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Phase transition in LiVO2 studied by near-edge x-ray-absorption spectroscopy

H. F. Pen, L. H. Tjeng, E. Pellegrin, F. M. F. de Groot, and G. A. Sawatzky
Laboratory of Solid State Physics, Materials Science Centre, University of Groningen,

Nijenborgh 4, 9747 AG Groningen, The Netherlands

M. A. van Veenendaal
European Synchrotron Radiation Facility, Boıˆte Postale 220, F-38043 Grenoble Ce´dex, France

C. T. Chen*

AT&T Bell Laboratories, Murray Hill, New Jersey 07974
~Received 15 November 1996; revised manuscript received 5 February 1997!

We present temperature-dependent V-2p and O-1s x-ray-absorption spectra of LiVO2. The aim of this
study is to monitor changes in electronic structure on going through the phase transition. The spectral changes
turn out to be very small: the V-3d–O-2p hybridization does not change considerably, and the symmetry of
the V-ion ground state~high-spin 3T1) is retained. To explain our results, together with the anomalously low
magnetic susceptibility below the transition temperature, we propose a model in which a three-orbital sublattice
is formed in the V~111! planes, which results in a total singlet state.@S0163-1829~97!00623-1#
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I. INTRODUCTION

In this paper, we present an x-ray-absorption spectrosc
~XAS! study of the changes in the local electronic struct
at the phase transition in LiVO2. Through the years, vana
dium oxides have attracted much attention because of t
interesting electronic and magnetic properties. In many
nadium oxides, phase transitions occur as a function of t
perature or pressure. By far the most famous exampl
V 2O3, showing a metal-insulator transition1 with a conduc-
tivity change of a factor of 107, whose origin is still contro-
versial after 50 years. Though less extensively studied,
phase transition in LiVO2 also is very interesting because
the peculiar magnetic behavior,2 and in the literature severa
explanations3–6 have been proposed. We will show that o
temperature-dependent XAS studies provide useful infor
tion concerning the electronic structure, and discuss the
sults in the light of the proposed transition mechanisms.

LiVO 2 has an ordered rocksalt structure with Li, V, a
O occupying alternating~111! cubic planes.7 Because the Li
layers are highly ionic, the material can be regarded as qu
two-dimensional, with V31 (d2) ions forming two-
dimensional~2D! hexagonal layers. LiVO2 exhibits a first
order phase transition2 at aroundTt5500 K, with a peculiar
change in magnetic properties. AboveTt , the compound is
paramagnetic, showing a Curie-Weiss susceptibilityx
}C/(T1Q) with a very large negativeQ521800 K, cor-
responding to a large antiferromagnetic coupling. Bel
Tt , a virtually nonmagnetic phase is present, with no sign
long range magnetic order, and with a very low resid
susceptibility attributed to V41 impurities. The material re-
mains semiconducting in both phases.8

A very obvious mechanism for the phase transition is
occurrence of a high-spin–low-spin transition atTt due to a
crystallographic distortion. For LiVO2 this mechanism has
not been discussed in the literature yet, but it is thought to
the driving force of the phase transition in, e.g., LaCoO3
550163-1829/97/55~23!/15500~6!/$10.00
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~Refs. 9 and 10!. AboveTt , each V ion is surrounded by si
oxygen ions in, approximately,OH symmetry: this splits the
3d states in a threefold degeneratet2g and a doubly degen
erateeg

s level. In the low-temperature phase the symmetry
lowered toC3v and thet2g splits into ana1 and a doubly
degenerateeg

p level. In the case that thea1 level is lower in
energy and the distortion is large, the trigonal componen
the crystal field splitting,D t5E(eg

p)2E(a1g), could be
large enough to overcome the Hund’s rule exchange ene
JH . In this case, the local magnetic moment would
quenched and a nonmagnetic state would occur.

