–4
Our second motivation concerns the theory of optical con-

ductivity of ‘‘correlated electron’’ systems. Most theoretical
studies of optical conductivity of correlated electron materi-
als !including the one presented here" make a fundamental
approximation: The underlying band structure is represented
by a tight-binding model and the optical matrix elements are
computed via the ‘‘Peierls phase’’ method. The approxima-
tion is made because correlation effects may be studied much
more conveniently and in much more detail in a nearest-
neighbor tight-binding model !such as the Hubbard model"
than in a full band-structure calculation. However, few de-
tailed quantitative comparisons between the results found
from simple tight-binding-based calculations and the results
from experimental data or the results found via other theo-
retical techniques have appeared, and therefore the limita-
tions of the simple tight-binding-plus-interactions approach
are not clear. The work presented here is a step towards such
a comparison. In addition to relating the results of our cal-
culations to available data and to other calculations, we in-
troduce a general framework, emphasizing robust features of
the conductivity, in terms of which comparisons should be
made. We also argue that particular features of the LaMnO3
family of materials !especially the ‘‘tunable’’ kinetic energy
explained in more detail below" make them ideal materials
on which to test a general theory of conductivity of corre-
lated materials.
The paper is organized as follows. Section II introduces

the material, the Hamiltonian, the approximation, and the
formalism used to compute the conductivity. Section III pre-
sents our results. Section IV compares our results to avail-
able data. Section V discusses the theoretical status of our
results, considers the magnitude of errors introduced by the
approximations we have made, and notes a troubling discrep-
ancy between our results and those obtained by a different
method.5,6 Section VI is a conclusion.

II. MATERIAL, MODEL, AND METHODS
OF CALCULATION

A. Overview

LaMnO3 exists in a distorted form of the ABO3 perov-
skite structure. The important ions in LaMnO3 are the Mn
ions, with nominal valence Mn3!, corresponding to four 3d
electrons. The actual states are linear combinations mainly of
Mn eg orbitals and O 2p orbitals, but this will not play any
role in our subsequent considerations and we will hereafter
refer to the states as eg levels. A strong Hund’s coupling
makes all four electrons’ spins parallel with each other. An
approximately cubic crystal field due to the oxygen octahe-
dron around the Mn ion splits the Mn 3d levels into
t2g (xy ,yz ,zx) and eg (x2"y2,3z2"r2) levels. Three elec-
trons occupy the t2g core levels, and one electron occupies a
linear combination of the two eg levels. In the ideal perov-
skite structure the two eg levels are degenerate, but in
LaMnO3 below T#800 K a cooperative Jahn-Teller !JT" dis-
tortion occurs,7 which essentially preserves the unit-cell vol-
ume and bond angle, but makes some Mn-O bonds shorter
than average and some longer. The structural change consists
of two components: a uniform Q3-type tetragonal distortion,
which shortens one lattice constant !along z direction" and
lengthens the other two !along x and y directions", and a
Q2-type ($ ,$ ,0) staggered distortion, which introduces al-
ternating Mn-O bond lengths in the xy plane. In addition to
these distortions, small bucklings of oxygen octahedrons ex-
ist. However, we believe these bucklings have little effect on
optical conductivity, as we explain in more detail in the next
section. As T is decreased through 140 K, a magnetic tran-
sition to an A-type antiferromagnet, with ferromagnetic or-
dering in the xy plane and antiferromagnetic ordering along
the z direction, occurs. This magnetic ordering produces a
marked temperature-dependent anisotropy.
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FIG. 3: (Color online) Orbital polarization p (left) and (right)
occupied state |θ〉 (| − θ〉) for sites 1 and 3 (2 and 4) as a
function of temperature. Solid line: 300 K (R11) and 800 K
(R800K

2.4 ) structures. Dots: orthorhombic structures with half
(R6) or no (R0) Jahn-Teller distortion. Pentagons: 2 (full)
and 4 ( empty) sites CDMFT. Dashes: ideal cubic structure
(I0). Circles: U = 5 eV. Diamonds: U = 5.5 eV. Triangles:
U = 6 eV. Squares: U = 7 eV. Crystal-field splitting (meV):
840 (R11), 495 (R6), 219 (R0), 168 (R800K

2.4 ), and 0 (I0).

to the randomly oriented t2g spins. These spectra are
in line with experiments [31–34]. We find that even at
1150 K the system is fully orbitally polarized (p ∼ 1).
On sites 1 and 3, the occupied state is |θ〉 ∼ |106o〉,
on sites 2 and 4 it is | − θ〉 ∼ | − 106o〉 (d-type OO);
|θ〉 is close to the lower crystal-field state obtained from
LDA (table I) and in excellent agreement with neutron
diffraction experiments [8]. We find that things hardly
change when the JT distortion is halved (R6 structure in
Fig. 3). Even for the average 800 K structure (R800K

2.4 ) OO
does not disappear: Although the Jahn-Teller distortion
is strongly reduced to δJT = 2.4%, the crystal-field split-
ting is ∼168 meV and the orbital polarization at 1150 K
is as large as p ∼ 0.65, while θ is now close to 90o. For
all these structures, orbital order is already determined
by the distortions via the crystal-field splitting.

To find the temperature TKK at which Kugel-Khomskii
super-exchange drives orbital-order we consider the zero
crystal-field limit, i.e. the ideal cubic structure, I0. The
eg band-width increases to Weg

∼ 3.7 eV and for U =
5 eV the system is a Mott insulator with a tiny gap only
below T ∼ 650 K. We find TKK ∼ 650 K, very close
to the metal-insulator transition (Fig. 3). To check how
strongly TKK changes when the gap opens, we increase
U . For U = 5.5 eV we find an insulating solution with
a small gap of ∼ 0.5 eV and TKK still close to ∼ 650 K.
For U = 6 eV, Eg ∼ 0.9 eV and TKK ∼ 550 K. Even with
an unrealistically large U = 7 eV, giving Eg ∼ 1.8 eV,
TKK is still as large as ∼ 470 K. Thus, despite the small
gap, TKK decreases as ∼ 1/U , as expected for super-
exchange. For a realistic U ∼ 5 eV, the calculated TKK ∼
650 K is surprisingly close to the order-disorder transition
temperature, TOO ∼ 750 K, though still much smaller

than TJT ! 1150 K. The occupied state at site 1 is |θ〉 ∼
|90o〉 for all U .

