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Local symmetry breaking in paramagnetic insulating „Al,V …2O3
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The local structure of (Al0.06V0.94)2O3 in the paramagnetic insulating~PI! and antiferromagnetically ordered
insulating~AFI! phase has been investigated using hard and soft x-ray absorption techniques. It is shown that
~1! on a local scale, the symmetry of the vanadium sites in both the PI and AFI phases is the same and~2! the
vanadium-3d–oxygen-2p hybridization, as gauged by the oxygen 1s absorption edge, is the same for both
phases, but distinctly different from the paramagnetic metallic phase of pure V2O3. These findings can be
understood in the context of a recently proposed model which relates the long-range monoclinic distortion of
the antiferromagnetically ordered state to orbital ordering, if orbital short-range order in the PI phase is
assumed. The measured anisotropy of the x-ray absorption spectra is discussed in relation to spin-polarized
density functional calculations.
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INTRODUCTION

The metal-insulator transition~MIT ! in V2O3 has been
intensively investigated and discussed for many years a
example of a classical Mott transition. However, such a p
ture is blurred by the complexity of the V2O3 phase diagram1

which involves magnetic and structural transitions coinc
ing with the MIT, as a function of temperature, doping~Cr,
Al, Ti !, pressure, and oxygen stoichiometry. At room te
perature pure V2O3 is in a paramagnetic metallic~PM! phase
which x-ray diffraction~XRD! shows to be trigonal. At abou
180 K there occurs a transition to an antiferromagnetica
insulating ~AFI! monoclinic phase. Doping with Cr or A
results in the formation of a paramagnetic insulating~PI!
phase. The lattice parameters change but long-range trig
symmetry is preserved, as indicated by XRD.2,3 The role of
electronic correlations in the interplay between changes
the physical structure, the magnetic properties, and the e
tronic structure at the various transitions needs further inv
tigation. It is still not certain whether the electronic transiti
is driven by structural changes or vice versa. Although rec
calculations combining the local density approximation w
local density approximation with dynamical mean-fie
theory ~LDA 1 DMFT!4 show the importance of electroni
correlations in a description of the electronic structure, a
scription of the MIT in V2O3 must take into account th
relationship between physical structure and the electro
and magnetic properties of the system.

The Mott-Hubbard picture of V2O3, in particular a de-
scription in terms of a one-band Hubbard model,5 is based on
a level scheme of Castellaniet al. for the electronic structure
of V2O3.6 The crystal field generated by the O octahedr
0163-1829/2002/66~8!/085119~8!/$20.00 66 0851
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splits the V 3d states into uppereg and lowert2g states, and
the latter are further split intoa1g and eg

p states due to the
trigonal symmetry of the lattice. Interactions between nea
vanadium neighbors along thec direction ~vertical pairs!
split the a1g states into bonding and antibonding molecu
orbitals. According to Castellaniet al. the bondinga1g or-
bital is fully occupied while the antibondinga1g orbital shifts
energetically above theeg

p states. This leaves only one ele
tron per vanadium atom to occupy theeg

p states, leading to
orbital degeneracy, which is susceptible to a degenera
lifting process such as the Jahn-Teller effect or orbital ord
ing. Indeed, Baoet al.7,8 suggested that such orbital orderin
occurs in V2O3. This conclusion was based on neutron sc
tering experiments which show disagreement between
propagation vector characterizing the AFI phase and
propagation vector expected from magnetic short-range
der in the PM and PI phases of pure V2O3 and its alloys. The
latter propagation vector is identical to that of a spin dens
wave in vanadium-deficient V2O3. The suggested orbital or
dering would distinguish the AFI phase of V2O3 from all the
other phases and prevent a unified description of the MIT
this compound. The validity of Castellani’s model has be
called into question by soft x-ray absorption9,10 and band
structure calculations.11 Near-edge x-ray-absorption fine
structure~NEXAFS! measurements of the V 2p and O 1s
edges provide information on the unoccupied states near
Fermi level. Müller et al. concluded from such a NEXAFS
study of the different phases of V2O3 and (V,Cr)2O3 that all
the insulating phases have, within experimental error, ide
cal local electronic structures.9 In addition, angular-resolved
NEXAFS measurements in the metallic and insulati
phases of V2O3 are inconsistent with the assumption that t
©2002 The American Physical Society19-1
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first excited states are purelyeg
p . Rather, the isotropy of the

absorption spectra observed in the metallic phase sugg
the first excited states are a mixture ofeg

p anda1g , while the
anisotropy observed in the insulating phases suggests t
states have increaseda1g character. These conclusions we
confirmed by LDA1U band-structure calculations by Ezho
et al.11 and NEXAFS studies by Parket al.10 Using a model
fit to the V 2p, Ezhovet al. showed that orbital occupanc
of the eg

p states is larger than 1 and changes at both MIT
This renders the one-band Hubbard model5 often applied to
the MIT in V2O3 inadequate.