A more subtle explanation was proposed
Goodenough:3 because of the trigonal lattice distortion belo
Tt , with an increase in thec/a ratio,11 he attributed the
anomalously low susceptibility to the formation of trimer
The nonmagnetic behavior would be due to molecular orb
~MO! formation in the basal plane leading to a sing
ground state. The transition was attributed to the compara
size of the bandwidthW and the Coulomb repulsion energ
U ~Ref. 12!. The conditionW'U, related to a critical metal-
metal distanceRc , would imply a lattice instability, with a
crossover from a localized (W,U) to a delocalized regime
(W.U) on decreasing the temperature throughTt . If we
would go to the uncorrelated MO limit, i.e.,W@U, it is
obvious that a triangle with six electrons would form a
S50 ground state. In this limit also the local spin would b
quenched.

The assumed formation of trimers is supported by x-
diffraction data by Cardoso,13 which shows weak superlattic
reflections belowTt corresponding to a supercell wit
a85A3a. Also recent extended x-ray-absorption fin
structure14 and 51V NMR ~Ref. 15! studies are consisten
with a displacement of the V ions. On the basis of their NM
data, Onodaet al.5,6 pointed out that the phase transitio
would be best described as a spin Peierls like distortion
trimers. In this picture, a triangle of three spin triplet ions a
15 500 © 1997 The American Physical Society
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55 15 501PHASE TRANSITION IN LiVO2 STUDIED BY NEAR- . . .
coupled in a nearest neighbor Heisenberg fashion. With
exchange constant between the spins in the cluster m
larger than that between the spins in neighboring clust
this would result in a total spinStot50 ground state for the
trimer.

In order to get more insight in the electronic structure
LiVO 2 and its changes on going through the phase tra
tion, we studied the V-2p and O-1s spectra as a function o
temperature. The O-1s spectrum gives information about th
degree of V-3d–O-2p covalency, while the V-2p spectrum
probes the local ground state symmetry of the V ion.

II. EXPERIMENTAL DETAILS

The XAS measurements were carried out at the AT
Bell Laboratories ‘‘Dragon’’ high-resolution soft-x-ray bea
line16 at the the National Synchrotron Light Sourc
Brookhaven. In this experiment, the energy resolution of
monochromator was approximately 0.15 eV. The ene
scale was calibrated using NiO, for which the O-1s white
line energy is known accurately from high-energy electr
energy loss spectroscopy.17 The base pressure in the meas
ing chamber was 2310210 mbar. The x-ray-absorption wa
measured in the total electron yield mode and also in
fluorescence yield mode. The spectra were normalized to
total absorption intensity between 510 and 560 eV, after s
traction of a constant background (;20% of the maximum
absorption!.

Polycrystalline samples of LiVO2 were prepared in two
steps. The starting materials V2O5 and Li2CO3 were mixed
in demineralized water, with a molar ratio Li/V51.05. After
CO2 was released, the light green solution was concentra
by evaporation and the residue was ground in an agate m
tar. x-ray diffraction~XRD! measurements showed that t
powder consisted mainly of LiVO3, with a small content of
Li 3VO4. The material was pressed into pellets and redu
in flowing H2 at 1073 K. From 673 K to 1073 K, the tem
perature was increased slowly~1 K/min! to prevent melting
of the starting material. The total reaction time was 24
According to XRD the reaction product was a single pha
LiVO 2. After preparation, the samples were stored in arg
atmosphere to prevent degradation by oxygen or water.

For the x-ray-absorption measurements, a sample
fixed on a copper plate using stainless steel strips. In orde
obtain a clean surface, the sample was scrapedin situwith a
diamond file and annealed in 1 torr H2 at 525 K for 1 h. This
procedure is necessary to remove contaminants from the
face and to restore the stoichiometry of the surface. I
known that LiVO2 is very air sensitive:

18 on exposure to air,
the surface is quickly oxidized and lithium is extracted fro
the bulk. However, this process can be reversed by annea
the material in H2 ~Ref. 18!. The effectiveness of this clean
ing procedure was verified by the fact that the O-1s x-ray-
absorption spectrum taken using the relatively surface se
tive total electron yield method~with a probing depth of
;100 Å! is very similar to that using the bulk sensitiv
fluorescence yield technique~with a probing depth of
;2500 Å, Ref. 19!. Although the fluorescence spectra are
good check for the sample quality, they are not very suita
for a detailed analysis, because of self-absorption effe
This leads to a distorted spectrum, in particular, at the
n
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2p edge. The yield is reduced considerably, near-edge
tures appear more pronounced, and many details are lost
this reason, we performed the temperature-dependent m
surements discussed in the next section using the total e
tron yield mode.