Such a large TKK is all the more surprising when com-
pared with the value obtained for KCuF3, TKK ∼ 350 K
[21]. For the ideal cubic structure the hopping matrix
(table I) is ti,i±z

m,m′ ∼ −tδm,m′δm,3z2−1, ti,i±x
m,m = ti,i±y

m,m ∼
−t/4(1 + 2δm,x2−y2), and for m $= m′ ti,i±x

m,m′ = −ti,i±y

m,m′ ∼√
3t/4. Since the effective (after averaging over the di-

rections of St2g
) hopping integral in LaMnO3, 2t/3 ∼

345 meV is ∼ 10% smaller than t ∼ 376 meV in KCuF3

[21], one may expect a slightly smaller TKK in LaMnO3,
opposite to what we find. Our result can, however, be
understood in super-exchange theory. The KK SE part of
the Hamiltonian, obtained by second-order perturbation
theory in t from Eq. (1), may be written as

Hi,i′

SE ∼
JSE

2

∑

〈ii′〉x,y

[

3T x
i T x

i′ ∓
√

3 (T z
i T x

i′ + T x
i T z

i′)
]

+
JSE

2

∑

〈ii′〉x,y

T z
i T z

i′ + 2JSE

∑

〈ii′〉z

T z
i T z

i′ , (2)

where 〈i, i′〉x,y and 〈i, i′〉z indicate near neighboring sites
along x, y, or z; −(+) refers to the x (y) direction, T x

i

and T z
i are pseudospin operators [3], with T z|3z2 − 1〉 =

1/2|3z2 − 1〉, T z|x2 − y2〉 = −1/2|x2 − y2〉. The su-
perexchange coupling is JSE = (t̄2/U)(w/2), where t̄
is the effective hopping integral. In the large U limit
(negligible J/U and h/U), w ∼ 1 + 4〈Sz

i 〉〈Sz
i′ 〉+ (1−

4〈Sz
i 〉〈Sz

i′〉)u
i,i′

⇑,⇓/ui,i′

⇑,⇑, where Sz
i are the eg spin operators.

In LaMnO3 the eg spins align with the randomly oriented
t2g spins, thus t̄ = 2t/3, w ∼ 2, and JSE ∼ 2(2t/3)2/U .
For d-type order, the classical ground-state is |θ〉 ∼ |90o〉,
in agreement with our DMFT results. In KCuF3, with
configuration t62ge

3
g, the Hund’s rule coupling between eg

and t2g plays no role, i.e. 〈Sz
i 〉 = 0. The hopping inte-

gral t̄ = t is indeed slightly larger than in LaMnO3, but
w ∼ 1, a reduction of 50%. Consequently, JSE is reduced
by ∼ 0.6 in KCuF3. For finite J/U and h/U , w is a more
complicated function, but the conclusions stay the same.
We verified solving (1) with LDA+DMFT that also for

LaMnO3 TKK drops drastically if ui,i′

σ,−σ = 0 and h = 0.
It remains to evaluate the effect of the orthorhombic

distortion on the transition. For this we perform calcu-
lations for the system R0 with no Jahn-Teller distortion,
but keeping the tetragonal and GdFeO3-type distortion
of the 300 K structure. This structure is metallic for
U = 4 eV; for U = 5 eV it has a gap of ∼ 0.5 eV. We
find a large polarization already at 1150 K (p ∼ 0.45).
Such polarization is due to the crystal-field splitting of
about 219 meV, with lower crystal-field states at site 1
given by |1〉 ∼ |x2 − y2〉. Surprisingly the most occupied
state |θ〉 is close to |1〉 (θ ∼ 180) only at high temper-
ature (∼ 1000 K). The orthorhombic crystal-field thus
competes with super-exchange, analogous to an external
field with a component perpendicular to an easy axis.

I0 : ideal cubic R0 : real but no JT

red: cDMFT 4 sites
black: DMFT

|θ� = sin
θ

2
|3z2 − 1�+ cos

θ

2
|x2 − y2�

non-JT crystal-field

super-exchange

experiments



TKK~TJT

Neutron-diffraction study of the Jahn-Teller transition in stoichiometric LaMnO3

J. Rodrı́guez-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

L. Pinsard and A. Revcolevschi
Laboratoire de Chimie des Solides, Université Paris Sud, 91405 Orsay Cedex, France

�Received 2 September 1997�

The parent compound of the giant magnetoresistance Mn-perovskite, LaMnO3, 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
evidenced by the spatial distribution of the observed Mn-O bond lengths. LaMnO3 undergoes a structural phase
transition at TJT�750 K, above which the orbital ordering disappears. There is no change in symmetry
although the lattice becomes metrically cubic on the high-temperature side. The MnO6 octahedra become
nearly regular above TJT and the thermal parameter of oxygen atoms increases significantly. The observed
average cubic lattice is probably the result of dynamic spatial fluctuations of the underlying orthorhombic
distortion. �S0163-1829�98�51706-7�

The oxides of perovskite structure containing Mn ions
have recently been the object of a strong interest due to their
exhibition of giant negative magnetoresistance effects.1 Dop-
ing the family of compounds RMnO3 �R: lanthanide� with
divalent ions oxidizes Mn3� to Mn4�, introducing holes in
the d band that give rise to a series of very interesting physi-
cal properties. The system of composition La1�xCaxMnO3
was studied some 40 years ago.2,3 The parent compound
LaMnO3, is an antiferromagnetic insulator in which an or-
bital ordering is established due to the cooperative Jahn-
Teller �JT� effect breaking the degeneracy of the electronic
configuration of Mn3� �t2g

3 eg
1�. This particular orbital order-

ing is responsible for the A-type magnetic structure de-
scribed in the remarkable experimental work by Wollan and
Koehler.3
Hole doping increases the conductivity2 and permits the

ferromagnetic double-exchange interactions to produce fer-
romagnetic metals when doping is about x�0.15 to 0.35.
Around x� 1

2 charge-ordered states appearing at low
temperatures3 can be suppressed by the application of a mag-
netic field.4 The understanding of the interplay between mag-
netic, transport, and structural properties in this family of
compounds needs improved experimental microscopic data.
These are necessary in order to test theories and to decipher
the role of the different electronic processes taking place as a
function of hole concentration, temperature, and structural
features. One of the first models used to explain the magne-
toresistance in the manganite perovskites was based on a
Kondo lattice5 where the double exchange and a strong Hund
coupling play a fundamental role. Other theories argue that
one of the main ingredients of the magnetoresistance physics
is a strong electron-phonon interaction mediated by the JT
effect.6 Recently, the importance of this effect has been rec-
ognized in the formation of polaronic states.7 It seemed,
then, worthwhile studying in detail how the cooperative JT
effect develops in stoichiometric LaMnO3.
Powder samples of pure LaMnO3 were prepared by crush-

ing single-crystal ingots grown by the floating zone method.8

Such a procedure makes possible preparation of homoge-
neous composition polycrystalline materials. Differential
thermal analysis �DTA� and thermogravimetric analysis
�TGA� experiments were carried out in a SETARAM
TGDTA 92-16 device in a temperature range of 20–1250 °C,
experiments being performed under argon flow at a heating
rate of 10 °C/min.
Two powder diffractometers of the Orphée Reactor at