Important for a unified view of the MIT in V2O3 is the
understanding of the relationship between electronic, m
netic, and structural changes at the MIT. Recently, a mo
was proposed12,13 that takes into account degrees of freedo
of molecular orbitals formed by vertical V-V pairs and the
interaction within theab plane, offering a consistent pictur
of the magnetic and structural properties of the AFI phas

In this paper we show using EXAFS and NEXAFS tec
niques that, on a local scale, the structural and electro
properties of the AFI and PI phases are the same. This fa
attributed to short-range orbital order in the PI phase, c
sistent with recent model calculations12,13 and the character
istics of magnetic short-range order observed by neu
scattering.7 Spin-polarized density functional theory calcul
tions presented here reflect the anisotropy of the O 2p den-
sity of states observed in the insulating phases of the V2O3
phase diagram.

EXPERIMENTAL AND THEORETICAL
METHODOLOGY

Measurements were performed on an Al-doped V2O3
single crystal about 2.5 mm by 1.5 mm by 1 mm grown
chemical transport using TeCl4 as transport agent and a mix
ture of V2O3 and Al2O3 powder corresponding to a nomin
concentrationx50.1 in (V12xAl x)2O3. Energy-dispersive
x-ray scattering showed that the actual Al concentration
the single crystal was 6 at. %, presumably due to a lo
transport rate of Al compared to vanadium during crys
growth. XRD showed the expected trigonal structure w
lattice parameterschex513.81(1) Å andahex54.985(5) Å,
both smaller than those found by Joshiet al. (chex
'13.89 Å andahex'5.00 Å at 6.2 at %!.14 The resultingc/a
ratio of 2.7703 is much smaller than in the metallic pha
~2.828!. Resistivity measurements, the small value of thec/a
ratio, and the Al concentration show the sample was in the
phase at room temperature. The transition from PI to A
occurred at 165 K as determined by magnetic susceptibib
measurements using a Quantum Devices supercondu
quantum interference device~SQUID! magnetometer. Laue
diffraction measurements were performed on the single c
tal at room-temperature and at 77 K. The room tempera
trigonal symmetry was, as expected, broken at low temp
ture.

A pure, slightly vanadium-deficient V2O3 single crystal
was measured as a reference. Laue diffraction and mag
susceptibility measurements showed that the single cry
was of high quality with a sharp MIT at 100 K. The resisti
08511
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ity of this crystal was monitored during the EXAFS expe
ment.

The EXAFS measurements were performed at beam
X23B at the National Synchrotron Light Source
Brookhaven National Laboratory. Spectra at different te
perature points above and below the transition temperat
of the pure and doped samples were taken using a clo
cycle helium cryostat. The EXAFS spectra taken above
transition were measured before and after the crystals pa
through the transition. No differences were observed, rul
out the influence of cracks on the measurements. For
pure compound this was also verified by only small chan
in the geometry factor in thein situ resistance measuremen
Cracks in the doped sample are less likely since the AF
transition is characterized by a much smaller unit-cell v
ume change than the AFI-PM transition. The sample w
held under vacuum to reduce thermal leakage and air abs
tion and prevent water condensation. The x-ray absorp
spectra were measured in fluorescence yield mode usin
Lytle detector;15 background radiation was filtered by a T
foil. In fluorescence mode self-absorption effects m
strongly damp the EXAFS amplitude even at normal in
dence. As the primary effect of self-absorption is to redu
the EXAFS amplitude,16,17 but leave the phase unchange
the distances of neighboring atoms obtained by EXAF
which are determined largely by the phase, are unaffec
We corrected for self-absorption using a generalization of
method of Tro¨ger et al.16,18 to large detector surfaces, as d
scribed elsewhere.17 This correction is quite reliable, as wa
shown in Ref. 17 by demonstrating that for Al-doped V2O3
the absorption was isotropic in theab plane after the correc
tion, as expected for trigonal symmetry.