The temperature-dependent measurements were ca
out in steps of 25 K in the range 298–548 K. The heat
cycle was repeated to ensure reproducibility of the spec
The temperature was monitored by means of a thermoco
placed near the sample. After the experiment, the sample
checked by XRD. The XRD pattern appeared to be ident
to that of the freshly prepared material; this precludes
possible formation of the LiV2O4 spinel phase due to non
stoichiometry, as observed by de Picciotto and Thackera20

III. RESULTS AND DISCUSSION

A. Vanadium 2p XAS

Figure 1~a! shows the V-2p near-edge x-ray-absorptio
spectra below (T5473 K! and aboveTt (T5523 K!. Be-
tween 298 K and 473 K the spectra are virtually identic
however, between 473 K and 523 K~which includesTt)
small but clear changes occur. We note a small differenc
the near-edge structure at 512 eV, and the appearance
dip in the mainL2 peak~520–525 eV! aboveTt , as if the
spectrum becomes sharper. Because the changes appea
reversible in subsequent temperature cycles, and bec
they occur only in a small temperature range aroundTt , we
attribute them to the phase transition. A temperatu
dependent phonon broadening mechanism can be safely

FIG. 1. ~a! Total electron yield V-2p XAS spectra of LiVO2
taken below and aboveTt . The solid line and the sticks give th
theoretical spectrum obtained from a cluster calculation.~b! Cluster
calculations including a trigonal crystal field componentD t . The
high- to low-spin transition occurs for 1.7,D t,1.8 eV.



o

nl

tio
o-

O

-

nd
e
c-
c-

ce

oc

-

n
ob
g
io
i
f

e

t

e
en

l b
ym
e
n
ay
th

d by
le

the
w
the

y,
r
n
y

um
re
ef-
ate
to

rs
the

s
the
he

t:
all
as-
on-
en-
nd
l ob-
rum
e

ch
ted
is-
er-
e
za-
,

e
-

ure
ra-
mic

is-

the
he
the

V-

V
he
l-

15 502 55H. F. PENet al.
cluded because the spectrum for temperatures slightly ab
Tt is sharper than that for temperatures slightly belowTt .

The V-2p near-edge x-ray-absorption spectra are mai
determined by on-site V 2p→3d transitions. The main split-
ting into theL2 (2p1/2) and L3 (2p3/2) edge is due to the
spin-orbit interaction of the 2p core hole. To interpret the
experimental spectra, we carried out a cluster calcula
which includes the full atomic multiplet theory, using a pr
gram developed by Tholeet al.21 The model calculation in-
volves a VO6 cluster inOH symmetry, and treats explicitly
the strong hybridization between the V-3d and O-2p orbit-
als, as well as the on-site electron correlation effects.

The model has the following parameters as input: the
2p–V-3d charge transfer energyD, the 3d-3d Coulomb re-
pulsionU, the V-2p–V-3d Coulomb interactionQ, theOH
crystal field 10Dq, and the Slater Koster integrals (pds) and
(pdp) for the V-3d–O-2p hopping, and (pps) and
(ppp) for the O-2p–O-2p hopping. Values for the param
eters D, U, (pds), and (pdp) were estimated from
experimental22 and theoretical23 values for V2O3, a com-
pound with similar V valence, V-O atomic distances, a
local O coordination around the V ion. The spectrum d
pends onQ andU mainly by the presence of satellite stru
tures forQÞU ~Ref. 24! at the high-energy side of the spe
trum. Because these satellites are obscured by the O-1s edge
in V compounds, we could not optimize the differen
Q2U and we took thereforeQ5U. The various multiplet
interactions are reduced to 80% of the atomic Hartree-F
values to account for intra-atomic relaxation effects.25 Only
theOH crystal field 10Dq is treated as an optimization pa
rameter. The parameter values are listed in Table I.