Laboratoire Léon Brillouin were used in this study. The dif-
fractometer G4.2 for studying the behavior of the crystal
structure as a function of temperature ���2.59 Å, Qmax�4.2
Å�1, or ��1.99 Å, Qmax�6.2 Å�1� and the diffractometer
3T2 for refining the crystal structure with high direct space
resolution ���1.22 Å, Qmax� 9.2 Å�1� at three selected tem-
peratures below and above the phase transition. The program
FullProf9 was used to analyze the experimental data using
the Rietveld method.
We have to point out that the synthesis conditions play an

important role in defining the presence or absence of Mn4�

in the lattice. The first systematic study of the influence of
firing atmosphere on the resulting unit cell of LaMnO3
samples evidenced that when the percentage of Mn4� is
larger than 20%, the room temperature �RT� structure is
rhombohedral.10 The authors indicate the existence of an
orthorhombic to rhombohedral phase transition at around
873 K for LaMnO3 containing 2% Mn4�. By increasing the
Mn4� concentration, the lattice distortion seems to diminish
continuously. More recent structure determinations have
been performed by Elemans et al.,11 Tofield et al.,12 van
Roosmalen et al.,13 Norby et al.,14 Mitchell et al.,15 and
Huang et al.16 These studies were mainly devoted to the
study of defective LaMnO3. The presence of Mn4� is asso-
ciated with the creation of cationic vacancies on both La and
Mn sites.
The thermal analysis of our sample shows two transitions

on heating. The first at T1�750 K is evidenced by a sharp
endothermic peak, which is not accompanied by a composi-
tion change, as shown by TGA data. The other transition is
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Resonant X-Ray Scattering from Orbital Ordering in LaMnO3
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Dipole resonant x-ray scattering from ordered Mn 3d orbitals in LaMnO3 has been observed near

the Mn K-absorption edge. The polarization of the scattered photons is rotated from s to p 0 and
the azimuthal angle dependence shows a characteristic twofold symmetry. A theory for the resonant
scattering mechanism has been developed by considering the splitting of the Mn 4p levels due to the Mn
3d orbital ordering. The order parameter of the orbital ordering decreases above the Néel temperature
(TN � 140 K) and disappears at TO � 780 K, concomitant with a structural phase transition.
[S0031-9007(98)06638-1]

PACS numbers: 61.10.Dp, 71.90.+q

Over the last few years, magnetic-field-induced phe-
nomena in perovskite-type manganites, such as negative
colossal magnetoresistance (CMR), have attracted a great
deal of attention [1]. In these materials, the charge, spin,
and orbital degrees of freedom each play important roles.
However, while the charge and spin configurations have
been investigated by neutron and electron diffraction tech-
niques, it has proved difficult to observe the orbital or-
dering directly. Nevertheless, Murakami et al. [2] have
recently succeeded in detecting orbital ordering in the
doped layered-perovskite La0.5Sr1.5MnO4, by using reso-
nant x-ray scattering techniques with the incident pho-
ton energy tuned near the Mn K-absorption edge. In
this Letter, we describe the observation of orbital order-
ing in the undoped, three-dimensional perovskite LaMnO3,
using the same techniques. LaMnO3 is of fundamental
interest as the parent compound of CMR materials, and
has been much studied as a result both experimentally
[3,4] and theoretically [5,6]. Our results confirm the pic-
ture of orbital ordering given by Goodenough in 1955
[7]. In addition, we present a theoretical description of
the resonant scattering mechanism based on the splitting
of the Mn 4p levels, induced by the orbital ordering of
the Mn 3d eg states.
The electronic configuration of Mn31 ions in LaMnO3

is (t3

2g, e1
g) using Hund’s rule as a first approximation.

The three t2g electrons are localized, while the eg elec-
tron orbitals are strongly hybridized with the oxygen p
orbitals. There is, in addition, a strong distortion of the
MnO6 octahedra [3], which has been ascribed to a co-
operative Jahn-Teller effect [8]. This distortion suggests
that there is a (3z2 2 r2)-type orbital ordering of the eg
electrons which is extended in the basal a-b plane. A

schematic view of the expected orbital ordering in the a-b
plane is shown in Fig. 1, together with the spin configura-
tion. Magnetically, LaMnO3 is an A-type antiferromagnet
(TN � 140 K). The magnetic structure is stabilized by
the ferromagnetic superexchange interaction of the eg elec-
trons in the plane and by the antiferromagnetic interaction

FIG. 1. Upper panel: Schematic view of the orbital and spin
ordering in the a-b plane of the perovskite manganite, LaMnO3.
The orbital ordering along the c axis is expected to repeat the
same pattern. Lower panel: Schematic energy level diagram
of Mn 4px,y,z in the orbitally ordered state.

582 0031-9007�98�81(3)�582(4)$15.00 © 1998 The American Physical Society
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Orbital Correlations in the Pseudocubic O and Rhombohedral R Phases of LaMnO3

Xiangyun Qiu,1 Th. Proffen,2 J. F. Mitchell,3 and S. J. L. Billinge1

1Department 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

3Material 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 LaMnO3 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 MnO6 octahedra
are still fully distorted locally. More importantly, the intermediate structure suggests the presence of local
ordered clusters of diameter !16 !A (!4 MnO6 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, 61.12.2q, 75.47.Gk

The perovskite manganites related to LaMnO3 continue
to yield puzzling and surprising results despite intensive
study since the 1950s [1–3]. The pervading interest comes
from the delicate balance between electronic, spin, and
lattice degrees of freedom coupled with strong electron
correlations. Remarkably, controversy still exists about the
nature of the undoped endmember material, LaMnO3,
where every manganese ion has a nominal charge of 3"
and no hole doping exists. The ground state is well under-
stood as an A-type antiferromagnet with long-range or-
dered, Jahn-Teller (JT) distorted, MnO6 octahedra [4,5]
that have four shorter and two longer bonds [6]. The
elongated occupied eg orbitals lie down in the xy plane
and alternate between pointing along x and y directions,
the so-called O0 structural phase [4,5]. At TJT ! 750 K, the
sample has a first-order structural phase transition to the O
phase that formally retains the same symmetry but is
pseudocubic with almost regular MnO6 octahedra (six al-
most equal bond lengths). In this phase the cooperative JT
distortion has essentially disappeared. It is the precise
nature of this O phase that is unclear. The O phase has
special importance since it is the phase from which ferro-
magnetism and colossal magnetoresistance appear at low
temperature at Ca, Sr dopings >0:2 [2,4].

Results on the O phase of LaMnO3 from different tech-
niques are difficult to reconcile. On the one hand, greater
electronic delocalization with an accompanying suppres-
sion of the local JT distortion explains well transport [7,8],
magnetic [8,9], and crystallographic [10] observations,
whereas probes of local structure [11–13] favor robust JT
distortions persisting in the O phase implying charge lo-
calization. A full understanding of this important parent
phase is clearly lacking. Here we use a diffraction probe of
the local and intermediate range atomic structure, neutron
pair distribution function (PDF) analysis, to reconcile the
local and average behavior. This method allows quantita-

tive structural refinements to be carried out on intermediate
length scales in the nanometer range. We confirm that the
JT distortions persist, unchanged, locally at all tempera-
tures, and quantify the amplitude of these local JT dis-
tortions. No local structural study exists of the high-
temperature rhombohedral R phase that exists above TR #
1010 K. We show for the first time that, even in this phase
where the octahedra are constrained by symmetry to be
undistorted, the local JT splitting persists. More signifi-
cantly, fits of the PDF over different r ranges indicate that
locally ordered domains of distorted octahedra of diameter
!16 !A persist in the O phase. This is the first observation
of such locally correlated, short-range ordered octahedra in
the manganites. The clusters are robust and persist to the
highest temperatures (1150 K), only growing in size as TJT
is approached on cooling. Finally, we show that the crys-
tallographically observed volume reduction at TJT [10] is
not due to the reduction in average Mn-O bond length
observed crystallographically. However, it is consistent
with increased octahedral rotational degrees of freedom.