For the EXAFS measurements the sample was oriente
that the (112̄0) plane~in hexagonal notation! was the sur-
face perpendicular to the incident beam. In this geometry
orientation of the polarization vectorEW of the incoming x
rays with respect to the hexagonalc axis can be changed b
rotating the sample around the surface normal. Meas
ments were made withEW parallel and perpendicular tocWhex.
As described by Frenkelet al.,19 this facilitates measuring
the two different components of the anisotropic absorpt
coefficient:

m5m'sin2u1m icos2u,

wherem'(m i) is the absorption coefficient forEW perpendicu-
lar ~parallel! to cWhex andu is the angle betweenEW andcWhex.
Since different scattering paths contribute tom' and m i ,
measurement of these two independent quantities achi
better separation of paths. After correcting for self-absorpt
as described above, standard EXAFS analysis was
formed. For the Fourier transform a window ink space from
3 Å21 to 12 Å21 was used (k being the wave vector of the
photoelectron!.

Measured spectra were compared to model spectra ca
lated withFEFF8.20 The calculation requires estimated atom
positions, provided by models of the structure. To constr
these structural models we used the lattice parameters
vided by our XRD measurements. Then, for the trigon
9-2
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LOCAL SYMMETRY BREAKING IN PARAMAGNETIC . . . PHYSICAL REVIEW B 66, 085119 ~2002!
model, we used the atomic positions tabulated by Wycko21

for the pure compound. For the monoclinic model, we star
with the measured hexagonal lattice parameters and tilted
chex axis by 1.995°, the same amount as in the AFI phas
undoped V2O3,22 to reproduce the monoclinic distortion. Th
resulting pseudohexagonal lattice vectors were converte
monoclinic ones using the conversion matrix of Ref. 2
Relative atomic positions for the monoclinic phase were a
taken from Ref. 23. The structure refinement was perform
by varying the interatomic distances to all vanadium ato
up to the fourth nearest neighbor, as shown in Fig. 1, as w
as to the nearest two shells of oxygen atoms. A few dou
scattering paths with high scattering amplitudes were
cluded in the fits. The nearest oxygen shell forms a~dis-
torted! octahedron around the absorbing vanadium atom0
and is responsible for the well-separated peak of the Fou
transformed spectra between 1 and 2 Å. Fitting was car
out in r space usingk3 weighting.

NEXAFS measurements on the O 1s edge were per-
formed under ultrahigh vacuum at the U41-1/PGM beaml
at the BESSY 2 storage ring using the same crystal in
same geometry as for the EXAFS measurements. The si
was monitored by measuring the total electron yield; this
somewhat surface sensitive, so care was taken to prepar
maintain clean surfaces characteristic of the bulk.

The experiments were complemented by electronic st
ture calculations based on density functional theory~DFT! in
the LDA. The calculations used the augmented-spheri
wave ~ASW! method in its scalar-relativistic
implementation,24,25 which was already applied in Ref. 4

FIG. 1. Local structure of V2O3. Black ~gray! spheres represen
vanadium~oxygen! ions. Only those oxygen ions which form a
octahedron around the central vanadium atom V0 are shown. The
hexagonalc axis is along the line V18-V0-V1.
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The present study included the paramagnetic metallic V2O3,
paramagnetic insulating (V0.962CR0.038)2O3, and antiferro-
magnetic insulating V2O3 phases using the crystal-structu
data of Dernier26,27 as well as Dernier and Marezio.23 Note
that, since DFT is a ground-state theory, differences betw
the phases were taken into account only via the differ
crystal structure. In order to study the effect of spin polariz
tion separately from the monoclinic distortion in the AF
state, a complementary set of calculations with enforced s
degeneracy was performed for this structure.