The sticks in Fig. 1~a! show the theoretical transitio
probabilities. The solid line is the calculated spectrum,
tained by applying a Gaussian and Lorentzian broadenin
0.15 eV and 0.2 eV, to account for experimental resolut
and lifetime, respectively. The calculated spectrum is
good agreement with the experimental spectra, especially
the high-temperature case, where a dip in theL2 edge is
present. The discrepancy between theory and experim
could be due to the state dependent lifetime broadening,26,27

which cannot be taken into account in a unique way. Due
the possibility of Coster-Kronig decay, theL2 edge is
broader than theL3; also within the two main edges, th
lifetime of the final states increases considerably with
ergy.

The most striking result of Fig. 1~a! is that both the high-
and low-temperature spectra can be simulated very wel
the same theoretical spectrum in which the ground state s
metry is the high spin3T1. This indicates strongly that th
phase transition is not accompanied by a symmetry cha
of the ground state. It is important to note here that an x-r
absorption spectrum is very sensitive to the symmetry of

TABLE I. Parameters used in the cluster calculation of the
2p and O-1s x-ray-absorption edges. All values are in eV. T
charge transfer energyD is defined with respect to the lowest mu
tiplet state.

U54 D54 Q54 10Dq51.3
(pds)522.2 (pdp)51.1 (pps)2(ppp)50.5
ve

y

n

-

-

k

-
of
n
n
or

nt

o

-

y
-

ge
-
e

ground state, because the absorption process is governe
dipole selection rules, which allow only a part of the possib
final state 2p53dn21 multiplet intensities to be reached from
thedn ground state. So, if the ground state symmetry of
V ion would have changed, for instance, from high to lo
spin, then we would have seen quite a drastic change of
V-2p spectrum.

To illustrate this sensitivity of the technique to symmetr
we show in Fig. 1~b! first of all the result of the cluste
calculation in the ionic limit, i.e., excluding the hybridizatio
with O ligand states~10Dq is increased to 1.8 eV, to partl
compensate for the omitted covalency with the ligands!. The
ground state in the ionic limit is also high-spin3T1. It can be
clearly seen that this spectrum is very similar to the spectr
of the full cluster model, illustrating that symmetry is mo
important for the spectral line shape than hybridizational
fects, even in strongly covalent V compounds. To simul
the questioned high- to low-spin transition, we now have
include a trigonal componentD t in the crystal field in our
calculations. The results are shown in Fig. 1~b! for different
values ofD t , where the high- to low-spin transition occu
for D t between 1.7 and 1.8 eV. It is quite remarkable that
spectrum for aD t value as large as 1.7 eV~high spin ground
state! still has a resemblance to that for the undistortedOH
situation~i.e., D t50.0 eV!: despite the apparent difference
in the spectra, most of the peaks and shoulders in
D t50.0 eV spectrum can still be clearly recognized in t
D t51.7 eV spectrum. For theD t51.8 eV case~low spin
ground state!, however, the spectrum is completely differen
new peaks show up at quite different energies. A sm
change inD t , from 1.7 to 1.8 eV, causes a sudden and dr
tic rearrangement of the spectral intensities. This dem
strates that the x-ray-absorption spectrum will not be ess
tially altered by a trigonal distortion, as long as the grou
state symmetry is preserved. Based on the experimenta
servation that the changes in the x-ray-absorption spect
are very small~see Fig. 1!, we can safely conclude that th
low susceptibility of LiVO2 belowTt is definitely not due to
a low-spin state. From a more theoretical point of view, su
a high- to low-spin transition should also not be expec
since this would require an unphysically large trigonal d
tortion. Because the low-spin spectrum is completely diff
ent from the high spin one, we can also conclude that thd
electrons are still considerably localized. A large delocali
tion would lead to a mixing in of the low-spin configuration
which would strongly affect the V-2p spectrum.