Powder samples of !6 g were prepared from high purity
MnO2 and La2O3; the latter was prefired at 1000 $C to
remove moisture and carbon dioxide. Final firing condi-
tions were chosen to optimize the oxygen stoichiometry at
3.00. The crystallographic behavior was confirmed by
Rietveld refinements using program GSAS [14]. Both the
differential thermal analysis and Rietveld measurements
estimated the same phase transition temperatures of TJT !
735 K and TR ! 1010 K. These values indicate that the
sample is highly stoichiometric [5,15]. Neutron powder
diffraction data were collected on the NPDF diffractometer
at the Lujan Center at Los Alamos National Laboratory.
The sample, sealed in a cylindrical vanadium tube under an
helium gas atmosphere, was measured from 300 to 1150 K.
A final measurement at 300 K confirmed that the sample
was unchanged by the thermal cycling in reducing atmo-

PRL 94, 177203 (2005) P H Y S I C A L R E V I E W L E T T E R S week ending
6 MAY 2005
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is super-exchange driving oo melting?

approach: RMnO3 series + high pressure data

Unusual Evolution of the Magnetic Interactions versus Structural Distortions
in RMnO3 Perovskites

J.-S. Zhou and J. B. Goodenough
Texas Materials Institute, 1 University Station, ETC 9.104, University of Texas at Austin, Austin, Texas 78712, USA

(Received 13 April 2006; published 19 June 2006)

We report the refinement of x-ray powder diffraction together with magnetic and thermal conductivity
measurements made on the entire family of RMnO3 perovskites prepared by melt growth or under high
pressure. Analysis of the data has identified the origin of the transition from type-A to type-E magnetic
order as a competition between t-orbital and e-orbital spin-spin interactions within each Mn-O-Mn bond
in the (001) planes, the e-orbital interactions decreasing with decreasing R3!-ion size.

DOI: 10.1103/PhysRevLett.96.247202 PACS numbers: 75.30.Et, 71.70.Ej, 72.15.Eb

From elastic-energy considerations, LaMnO3 was ini-
tially proposed to undergo a cooperative orbital ordering
below a TJT that places the e electron of high-spin
Mn3!:t3e1 in the (001) plane [1]. The predicted orbital
ordering and the consequent anisotropic magnetic cou-
plings in LaMnO3 were proven a few years ago by reso-
nance x-ray scattering [2] and neutron inelastic scattering
[3]. At T > TJT, the Jahn-Teller (JT) distortion remains
dynamic, as has been shown by x-ray absorption spectros-
copy [4], and the vibronic states are degenerate in the
(Q2; Q3) plane describing the Eg lattice-vibration breath-
ing modes of a MnO6=2 octahedron. Q2 is orthorhombic
and Q3 is tetragonal. The introduction of anharmonic terms
in the Hamiltonian changes the ‘‘Mexican hat’’ form of the
potential in the (Q2; Q3) plane into three wells separated by
!a " 120# in the (Q2; Q3) plane for an isolated molecular
complex. However, the cooperative JT distortion results in
a two-well potential in the case of LaMnO3 [5]. As pointed
out by Kanamori [6], the cooperative JT distortion in
orthorhombic LaMnO3 does not have the two potential
wells in exactly the directions of !a " 2"=3 and 4"=3
in the (Q2; Q3) plane as predicted from the classic 120#

model, but they are leaning towards the $Q2 axis. This
shift is caused by a mixing of the JT distortion modes and
an intrinsic octahedral-site distortion in the orthorhombic
perovskite structure [7]. On the other hand, the overlap
integral entering the perturbation formula J % 4b2=U of
the superexchange spin-spin interaction depends on the
(180# &!) Mn-O-Mn bond angle, which decreases mono-
tonically as the ionic radius (IR) of rare-earth R3! ion
decreases. In comparison with the perovskite RFeO3 fam-
ily where Fe3! is not JT active, the phase diagram of the
RMnO3 perovskites is more complex as is seen in Fig. 1.
Although the perovskite RMnO3 family shows a gradual
structural change as IR decreases, the orbital ordering
remaining the same as that in LaMnO3 below TJT, the
phase diagram is divided sharply into three regions:
(1) type-A spin order [ferromagnetic (001) planes coupled
antiparallel] with a TN that is extremely sensitive to IR,
(2) a phase without classic spin ordering, and (3) type-E
spin order [alternating ferromagnetic and antiferromag-

netic coupling in (001) planes] below an IR-independent
TN . How the JT and the intrinsic octahedral-site distortions
influence the magnetic coupling and whether the evolution
of the octahedral-site distortions and the Mn-O-Mn bond
angle as a function of IR are sufficient to account for the
complicated phase diagram of the RMnO3 perovskites
remain open questions for two reasons: (a) the existing
phase diagram of the RMnO3 perovskites does not cover
the heavy rare earths since some members of group II
RMnO3 (R " Y;Ho;Er; . . . ;Lu) need to be synthesized
as perovskites under high pressure; and (b) for group I
RMnO3 (R " La; . . . ;Dy), the available structural data
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FIG. 1 (color online). Transition temperatures versus R3!-ion
radius (IR) in the perovskite RMnO3 family. The TN values
shown by solid circles were obtained from magnetization mea-
surements in a magnetic field of 20 Oe. Open triangles mark the
temperature where the thermal conductivity #'T( shows an
anomaly. The JT transition temperatures TJT are taken from
Refs. [8–10]. See the text for the meaning of the shaded area.
Inset: Schematic drawing of the octahedral-site rotations and the
e-orbital ordering in a primary unit cell of the cubic perovskite
structure. The arrows point to axes for the unit cell of the
orthorhombic Pbnm structure. The unoccupied e orbital is
placed at site 2 along with the occupied orbital in the other sites
to illustrate the e1-O-e0 coupling in the ab plane.
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increased up to 34 GPa. A remarkable decrease in the
intensity-noise ratio is observed in the Raman spectra
collected above 25 GPa [Fig. 3(a)]. Since no structural
transition has been reported together with the IMT, this
effect is a spectral signature of LaMnO3 entering the
metallic state between 30 and 32 GPa (gray spectra in
Fig. 2). Progressive transfer of spectral weight from !2

to !3 is observed with increasing P, indicating that do-
mains of undistorted octahedra also form at low T. The
behavior of the !2 and !3 peak intensities indicates that the
number of domains of regular octahedra grows as the JT
distortion is continuously reduced under P. The Raman
peak associated with the JT distorted octahedra is well
evident at 32 GPa (see black arrow in Fig. 2). This is the
first experimental evidence for the persistence of the JT
distortion up to the IMT and demonstrates that the IMT is
intrinsically related to the suppression of the JT distortion.
This result indicates that LaMnO3 cannot be considered a
classical Mott insulator and e-l coupling is fundamental in
the description of the IMT.