In order to account for the openness of the crystal str
tures, empty spheres, i.e., pseudoatoms without a nuc
were included to model the correct shape of the crystal
tential in large voids. Optimal empty-sphere positions a
radii of all spheres were automatically determined by
recently developed sphere geometry~SGO! algorithm.28 As
a result, 8 and 16 empty spheres with radii ranging fro
1.78aB to 2.42aB were included in the trigonal and mono
clinic cells, respectively, keeping the linear overlap of van
dium and oxygen spheres below 16.5%. The basis set c
prised V 4s, 4p, 3d and O 2s, 2p as well as empty-spher
states. Fast self-consistency was achieved by an efficien
gorithm for convergence acceleration.29 Brillouin zone sam-
pling was done using an increasing number ofkW points rang-
ing from 28 to 2480 and from 108 to 2048 points within th
respective irreducible wedges, ensuring convergence of
results with respect to the fineness of thek-space grid.

RESULTS

In Fig. 2 we compare the EXAFS~in k space! of a pure
V2O3 sample and the Al-doped sample above~dashed lines!
and below~solid lines! their respective transition tempera
tures. For the Al-doped sample EXAFS spectra were m
sured with the polarization vectorEW oriented along and per
pendicular to the hexagonalc axis. The EXAFS is very
similar for both orientations for both the PI and AFI phas
of this sample@see Figs. 2~a! and 2~b!#, indicating that this
transition, involving a long-range monoclinic distortion an
magnetic order, is accompanied by only minor changes
local structure. In contrast, for pure V2O3, the large differ-
ences in the EXAFS oscillations apparent in Fig. 2~c! show
that the local environment of the absorbing atoms is v
different above and below the MIT. For the PI and A
phases of the Al-doped sample, small differences are ap
ent at highk; these presumably are due to the distinctly d
ferent Debye-Waller factors at the measuring temperature
30 K and 180 K, respectively.

Fitting procedures, further discussed below, provide lo
interatomic distances which confirm that the local struct
is virtually the same in the PI and AFI phases of the A
doped sample, but also in the AFI phase of pure V2O3. The
fit also shows that both the PI and AFI phases of the
doped V2O3 have a local symmetry which corresponds to
monoclinic lattice. Figure 3 compares the measured EXA
~in r space, wherer is the interatomic distance! for both
orientations ofEW to cWhex to spectra derived from model ca
culations for monoclinic and trigonal structures. It is evide
9-3
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P. PFALZERet al. PHYSICAL REVIEW B 66, 085119 ~2002!
that the monoclinic model fits the data better. The trigo
model ~long-dashed lines! fits the data very poorly in the P
phase at 180 K as well as in the AFI phase at 30 K, while
monoclinic model~dotted lines! fits the data very well in
both cases, especially doing a much better job in describ
the distorted oxygen octahedron~peak at 1.7 Å! and the next
vanadium neighbors (V1 and V18 contributions are around
2.2 Å and below 4 Å in Fig. 3!. This visual observation is

FIG. 2. EXAFS spectra of (Al0.06V0.94)2O3 in k space. The spec
tra above~dashed line! and below~solid line! the PI to AFI transi-

tion are virtually the same for Al-doped V2O3 for bothEW'cWhex and

EW icWhex @~a! and ~b!#, while pronounced changes are observed
pure V2O3 which is in the PM state at room temperature~c!, show-
ing that the two insulating phases have virtually identical lo
physical structure which differs from that of the metal.
08511
l
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confirmed by the fact that the reliability factor of the trigon
model is 0.06, while that of the monoclinic model is 0.0
The better fit of the monoclinic model than the trigon
model is particularly apparent in theEW parallel tocWhex orien-
tation. This is expected because the EXAFS measured in
orientation is more sensitive to the structural differences
tween the phases; the major effect of the reduction in sy
metry during the transition from PI or PM to AFI is a tilt o
the chex axis and a ‘‘rotation’’ of V0-V1 next-neighbor pairs,
all located along this axis. This orientation also achiev
good separation of scattering paths, since there is on
single V next-neighbor atom (V1 in Fig. 1! along thechex
axis. In fact, the main contribution to the scattered intens
at 2.2 Å in Fig. 3~a! is due to the V0-V1 single-scattering
path. The broad peaks in the spectra taken with the polar
tion vector EW of the x rays perpendicular to thechex axis
@Fig. 3~b!# contain a large number of paths and therefore

l

FIG. 3. FT magnitudes of the EXAFS spectra
(Al0.06V0.94)2O3 ~solid line! compared to calculated EXAFS using
monoclinic model~dotted lines! and a trigonal model~long-dashed

lines!, for two geometries:~a! EW parallel tocWhex, in which signifi-
cant differences between the models are expected. The monoc
model fits the data much better than the trigonal one in both the