In our view, the most plausible explanation for th
changes in the V-2p spectra is a small change in the V
3d-3d hybridization. AboveTt , the atomic approximation is
very good; this is also concluded from the high-temperat
magnetic susceptibility, which is in agreement with a pa
magnetic phase and a local spin moment close to the ato
value.11 However, below the transition temperature, V-3d-
3d hopping integrals are increased due to a shorter V-V d
tance, as pointed out by Goodenough.3 Nevertheless, the
low-temperature spectrum is still in good agreement with
atomic multiplet calculation. Therefore we conclude that t
formation of trimers does not lead to a strong change of
3d electron localization. In other words, the on-site V-3d-
3d Coulomb interactions remain much larger than the
3d-3d hopping integrals.

-
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Unfortunately, it is beyond our reach to calculate the
2p spectrum for a V triangle. Nevertheless, we can arg
that delocalization of the V-3d electrons would lead to sig
nificant changes in the V-2p XA spectrum, because configu
rations of different symmetries will mix into the groun
state. In the extreme limit, i.e., complete delocalization in
uncorrelated MO’s, the weight of the3T1 symmetry configu-
ration is strongly reduced: by projecting the MO wave fun
tion onto the atomic multiplet states,28 one can show that this
weight is only 3/16. Considering the large number of sy
metry configurations contributing to the MO ground sta
one can expect that the resulting spectrum is going to be
broad, probably similar to the 2p edge of metallic titanium
or vanadium.29 Certainly, it will be completely different from
the 3T1 spectrum from Fig. 1. Of course, we expect
gradual change in the V-2p XA spectrum on increasing th
d-d hybridization~or the bandwidthW) with respect toU.
Therefore, an absolute classification of the 3d electrons as
being ‘‘localized’’ or ‘‘delocalized’’ is not possible from the
XA spectrum only. Nevertheless, because of the appa
validity of the atomic multiplet approximation we believ
that the V-3d electronic wave function is close to the loca
ized limit.

B. Oxygen 1s XAS

Figure 2~a! shows the O-1s x-ray-absorption spectra be
low (T5473 K! and above (T5523 K! the transition tem-
perature. The O-1s XA spectrum probes the unoccupie
states of oxygenp character, because of the dipole select
rule and the local character of the x-ray-absorption proc
The near-edge region, shown in Fig. 2, is attributed to sta
with mainly V-3d character, hybridized with O-2p states.
The x-ray-absorption final state of the O 1s→2p transition
appears to be less localized than that of the V 2p→3d tran-
sition. This gives rise to considerable dispersional broad
ing, leading to a spectral shape without much detail. As is
case for the V-2p edge, the differences in going through th
phase transition are very small. The feature at 533 eV se
to be more pronounced aboveTt .

FIG. 2. ~a! Total electron yield O-1s XAS spectra of LiVO2
taken below and aboveTc . ~b! Near-edge region of the O-1s spec-
tra, compared to a cluster calculation. The sticks indicate the th
retical transition probabilities.
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Multiplets are also important for a correct description
the O-1s near-edge structure. To illustrate this, the expe
mental spectra are compared to the results of a model ca
lation on a VO6 cluster inOH symmetry, identical to that
used above for the V-2p edge. Also the parameters used
the calculation are the same, see Table I. The sticks in Fi
show that most of the essential features in the experime
spectra are well reproduced by the model calculation. T
calculated line shape is obtained by convolution with
Gaussian and a Lorentzian, both of 0.8 eV full width at h
maximum, in order to account for experimental resolutio
dispersion, and lifetime. Although the relative contributio
of the different effects are not accurately known, it is cle
that the total broadening is much larger than for the V-p
spectra.