Low T Raman spectra collected at two selected P are
shown in Fig. 3(a). The phonon peak !1 develops an
asymmetric line shape, as it is observed in the spectrum
collected at 34 GPa. This asymmetry may be associated
with a Fano resonance occurring at the onset of the metallic
phase, a phenomenon which has been previously observed
in several manganite compounds [25,26]. Both a standard
Fano profile [Ið!Þ ¼ I0ð"þ qÞ2=ð1þ "2Þ with " ¼ ð!%
!!Þ=! and q as the asymmetry parameter] [26] and a DHO
function were used to fit !1 phonon peak line shape. The
best fit for the spectrum collected at 34 GPa was obtained
with a Fano profile and is shown in Fig. 3(a). The inverse of
the Fano asymmetry parameter 1=jqj [inset in Fig. 3(a)] is
found to increase with P. Since Fano resonance is a spec-
tral signature of coupling between a discrete mode and

continuum, this result confirms that LaMnO3 is definitely
entering the metallic state above 32 GPa. The P depen-
dence of phonon frequencies, obtained with a Fano fit for
!1 and with a DHO fit for !2 and !3, is shown in Fig. 3(b).
The three phonon frequencies increase almost linearly up
to 34 GPa. Linewidths for !2 and !3 are found to decrease
due to the decrease of the e-l coupling [24] [Fig. 3(c)]
whereas the !1 peak width does not show any significant
P dependence above 20 GPa.
In summary, in situ Raman measurements were per-

formed up to 34 GPa at low T. The Fano-like line shape
that develops in the !1 peak together with the decrease of
the intensity-noise ratio above 25 GPa prove that LaMnO3

is entering the metallic state. The phonon mode associated
with the JT distortedMnO6 units is observed up to 32 GPa,
providing the first experimental evidence for the presence
of the JT distortion in the entire stability range of the
insulating phase. Our results indicate that LaMnO3 cannot
be considered as classical Mott insulator and underscore
the importance of e-l interactions in the description of this
P-driven IMT. The new P-activated peak provides evi-
dence for the formation of MnO6 undistorted units and
appearance of domains above 3 GPa. Domains of distorted
and undistorted octahedra are present up to 32 GPa, and a
weak signal from !2 is still observed at 34 GPa at 10 K
(dashed gray area enclosed by white circle in Fig. 4). In
recent years, several theoretical and experimental studies
related the enhanced CMR effect, observed above TC in
hole doped manganites, to the existence of inhomogeneous
and competing states [11,27–30]. Our finding together with
recent results [12–14] indicate that separation into domains
may be a ubiquitous phenomenon at high P. The presence
of domains over the entire stability range of the insulating

FIG. 3. (a) Raman spectra collected at 10 K at two selected
pressures. Inset: Pressure dependence of the inverse of the
asymmetry Fano parameter q. (b) Pressure dependence of pho-
non peak frequencies. (c) Pressure dependence of peak widths.

FIG. 4. P-T phase diagram. Paramagnetic phase (PM), anti-
ferromagnetic phase (AFM). Gray dashed area and white circles
frame the P-T region with coexistence of domains. P-T evolu-
tion of TN (white squares) [31]. The star and the black square
indicate the JT transition and the IMT temperatures, respectively
[3,4]. Dark gray area indicates the insulating P-T region. The
light gray color is used for the P-T region of the phase diagram
which has been poorly explored.
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a micro-optical setup and sample loading procedures (KCl
pressure medium) described in Ref. [9]. All of the above
experiments were performed at T ! 300 K. Four-probe
dc resistance measurements were carried out with
5 7 mm thick Pt foil electrodes as a function of tempera-
ture and pressure [10]. The sample/metal-gasket cavity
was coated with an insulating mixture of Al2O3!NaCl
combined with epoxy. No pressure-transmitting medium
was used. In all experiments pressures were measured
with the ruby luminescence method [11].

Typical diffraction patterns of LaMnO3 are shown in
Fig. 1(a) for the pressure range 0–40 GPa. Up to 11 GPa
the diffraction patterns were suitable for Rietveld refine-
ments [12] yielding the lattice parameters and the atomic
positions. Figure 1(b) shows the result of a refinement for
a pressure of 5.9 GPa. Above 11 GPa, lattice parameters
were determined from full-profile fits with the atomic po-
sitions fixed to the 11-GPa values (space group Pnma).

Figure 2(a) illustrates the pressure dependence of the
lattice parameters. The b-axis data are normalized by a
factor of 221!2 corresponding to a pseudocubic represen-
tation of the lattice. Up to 15–20 GPa, the compression is
anisotropic with the soft direction along the a axis. Its ini-
tial compressibility is "4 times larger than those of the b
and c axes. The compressibilities along the c and a direc-
tions change markedly at "7 and "18 GPa, respectively.
LaMnO3 remains orthorhombic to at least 40 GPa.

From the lattice parameter data we obtain the pressure
dependence of the unit-cell volume shown in Fig. 2(b).
The V #P$ data are well described by the Murnaghan equa-
tion [13] which yields the bulk modulus B0 and its pres-
sure derivative B0 at zero pressure. The large value of
B0 ! 8.5 6 0.4 (compared to typical values of B0 % 4 6
for crystals with nearly isotropic compression) reflects the
pronounced anisotropic compressibility.

FIG. 1. (a) X-ray powder diffraction patterns of LaMnO3
at various pressures (T ! 298 K). (b) Diffraction pattern at
5.9 GPa and difference between the observed and calculated
profile. Marks show the calculated peak positions. The reflec-
tion marked “N2” is due to solid nitrogen.

Figure 2(c) shows the free positional parameters x and
z of the La ions as a function of pressure. The x parame-
ter decreases continuously and becomes zero near 12 GPa.
This is also evidenced directly by the decreasing intensity
of the (111) reflection [cf. Fig. 1 and inset of Fig. 2(c)].
The fact that this reflection does not reappear at higher
pressures implies that the La ions remain located at x ! 0
(and x ! 1!2) at pressures above 12 GPa. The structural
data further indicate that the relative compression of the
distorted MnO6 octahedra is larger than that of the unit
cell [inset in Fig. 2(b)]. This implies that the octahedral
tilting decreases with increasing pressure, consistent with
the shift of the La ion. Mizokawa et al. concluded that
at ambient pressure the shift of the La ion, driven by the
GdFeO3-type distortion, is essential to stabilize the or-
bital ordering [14]. The observed reversal of this shift
thus suggests a destabilization of the orbital order at high
pressures.