(T5180 K) and AFI (T530 K) phases.~b! EW perpendicular to

cWhex. In this geometry many paths contribute and little difference
expected between the models, as observed. Dotted vertical
indicate theR range used in the fit. The positions of the peaks
not corrected by the scattering phase shifts (0.3–0.5 Å).
9-4
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TABLE I. Distancesr from the central ion V0 to nearby V ions~as labeled in Fig. 1! for various V compounds and Debye-Waller facto
s2 for the EXAFS fits presented in Fig. 3. The model for the interatomic distances in (Al0.06V0.94)2O3 uses hexagonal lattice vector
measured by XRD and relative atomic positions, assuming a trigonal~T! ~Ref. 26! or monoclinic~M! ~Ref. 23! lattice. ~For the monoclinic
lattice the distances to the V2 , V3, and V4 ions become nondegenerate and hence are identified separately in the table.! Distances for
V2O31Cr, specifically (Cr0.038V0.962)2O3, in the PI phase were measured by Dernier~Ref. 26!. Values for the AFI phase of pure V2O3 are
calculated from the monoclinic lattice vectors and atomic positions published by Dernier and Marezio~Ref. 23!. See text.

(Al0.06V0.94)2O3 V2O31Cr V2O3

Ion
~see Fig. 1! Model Experiment

T M PI AFI PI AFI
r @Å # r @Å # r @Å # s2 @Å2# r @Å # s2 @Å2# r @Å # r @Å #

V1 2.72 2.72 2.7660.03 0.00160.0006 2.7960.03 060.0006 2.75 2.74

~i! 2.86 2.9660.02 2.9160.02 2.86
V2 ~ii ! 2.91 2.87 2.9760.02 0.00160.0007 2.9360.02 0.00160.0009 2.92 2.88

~iii ! 3.00 3.1060.02 3.0560.02 2.99

~i! 3.43 3.4460.03 3.4260.04 3.44
V3 3.44 3.45

~ii ! 3.45 3.4660.03 3.4460.04 3.46

~i! 3.62 3.6960.02 0.00360.0009 3.7260.02 0.00660.001 3.63
V4 ~ii ! 3.69 3.71 3.7860.02 3.8160.02 3.70 3.73

~iii ! 3.72 3.7960.02 3.8260.02 3.74
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equally well to both models with a reliability factor of 0.02
Table I lists the distances from a central reference i

labeled V0 in Fig. 1, to nearby V ions for the various phas
of the V2O3 compounds. The values measured by EXA
for the PI and AFI phases are those obtained using the
shown in Fig. 3. The distances to the V3 and V4 nearest
neighbors were consistently determined from the fits to
spectra withEW parallelcWhex andEW perpendicularcWhex, while
the distances to V2 and V1 were taken from theEW'cWhex and
EW icWhex spectra alone, respectively, since both the V1 and V2
neighbors only contribute to one kind of spectrum sign
cantly. The relative atomic positions, which determine
splitting of the distances to V2 , V3, and V4 in the mono-
clinic phase, were taken from Ref. 23 and only the aver
distances of the shells taken into account in the fit were v
ied. For comparison, we include interatomic distances ca
lated for (Al0.06, V0.94)2O3 obtained using hexagonal lattic
vectors measured by XRD and relative atomic positions,
suming a trigonal26 and monoclinic lattice.23 Distances for
(Cr0.038V0.962)2O3 in the PI phase were measured
Dernier26 using XRD and those for the AFI phase of pu
V2O3 are calculated from the monoclinic lattice vectors a
atomic positions published by Dernier and Marezio.23 It is
evident that the interatomic distances measured by EXA
for the PI and AFI phases (Al0.06V0.94)2O3 are essentially the
same. In addition, these distances are in correspond
with, though consistently slightly larger than, those obtain
for the AFI phase of pure V2O3, confirming that all insulat-
ing phases have essentially the same local structure.