The lowest peak at 530 eV energy is assigned to tra
tions to thet2g

3 (4A2) final state. The other peaks can b
attributed to transitions to doublet final states oft2g

3 charac-
ter, which appear at higher energy due to the on-site
change interaction, and also to final states oft2g

2 eg character.
In a cluster calculation without Coulomb and exchange
teractions, the calculated spectrum would have consiste
only two peaks, corresponding with transitions tot2g and
eg unoccupied states, with an intensity ratio30 of about 1:2.
So multiplet effects push part of thet2g

3 final states up in
energy, which explains the low intensity of the 530 eV pe

Because of the broadness of the spectrum, together
the number of parameters involved in the calculation,
analysis of the small temperature-dependent changes is
meaningful. However, the total spectral weight and the po
tion of the shoulder with respect to the main peak do
change significantly. This means that the change in
2p–V-3d hybridization and the change in ligand fie
strength are relatively small. The crystallographic distorti
in LiVO 2 does not give rise to a strong energy redistributi
of the V-3d states, in contrast with the case of VO2 ~Ref.
31!.

C. Trimer model

From the analysis of the O 1s we conclude that V-O
interactions do not change considerably, and are proba
not a determining factor for the phase transition. The V-p
spectra show that the local spin moment at the V ion
S51, both above and belowTt . A high-spin–low-spin tran-
sition can therefore be ruled out. The data seem to be c
sistent with the formation of V trimers,3 in which a triangle
of three spin triplet ions are coupled in a nearest-neigh
Heisenberg fashion,5,6 resulting in a total spinStot50 ground
state for the trimer.

While the latter statement is true within the Heisenbe
model, we would like to point out that the model itse
should not be applied for a transition metal~TM! 3d2 system
because it neglects completely the orbital degeneracy of
3d states. In a localized system this orbital degeneracy
be lifted at low temperatures~the Jahn-Teller effect!. This
can lead to a structural phase transition, accompanied b
certain ordering of occupied orbitals. Such orbital orderi
need not be driven by a lattice distortion; it can also
caused by magnetic exchange interactions.32 The strongest
effects of this kind are observed in TM compounds with

o-
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15 504 55H. F. PENet al.
twofold eg orbital degeneracy. Recently, it was shown
33 that

also in TM compounds with at2g orbital degeneracy an or
bital ordering is likely to occur, if the TM ions are in a
approximately octahedral crystal field and ordered along
cubic ~111! planes. In this type of structure, orbital orderin
is a way to remove the magnetic frustration present in
triangular TM planes.

We will now discuss the arguments of Ref. 33 in som
detail. Consider only the 3d(t2g) electrons in a degenerat
Hubbard-type model, including on-site Coulomb (U) and
exchange (JH) interactions and nearest-neighbor hoppingt.
This means that we assume a system with a consider
degree of localization and a strong Hund’s rule couplin
However, we allow for the threefoldt2g orbital degeneracy
which is one step beyond the Heisenberg model. Furth
more, we consider onlys overlap and neglect the muc
weakerp overlap. This implies that each orbital hybridize
with only two other nearest-neighbor orbitals: e.g., adxy or-
bital hybridizes with neighboringdxy orbitals in the (110)
and ( 1̄1̄0) directions. This strongly nonuniform hybridiza
tion means that a strong antiferromagnetic exchange inte
tion can only be present between certain orbitals, i.e., th
that haves overlap. What is more, because of the orbi
degeneracy, the exchange interactions also depend on
particular occupation of thet2g orbitals. According to the
Goodenough-Kanamori-Anderson rules,3 a strong antiferro-
magnetic interactionJ}t2/U between orbitals is only presen
if both orbitals are singly occupied. Otherwise, the excha
interaction is weakly ferromagnetic or zero.