The three Mn-O distances of the distorted MnO6 octahe-
dra decrease under pressure [Fig. 2(d)]. This effect is most

FIG. 2. (a) Lattice parameters of LaMnO3 at ambient tempera-
ture as a function of pressure. There are marked changes of
the a and c axis compressibility at 7 and 18 GPa, respectively.
The inset shows the crystal structure of LaMnO3 at ambient
conditions (space group Pnma). (b) Unit-cell volume versus
pressure. The inset depicts the volume of the MnO6 octahe-
dra up to 10 GPa. (c) Atomic coordinates of La as a function
of pressure (yLa ! 1!4). The inset shows the evolution of the
intensity of the (111) reflection normalized to the (101) peak.
(d) Mn-O distances of the distorted MnO6 octahedra as a func-
tion of pressure.
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CALCULATION OF THE TOTAL ENERGY

The total energy per unit cell can be calculated within
LDA+DMFT by [1, 2]

E = ELDA + 〈ĤLDA〉 − E
eg
LDA

+ 〈ĤU 〉 − EDC. (1)

ELDA denotes the LDA energy of all bands.

〈ĤLDA〉 =
1

Nkβ

∑

ωn,k

Tr
(

HLDA(k)G(k;ωn)
)

eiωn0
+

(2)

describes the contribution of the downfolded LDA Hamil-
tonian to the total energy of the eg orbitals. Here,
G(k;ωn) is the interacting lattice Green’s function ob-
tained from DMFT. E

eg
LDA

subtracts the LDA energy of
the eg orbitals, which has been counted twice in the pre-
vious terms. It can be obtained from (2) by setting the
self-energy in the Green’s function to zero and removing
the effects of the coupling to the t2g electrons [3]. The
interaction energy is given by

〈ĤU 〉 =U
∑

m

〈n̂m⇑n̂m⇓〉+

1

2

∑

m,σ,m′,σ′

m #=m′

(U − 2J − δσσ′J) 〈n̂mσn̂m′σ′〉.
(3)

The density-density correlators have to be sampled
within the QMC. Finally, EDC is a double counting cor-

rection because parts of the interaction effects are already
included in 〈ĤLDA〉.

To calculate the energy gain in the orbitally polarized
phase, a second calculation is performed, in which the
self-energy matrix is averaged in orbital space:

Σmσmσ′ →
1

2
(Σ1σ1σ′ + Σ2σ2σ′ ) , (4)

Σmσm′σ′

m #=m′

= 0. (5)

The energy gain in the orbitally polarized phase is then
obtained as

∆E =
(

〈ĤLDA〉oa + 〈ĤU 〉oa
)

−
(

〈ĤLDA〉+ 〈ĤU 〉
)

,

(6)

where 〈·〉oa denotes the result of the orbitally averaged
calculation.

[1] B. Amadon, S. Biermann, A. Georges, and F. Aryaseti-
awan, Phys. Rev. Lett. 96, 066402 (2006).

[2] I. Leonov, N. Binggeli, D. Korotin, V. I. Anisimov,
N. Stojić, and D. Vollhardt, Phys. Rev. Lett. 101, 096405
(2008).

[3] We include the effective magnetic field h describing the
coupling to the t2g electrons in Ĥ

LDA.

total energy
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FIG. 5: (Color online) Evolution of the crystal-field with the
RE3+ radius (structural data from Refs. 11,39–41). Filled cir-
cles of decreasing size: LaMnO3 for P=0, 5.4 and 9.87 GPa.13

Inset: calculated occupied orbital.

|θ〉 = − sin θ
2
|x2−y2〉+cos θ

2
|3z2−r2〉, with θ = 90o, while

experimentally θ ∼ 108o in LaMnO3 increasing with de-
creasing ionic radius to 114o in TbMnO3.38

Due to the competition between the tetragonal crystal-
field splitting εT and super-exchange (which favor the
occupation of different orbitals), TKK is reduced42 even
further. We find that for finite εT the system is or-
bitally ordered already at high temperature due to the
crystal field, but the occupied orbital has θ = 1800. In
Fig. 4 we show the results for εT fixed at ∼ 130 meV,
sizable but smaller than for any of the considered sys-
tems (see Fig. 5). We find that at the reduced critical
temperature T εT

KK
, super-exchange rotates the orbital to-

wards 90o. The change in TKK is small for LaMnO3, but
TKK is reduced to 400 K for NdMnO3, and even more
for DyMnO3 and TbMnO3. Furthermore, in the zero-
temperature limit, the smaller T εT

KK
, the closer is θ to

180o. Thus a fixed εT ∼ 130 meV enhances the trend
found for εT = 0: TKK is larger in LaMnO3, and de-
creases going to DyMnO3. Still, even for LaMnO3, θ
is significantly larger than the experimental 108o. This
means that a Jahn-Teller crystal-field splitting εJT is nec-
essary to explain the experimental θ; Fig. 4 shows that
such splitting has to increase for the series RE=La, Nd,
Dy, Tb. Taking into account that tetragonal splitting
actually increases with decreasing pressure, and substi-
tuting La with Nd, Tb, or Dy (Fig. 5), this trend is
enhanced even more. For εT corresponding to the real

structures, down to 150 K we find no super-exchange
transition for all systems but LaMnO3. These results can
be understood qualitatively in static mean-field theory.
In the simplest case, super-exchange yields just an effec-
tive Jahn-Teller splitting εKK = 〈τx〉λKK, where λKK is
the molecular field parameter; the self-consistency con-
dition for orbital order is

〈τx〉 =
1

2
sin θ tanh

(

β
√

ε2T + ε2
KK

/2

)

,

with sin θ = εKK/
√

ε2T + ε2
KK

. This equation has a non-
trivial solution (θ %= 180o) only if λKK/2 > εT . The
critical temperature is

T εT
KK

/T 0
KK = (εT /2kBT

0
KK)/ tanh

−1(εT /2kBT
0
KK),

with kBT
0
KK = λKK/4; it decreases with increasing εT ,

while θ → 180o.43. For large enough εT (εT > λKK/2)
there is no super-exchange driven transition at all.

IV. CONCLUSIONS

For the orbital-melting transition in rare-earth man-
ganites REMnO3, we find that many-body super-
exchange yields a transition temperature TKK very close
to TOO only in LaMnO3, while in all other systems TKK

is less than half TOO. Moreover, we find that a tetragonal
splitting εT reduces TKK even further; εT increases when
La is substituted with Nd, Tb or Dy and decreases un-
der pressure, further enhancing the discrepancy with ex-
periments. Finally, super-exchange effects become larger
with increasing pressure, while experimentally orbital or-
der eventually melts.13,14 Our work thus proves that, in
the light of the experimentally observed trends, super-
exchange plays a minor role in the orbital-melting tran-
sitions of rare-earth manganites.