NEXAFS spectra of the O 1s edge in the same Al-dope
Al2O3 crystal are presented in Fig. 4~a! and 4~b!. Large
changes in the spectra are apparent as the sample is ro
from a geometry withEW parallel tocWhex (q50°) to one with
08511
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EW perpendicular tocWhex (q590°). It is evident that cooling
from the PI to the AFI phase has no significant effect on
spectra or their dependence on angle. These spectra and
angular dependence are similar to those of pure V2O3 in its
low-temperature AFI phase,9 but different from those of pure
V2O3 in its high-temperature PM phase, which has a mu
weaker angular dependence@Fig. 4~c!#.

DISCUSSION

The EXAFS and O edge soft x-ray absorption measu
ments presented here consistently show that the structur
least on a local scale, and the V-O hybridization in the PI a
AFI phases of (Al, V)2O3 are similar, but distinctly different
from the metallic phase. The most obvious difference
tween the metallic and insulating phases is the anisotrop
the O 1s x-ray absorption spectra, reflecting theV-3d–O-2p
hybridization. These findings suggest that the structu
change at the MI transition~long or short-range order! is
directly connected with the emergence of the insulating st
e.g., via changes of hybridization.

To estimate the effect of purely structural changes on
hybridization, we show in Fig. 5 partial~projected! O 2pz
and 2px,y densities of states~DOS! predicted by the elec-
tronic structure calculations. The V 3d partial DOS predic-
tions for the spin-degenerate cases~see Ref. 4! are in good
agreement with those of Mattheiss30 and Ezhovet al.11 The
V 3d and O 2p partial DOS presented in Fig. 5 are ve
similar for all phases, except for a slight decrease of the
2p bandwidth in the PI phase as compared to the PM ph
In particular, the experimentally observed optical band ga
not reproduced by the calculations and all phases are
dicted to be metallic. These discrepancies between exp
9-5
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ment and calculations are usually attributed to the fact
on-site electron-electron correlations are not fully taken i
account by the LDA. The calculations also predict that the
2p DOS of all phases is isotropic; i.e., the projected 2pz and
2px,y DOS are similar, implying that NEXAFS spectra of th

O 1s edge with the polarization vectorEW parallel or perpen-

FIG. 4. NEXAFS spectra of the O 1s edge of (Al0.06V0.94)2O3

as a function of angle betweenEW and thechex axis, showing large
but identical angular anisotropy for~a! the PI and~b! the AFI
phases. For comparison, this angular dependence almost van
for pure V2O3 in its metallic state~c! ~from Ref. 9, energy shifted to
facilitate comparison!. All spectra were normalized to the larg
maximum at about 532 eV.
08511
at
o

dicular to cWhex should also be alike. Experimentally, this
only observed for the metallic phase of V2O3, as shown in
Fig. 4~c!, but not for the insulating phases. However, t
calculations for (V0.962Cr0.038)2O3 @Fig. 5~b!# described
above did not include the local distortions observed by E
AFS in the PI phase and the calculations for monocli
V2O3 @Fig. 5~c!# artificially enforced a spin-degenerate sta
If the antiferromagnetic ground state of the monoclinic pha
is taken into account by using a spin-polarized calculat
@Fig. 5~d!#, the partial DOS displays various band shifts,
though the experimentally observed optical band gap is
not reproduced. In particular, the O 2pz partial DOS now
differs substantially from the 2px,y near 0.3 eV, 1.7 eV, and 4
eV and is, therefore, more compatible with the observed
isotropy of the O 1s spectra. In this context it should b
noted that according to neutron scattering measurements
tiferromagnetic short-range order persists in both the PI
PM phases, although the anisotropy of the O 1s spectra is
only observed in the PI and AFI phases.

To address the effect of electronic correlations on
electronic structure of V2O3, recently the LDA was com-
bined with theory DMFT and calculated and measured p
toemission and x-ray absorption spectra were compared
the basis of the calculated V 3d spectral weight.4 The
electron-electron interaction shifts thea1g andeg

p states with
respect to each other. This would cause an anisotropy in
oxygen 1s spectra, since thea1g and eg

p states hybridize
differently with the O 2pz and 2px,y states. According to the
LDA the V a1g hybridize primarily with the O 2pz orbital
along thechex axis, while theeg

p hybridize primarily with the
O 2px,y inplane orbitals. Therefore polarization-depende
excitations of O 1s core electrons into unoccupied O 2pz
and O 2px,y states, provide information on their hybridiza
tion with V a1g andeg

p states, respectively. Based on this w
concluded earlier9 that the observed anisotropy in the AF
phase of pure V2O3 results from an increase ina1g character
in the unoccupied DOS, causing a corresponding increas
weight of Opz hybridized states aboveeF . This interpreta-
tion is consistent with the conclusion of Parket al.,10 based
on measurements of the VL2,3 edges, that there is an in
crease ineg

p occupancy during the transition from the meta
lic to the insulating state in V2O3. On the other hand, the
relative shifts of thea1g andeg

p states predicted from LDA1
DMFT calculations are not sufficient to account for the o
served anisotropy of the O 1s spectra in the insulating state