The highly nonuniform orbital hybridization, combine
with the occupation dependent exchange, leads to an in
esting observation. The frustration, which is present if o
considers this system as a triangular Heisenberg antife
magnet, can be removed by a certain orbital ordering. Ta
for example, the ordering with thedyz anddzx orbitals singly
occupied at all atoms. With alldxy orbitals unoccupied, there
is no AFM exchange along the (110) and ( 11̄̄0) directions.
Because of the orbital ordering the effective AFM exchan
interactions are only in four directions@(101), ( 1̄0 1̄),
(011), and (0 1̄1̄ )# and no frustration is present. Anothe
possible orbital ordering, which turns out to have the sa
mean field energy, is the one in which three orbital sub
tices are formed. In the different sublattices either thedxy ,
dyz or the dzx orbital is empty; the others are again sing
occupied. This ordering leads quite naturally to the format
of three-site clusters, with a strong AFM interaction with
the clusters and only weak exchange interactions betw
them.

To study the characteristics of such a three-site clu
and to verify if the proposed orbital ordering is also favo
able on a local scale, an exact diagonalization study for th
sites was carried out for different values of thed-d hopping
integralt. It turned out that for smallt the ground state has
total spinStot51, with an orbital ordering as shown in Fig
3~a!. Above a critical value oft (tc), a singlet ground state i
obtained, with a different orbital ordering. In Fig. 3~b! it is
shown that alternatingly thedxy , dyz , anddzx orbitals are
unoccupied, which is compatible with the proposed thr
sublattice ordering. Therefore we conclude that this order
is also favorable on a local scale, and that it leads to a n
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magnetic (Stot50) ground state. From a second order pert
bation treatment, it can be shown that the triplet-singlet tr
sition is due to the competition between Hund’s ru
exchange and kinetic energy;tc is approximately propor-
tional to JH . In the Stot51 state, a ‘‘spectator’’ electron
occupies a nonhybridizing orbital. With this ground sta
configuration, the virtually excited states still obey Hund
rule; however, in the lowestStot50 state, all hybridizing
orbitals are occupied, which turns the scale at larget.

At first sight, the concept of orbitally ordered trime
looks quite similar to the ideas discussed before. Howe
there are some subtle but important differences, related to
mechanism of the phase transition. Note that the thr
sublattice orbital ordering is just a natural way to remove
magnetic frustration, even without a strong lattice distortio
A change from theW,U to theW.U regime12 or the pos-
tulation of negligible intercluster exchange interactions5,6

does not seem essential: the magnetic decoupling of trim
follows directly from the orbital ordering. Interesting to no
is the similarity between the occurrence of a critical value
t in the exact diagonalization of the three-site cluster, and
concept of a critical distanceRc for delocalization.

12 How-
ever,Rc is related to the Coulomb energyU via the condi-
tion W'U, while tc depends on the Hund’s rule exchan
energyJH . This reflects the difference between a crosso
from a localized to a delocalized regime, and a transit
between different orbital orderings. We note that the tripl
singlet transition was obtained for an isolated trimer and t
the generalization of this calculation to the full lattice is f
from straightforward. However, the concept of atc}JH sepa-
rating different orbital orderings may be more general.

IV. CONCLUSIONS

In conclusion, we have obtained new information abo
the electronic structure and the phase transition of LiVO2 by
means of XAS. The spectra show that the V ions are i
high-spin 3T1 state, not only above but also belowTt , i.e.,
that the local spin moment is retained on going through
phase transition. The validity of the atomic multiplet a
proximation in describing the V-2p spectra indicates a con
siderable degree of localization of the V-3d electrons, also
below Tt . The data also indicate that the O-2p–V-3d hy-
bridization hardly changes acrossTt . We propose a mecha
nism which starts from the commonly accepted formation
triangular structures within the hexagonal V (111) plan

FIG. 3. Schematic configuration of the lowest triplet~a! and
singlet ~b! states in the exact diagonalization study. The specta
electron is hatched. Black and white shapes depict occupied
empty orbitals, respectively. Dashed lines represents bonds. Note
that the wave function, depicted in~b! at site 3, is theMS50
component of a localS51 state.
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and which assumes strong localization of the V-3d electrons.
In a V triangle, the formation of a three-orbital sublattice c
give rise to a total singlet state, which accounts for t
anomalous low-temperature susceptibility in LiVO2.
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