V. ACKNOWLEDGEMENTS

We thank I. Loa and K. Syassen for sharing unpub-
lished data. Calculations were done on the Jülich Blue
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FIG. 3: (Color online) Orbital polarization p (left) and (right)
occupied state |θ〉 (| − θ〉) for sites 1 and 3 (2 and 4) as a
function of temperature. Solid line: 300 K (R11) and 800 K
(R800K

2.4 ) structures. Dots: orthorhombic structures with half
(R6) or no (R0) Jahn-Teller distortion. Pentagons: 2 (full)
and 4 ( empty) sites CDMFT. Dashes: ideal cubic structure
(I0). Circles: U = 5 eV. Diamonds: U = 5.5 eV. Triangles:
U = 6 eV. Squares: U = 7 eV. Crystal-field splitting (meV):
840 (R11), 495 (R6), 219 (R0), 168 (R800K

2.4 ), and 0 (I0).

to the randomly oriented t2g spins. These spectra are
in line with experiments [31–34]. We find that even at
1150 K the system is fully orbitally polarized (p ∼ 1).
On sites 1 and 3, the occupied state is |θ〉 ∼ |106o〉,
on sites 2 and 4 it is | − θ〉 ∼ | − 106o〉 (d-type OO);
|θ〉 is close to the lower crystal-field state obtained from
LDA (table I) and in excellent agreement with neutron
diffraction experiments [8]. We find that things hardly
change when the JT distortion is halved (R6 structure in
Fig. 3). Even for the average 800 K structure (R800K

2.4 ) OO
does not disappear: Although the Jahn-Teller distortion
is strongly reduced to δJT = 2.4%, the crystal-field split-
ting is ∼168 meV and the orbital polarization at 1150 K
is as large as p ∼ 0.65, while θ is now close to 90o. For
all these structures, orbital order is already determined
by the distortions via the crystal-field splitting.

To find the temperature TKK at which Kugel-Khomskii
super-exchange drives orbital-order we consider the zero
crystal-field limit, i.e. the ideal cubic structure, I0. The
eg band-width increases to Weg

∼ 3.7 eV and for U =
5 eV the system is a Mott insulator with a tiny gap only
below T ∼ 650 K. We find TKK ∼ 650 K, very close
to the metal-insulator transition (Fig. 3). To check how
strongly TKK changes when the gap opens, we increase
U . For U = 5.5 eV we find an insulating solution with
a small gap of ∼ 0.5 eV and TKK still close to ∼ 650 K.
For U = 6 eV, Eg ∼ 0.9 eV and TKK ∼ 550 K. Even with
an unrealistically large U = 7 eV, giving Eg ∼ 1.8 eV,
TKK is still as large as ∼ 470 K. Thus, despite the small
gap, TKK decreases as ∼ 1/U , as expected for super-
exchange. For a realistic U ∼ 5 eV, the calculated TKK ∼
650 K is surprisingly close to the order-disorder transition
temperature, TOO ∼ 750 K, though still much smaller

than TJT ! 1150 K. The occupied state at site 1 is |θ〉 ∼
|90o〉 for all U .

Such a large TKK is all the more surprising when com-
pared with the value obtained for KCuF3, TKK ∼ 350 K
[21]. For the ideal cubic structure the hopping matrix
(table I) is ti,i±z

m,m′ ∼ −tδm,m′δm,3z2−1, ti,i±x
m,m = ti,i±y

m,m ∼
−t/4(1 + 2δm,x2−y2), and for m $= m′ ti,i±x

m,m′ = −ti,i±y

m,m′ ∼√
3t/4. Since the effective (after averaging over the di-

rections of St2g
) hopping integral in LaMnO3, 2t/3 ∼

345 meV is ∼ 10% smaller than t ∼ 376 meV in KCuF3

[21], one may expect a slightly smaller TKK in LaMnO3,
opposite to what we find. Our result can, however, be
understood in super-exchange theory. The KK SE part of
the Hamiltonian, obtained by second-order perturbation
theory in t from Eq. (1), may be written as

Hi,i′

SE ∼
JSE

2

∑

〈ii′〉x,y

[

3T x
i T x

i′ ∓
√

3 (T z
i T x

i′ + T x
i T z

i′)
]

+
JSE

2

∑

〈ii′〉x,y

T z
i T z

i′ + 2JSE

∑

〈ii′〉z

T z
i T z

i′ , (2)

where 〈i, i′〉x,y and 〈i, i′〉z indicate near neighboring sites
along x, y, or z; −(+) refers to the x (y) direction, T x

i

and T z
i are pseudospin operators [3], with T z|3z2 − 1〉 =

1/2|3z2 − 1〉, T z|x2 − y2〉 = −1/2|x2 − y2〉. The su-
perexchange coupling is JSE = (t̄2/U)(w/2), where t̄
is the effective hopping integral. In the large U limit
(negligible J/U and h/U), w ∼ 1 + 4〈Sz

i 〉〈Sz
i′ 〉+ (1−

4〈Sz
i 〉〈Sz

i′〉)u
i,i′

⇑,⇓/ui,i′

⇑,⇑, where Sz
i are the eg spin operators.

In LaMnO3 the eg spins align with the randomly oriented
t2g spins, thus t̄ = 2t/3, w ∼ 2, and JSE ∼ 2(2t/3)2/U .
For d-type order, the classical ground-state is |θ〉 ∼ |90o〉,
in agreement with our DMFT results. In KCuF3, with
configuration t62ge

3
g, the Hund’s rule coupling between eg

and t2g plays no role, i.e. 〈Sz
i 〉 = 0. The hopping inte-

gral t̄ = t is indeed slightly larger than in LaMnO3, but
w ∼ 1, a reduction of 50%. Consequently, JSE is reduced
by ∼ 0.6 in KCuF3. For finite J/U and h/U , w is a more
complicated function, but the conclusions stay the same.
We verified solving (1) with LDA+DMFT that also for

LaMnO3 TKK drops drastically if ui,i′

σ,−σ = 0 and h = 0.
It remains to evaluate the effect of the orthorhombic

distortion on the transition. For this we perform calcu-
lations for the system R0 with no Jahn-Teller distortion,
but keeping the tetragonal and GdFeO3-type distortion
of the 300 K structure. This structure is metallic for
U = 4 eV; for U = 5 eV it has a gap of ∼ 0.5 eV. We
find a large polarization already at 1150 K (p ∼ 0.45).
Such polarization is due to the crystal-field splitting of
about 219 meV, with lower crystal-field states at site 1
given by |1〉 ∼ |x2 − y2〉. Surprisingly the most occupied
state |θ〉 is close to |1〉 (θ ∼ 180) only at high temper-
ature (∼ 1000 K). The orthorhombic crystal-field thus
competes with super-exchange, analogous to an external
field with a component perpendicular to an easy axis.



conclusions

what about order to disorder transitions?

based on present experimental data
super-exchange cannot explain trends

!!"#$$

%"#$

&'

()

*+
,-

!."#$$

!"#

!$%#

!# !&## !$###

'!()*

!"#

!$%#

!# !&## !$###

'!()*

!"#

!$%#

!# !&## !$###

'!()*

!"#

!$%#

!# !&## !$###

'!()*

 0

 500

 1000

 1500

 1.05  1.1  1.15  1.2  1.25

T 
(K

)

IR (Å)

LaNdTbDy
 0

 500

 1000

 1500

 1.05  1.1  1.15  1.2  1.25

T 
(K

)

IR (Å)