Recently Shiinaet al.12 attributed the monoclinic lattice
distortion in the AFI phase to orbital ordering which wou
make the three originally equivalent magnetic bonds in
ab plane inequivalent and cause a monoclinic lattice dist
tion. Evidence for orbital fluctuations in the PI phase w
provided by neutron scattering measurements,7 which
showed that magnetic short-range order was limited
nearest-neighbor distances, resulting in a first-order tra
tion from the PI to the AFI phase. Given the results of R
12, orbital fluctuations in the PI phase could cause a dyna
monoclinic distortion. Assuming that the time scale for su
fluctuations is long compared to the time scale of the x-r
absorption process, EXAFS and soft x-ray absorption wo

hes
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measure an instantaneous structure and the PI phase w
appear monoclinic, while XRD, which measures on a mu
longer time scale, would see a trigonal lattice. In the A
phase the monoclinic distortion might become static

FIG. 5. Partial oxygen 2p densities of states predicted by th
density functional calculations described in the text for differe
crystal structures of (V12xCrx)2O3 with variousc/a ratios and sym-
metries:~a! the trigonal paramagnetic phase (x50), ~b! paramag-
netic insulating phase with a larger trigonal distortion correspo
ing to x50.038, ~c! the monoclinic paramagnetic phase of V2O3,
and ~d! the monoclinic antiferromagnetic phase. Solid~dashed!
lines indicate O 2pz (2px or 2py) states. For the magnetically o
dered phase~d! spin-up and spin-down states have been adde
facilitate comparison and the vertical scale has been expanded
08511
uld
h
I
l-

though, on a local scale, still the same as in the PI pha
This model would account for the fact that neither EXAF
nor soft x-ray absorption observe differences between the
and AFI phases, in contrast to XRD. The spectroscopic
sults are, however, also consistent with static short-range
bital order in the PI phase, which would, accordingly, be
orbital glass, with an disorder-order transition to the orde
AFI phase.

The local monoclinic distortion we have found i
(V0.94Al0.06)2O3 is reminiscent of the much smaller, but sig
nificant monoclinic distortion found in the metallic phase
pure V2O3.19 From the fact that this monoclinic distortion i
not detected in XRD measurements, Frenkelet al.19 set an
upper limit of 40 Å on the size of possible monoclinic d
mains and concluded that the MIT contains both an ord
disorder and a displacive component. The monoclinic dis
tion in the metallic phase was determined to be about 30%
that in the antiferromagnetically ordered insulating pha
From the above discussion it can be concluded that their
suggest that orbital fluctuations are also present in the me
lic phase of V2O3, although local distortions are less prom
nent than in the PI phase, possibly due to better screenin
the metallic phase.

CONCLUSION

The x-ray-absorption measurements presented here s
that both the PI and AFI insulating phases of V2O3 are dis-
tinguished from the PM phase by~i! the presence of local o
long-range distortion of the lattice~probably connected to
short- or long-range orbital order, respectively! and ~ii ! dif-
ferences in the V-3d–O-2p hybridization, accompanied by
corresponding band shifts. Both the distortion and the
bridization appear to be independent of the presence of a
ferromagnetic correlations, which are present in all phas7

The similarity of the PI and AFI phases, at least on a lo
scale, suggests a common route from their insulating beh
ior to the metallic behavior of the PM phase. Interactio
between orbital degrees of freedom, which lead to an or
ally ordered state in the AFI phase and orbital short-ran
order in the PI phase, appear to be an an important fin
print of the MIT. The characteristic differences betwe
V-3d–O-2p hybridization in the metallic and insulatin
phases suggest that those changes in hybridization play a
in the MIT. Such changes might be due to strong anharmo
contributions to the temperature-dependent phon
spectrum.
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