LaNdTbDy
 0

 500

 1000

 1500

 1.05  1.1  1.15  1.2  1.25

T 
(K

)

IR (Å)

LaNdTbDy
 0

 500

 1000

 1500

 1.05  1.1  1.15  1.2  1.25

T 
(K

)

IR (Å)

LaNdTbDy
 0

 500

 1000

 1500

 1.05  1.1  1.15  1.2  1.25

T 
(K

)

IR (Å)

LaNdTbDy
 0

 500

 1000

 1500

 1.05  1.1  1.15  1.2  1.25

T 
(K

)

IR (Å)

LaNdTbDy
 0

 500

 1000

 1500

 1.05  1.1  1.15  1.2  1.25

T 
(K

)

IR (Å)

LaNdTbDy
 0

 500

 1000

 1500

 1.05  1.1  1.15  1.2  1.25

T 
(K

)

IR (Å)

LaNdTbDy
 0

 500

 1000

 1500

 1.05  1.1  1.15  1.2  1.25

T 
(K

)

IR (Å)

LaNdTbDy
 0

 500

 1000

 1500

 1.05  1.1  1.15  1.2  1.25

T 
(K

)

IR (Å)

LaNdTbDy
 0

 500

 1000

 1500

 1.05  1.1  1.15  1.2  1.25

T 
(K

)

IR (Å)

LaNdTbDy
 0

 500

 1000

 1500

 1.05  1.1  1.15  1.2  1.25

T 
(K

)

IR (Å)

LaNdTbDy
 0

 500

 1000

 1500

 1.05  1.1  1.15  1.2  1.25

T 
(K

)

IR (Å)

LaNdTbDy
 0

 500

 1000

 1500

 1.05  1.1  1.15  1.2  1.25

T 
(K

)

IR (Å)

LaNdTbDy
 0

 500

 1000

 1500

 1.05  1.1  1.15  1.2  1.25

T 
(K

)

IR (Å)

LaNdTbDy
 0

 500

 1000

 1500

 1.05  1.1  1.15  1.2  1.25

T 
(K

)

IR (Å)

LaNdTbDy
 0

 500

 1000

 1500

 1.05  1.1  1.15  1.2  1.25

T 
(K

)

IR (Å)

LaNdTbDy
 0

 500

 1000

 1500

 1.05  1.1  1.15  1.2  1.25

T 
(K

)

IR (Å)

LaNdTbDy

Unusual Evolution of the Magnetic Interactions versus Structural Distortions
in RMnO3 Perovskites

J.-S. Zhou and J. B. Goodenough
Texas Materials Institute, 1 University Station, ETC 9.104, University of Texas at Austin, Austin, Texas 78712, USA

(Received 13 April 2006; published 19 June 2006)

We report the refinement of x-ray powder diffraction together with magnetic and thermal conductivity
measurements made on the entire family of RMnO3 perovskites prepared by melt growth or under high
pressure. Analysis of the data has identified the origin of the transition from type-A to type-E magnetic
order as a competition between t-orbital and e-orbital spin-spin interactions within each Mn-O-Mn bond
in the (001) planes, the e-orbital interactions decreasing with decreasing R3!-ion size.

DOI: 10.1103/PhysRevLett.96.247202 PACS numbers: 75.30.Et, 71.70.Ej, 72.15.Eb

From elastic-energy considerations, LaMnO3 was ini-
tially proposed to undergo a cooperative orbital ordering
below a TJT that places the e electron of high-spin
Mn3!:t3e1 in the (001) plane [1]. The predicted orbital
ordering and the consequent anisotropic magnetic cou-
plings in LaMnO3 were proven a few years ago by reso-
nance x-ray scattering [2] and neutron inelastic scattering
[3]. At T > TJT, the Jahn-Teller (JT) distortion remains
dynamic, as has been shown by x-ray absorption spectros-
copy [4], and the vibronic states are degenerate in the
(Q2; Q3) plane describing the Eg lattice-vibration breath-
ing modes of a MnO6=2 octahedron. Q2 is orthorhombic
and Q3 is tetragonal. The introduction of anharmonic terms
in the Hamiltonian changes the ‘‘Mexican hat’’ form of the
potential in the (Q2; Q3) plane into three wells separated by
!a " 120# in the (Q2; Q3) plane for an isolated molecular
complex. However, the cooperative JT distortion results in
a two-well potential in the case of LaMnO3 [5]. As pointed
out by Kanamori [6], the cooperative JT distortion in
orthorhombic LaMnO3 does not have the two potential
wells in exactly the directions of !a " 2"=3 and 4"=3
in the (Q2; Q3) plane as predicted from the classic 120#

model, but they are leaning towards the $Q2 axis. This
shift is caused by a mixing of the JT distortion modes and
an intrinsic octahedral-site distortion in the orthorhombic
perovskite structure [7]. On the other hand, the overlap
integral entering the perturbation formula J % 4b2=U of
the superexchange spin-spin interaction depends on the
(180# &!) Mn-O-Mn bond angle, which decreases mono-
tonically as the ionic radius (IR) of rare-earth R3! ion
decreases. In comparison with the perovskite RFeO3 fam-
ily where Fe3! is not JT active, the phase diagram of the
RMnO3 perovskites is more complex as is seen in Fig. 1.
Although the perovskite RMnO3 family shows a gradual
structural change as IR decreases, the orbital ordering
remaining the same as that in LaMnO3 below TJT, the
phase diagram is divided sharply into three regions:
(1) type-A spin order [ferromagnetic (001) planes coupled
antiparallel] with a TN that is extremely sensitive to IR,
(2) a phase without classic spin ordering, and (3) type-E
spin order [alternating ferromagnetic and antiferromag-

netic coupling in (001) planes] below an IR-independent
TN . How the JT and the intrinsic octahedral-site distortions
influence the magnetic coupling and whether the evolution
of the octahedral-site distortions and the Mn-O-Mn bond
angle as a function of IR are sufficient to account for the
complicated phase diagram of the RMnO3 perovskites
remain open questions for two reasons: (a) the existing
phase diagram of the RMnO3 perovskites does not cover
the heavy rare earths since some members of group II
RMnO3 (R " Y;Ho;Er; . . . ;Lu) need to be synthesized
as perovskites under high pressure; and (b) for group I
RMnO3 (R " La; . . . ;Dy), the available structural data
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FIG. 1 (color online). Transition temperatures versus R3!-ion
radius (IR) in the perovskite RMnO3 family. The TN values
shown by solid circles were obtained from magnetization mea-
surements in a magnetic field of 20 Oe. Open triangles mark the
temperature where the thermal conductivity #'T( shows an
anomaly. The JT transition temperatures TJT are taken from
Refs. [8–10]. See the text for the meaning of the shaded area.
Inset: Schematic drawing of the octahedral-site rotations and the
e-orbital ordering in a primary unit cell of the cubic perovskite
structure. The arrows point to axes for the unit cell of the
orthorhombic Pbnm structure. The unoccupied e orbital is
placed at site 2 along with the occupied orbital in the other sites
to illustrate the e1-O-e0 coupling in the ab plane.
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