
VOLUME 82, NUMBER 23 P H Y S I C A L R E V I E W L E T T E R S 7 JUNE 1999

rmany

he
c

Orbital Occupancy Order in V2O3: Resonant X-Ray Scattering Results
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Resonant x-ray scattering experiments at the vanadiumK edge demonstrate the existence of orbital
ordering in V2O3. Bragg peaks due to the long-range order of3d orbitals occupancy are observed
when the photon energy is tuned to the threshold of the vanadium3d bands. The azimuthal
dependence of the resonant intensities confirms that the resonance arises from the ordering of t
vanadium orbital occupancy. The observed orbital structure accounts for the complex magneti
structure of V2O3. The measured magnetic and orbital responses have the same critical temperatureTN .
[S0031-9007(99)09287-X]

PACS numbers: 78.70.Ck, 71.30.+h, 75.50.Ee
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Twenty years ago, Castellaniet al. [1] proposed that
long-range order in the occupancy of the vanadium3d or-
bitals was responsible for the complex magnetic propert
of V2O3. Upon doping with Cr and/or under the appli
cation of hydrostatic pressure [2,3] V2O3 exhibits both
insulating and metallic phases with peculiar magnetic co
relations [4–6]. It was suggested [1] that the spatial o
dering of the occupancy of degenerate electronic orbit
accounts for the anisotropic exchange integrals found in
antiferromagnetic insulator phase (AFI) [5]. Furthermor
fluctuations in the orbital occupancy have been invoked
explain the evolution of the magnetic correlations in var
ous phases of the V2O3 system [6]. It appears that orbita
occupancy plays a central role in the physics of V2O3, but
no direct proof for orbital order could be produced exper
mentally since the original proposal in the late 1970s.

In this Letter we present resonant x-ray scatterin
(RXS) experiments at theK edge of vanadium that
demonstrate unambiguously the existence of orbital ord
in V2O3 and provide information on the type of ordering
RXS is sensitive to the occupancy of electronic orbita
because it probes the symmetry of vacant electron
states through resonant multipole electric transitions; t
variation of the orbital resonant scattering cross secti
with the direction of the incident polarization (azimutha
angleF) reflects the spatial symmetry of ordered orbital
Furthermore, RXS may be tuned to probe selectively t
electronic shells where orbital order takes place. In t
case of V2O3, theoretical calculations [7] have shown
that the resonance at the vanadiumK edge provides
observable cross sections arising from the order of the3d
vanadium states.

RXS experiments were performed at the ID20 ma
netic scattering undulator beam line at the European S
chrotron Radiation Facility [8]. A double crystal, Si(111)
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monochromator located between two focusing mirrors d
fined a narrow energy band around the vanadiumK edge
(FHWM 0.8 eV) with a high degree of linears polariza-
tion. The x-ray beam was diffracted by the sample on
a pyrolitic graphite crystal analyzer [(004) reflection] t
separate thes and p components of the scattered radia
tion. The sample was mounted with beeswax in a clos
cycle refrigerator which could be rotated about the sca
tering vector to perform azimuthal scans.

In V2O3, the transition from paramagnetic and trigo
nal (space groupR3̄c) phase to antiferromagnetic and
monoclinic (space groupI2ya) symmetry is strongly first
order and destructive [2,3]. In order to mitigate the co
sequences of the lattice parameter changes at the ph
transition we selected a Cr-doped sample. Another eff
of Cr doping is to increaseTN from 150 K in stoichio-
metric V2O3 to ,181 K in our samples. Single crystals
of sV12xCrxd2O3 with different Cr doping were grown at
Purdue University using a skull melting technique [9
The stoichiometry of the crystals used in this study w
determined to bex  2.8% by electron probe microanaly-
sis. The sample shape [cleavage plane perpendicula
(11.0) hexagonal axis] and sizes1.0 3 0.8 3 0.050 mm3d
was optimized to ensure that a single monoclinic tw
of the AFI phase was present in the sample. The m
saic spread in the disordered and ordered phases
0.011(3)± and 0.052(4)±, respectively. Below the phase
transition, we refined the monoclinic lattice paramete
to bea  7.276s2d Å, b  5.003s5d Å, c  5.539s2d Å,
andb  96.83s5d± at T  100 K, in excellent agreement
with published values [3]. In the following, we will adopt
the monoclinic Miller indices. Because of theI center-
ing, the allowed crystal structure Bragg peaks obey t
extinction rule (A):h 1 k 1 l  even. This centering is
lost belowTN [4]; the vanadium sites form ferromagnetic
© 1999 The American Physical Society 4719
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s0, 1, 0d planes [4] with a1.2mB magnetic moment tilted
away from the trigonal axis by 71± [4,10]. The re-
sulting magnetic structure (Fig. 1) is such that magne
Bragg peakssh, k, ld satisfy a different extinction rule (B):
k 2 l  odd andh  even.

Below TN  181 K, we have observed two different
sets of Bragg reflections, with resolution-limitedQ width,
that are forbidden according to extinction rule (A). Th
first set of reflections satisfies the extinction rule (B
These Bragg peaks are magnetic in origin as confirmed
polarization analysis. The variation of the intensity of on
of these magnetic Bragg peaks with photon energy is d
played in Fig. 2 (central panel). Two resonances can
observed at energies around theK edge (5.476 keV as de-
duced from the fluorescence signal; Fig. 2, top panel) wi
two distinct polarization dependences on top of a nonres
nant signal. The broad high-energy resonance (betwe
5.47 and 5.49 keV) appears only in the rotateds-p chan-
nel for all observed magnetic reflections. Therefore, w
assign this resonance to the dipolar transitions [11] fro
the 1s core level to the4p bands. The secondmagnetic
resonance that occurs at the prepeak energy in the fl
rescence curve contributes to both polarization channe
consequently, it contains contributions from quadrupol
transitions to the strongly spin-polarized3d states. In
the nonresonant regime, the polarization analysis of t
observed magnetic scattering intensities has provided
determination of the contribution from the orbital momen
tum kLl to the total magnetizationkLl 1 2kSl [12,13].
We have foundkLly2kSl ø 20.3 [10]. Combining this

FIG. 1. Antiferromagnetic (left-hand-side diagrams) and o
bital (right-hand-side diagrams) structures of V2O3. In phase
V atoms are located in shaded planes. The arrows show
magnetic moments direction, whereas the1/2 signs denote
the occupation of even/odd combinations of V3d orbitals.
The upper figures show the arrangements in theI2ya mono-
clinic unit cell. The lower figures describe the same arrang
ments of a cluster of eight V atoms with a bound V-V pai
along the hexagonalc axis.
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result with the value1.2mB for the ordered moment [4,10]
leads to2kSl ø 1.7 and kLl ø 20.5 in the AFI phase.
The large value obtained for the averaged spin mome
is compatible with aS  1 spin state for the3d2 con-
figuration of V21 [14]. It should be noted that the sam
absolute value with the opposite sign for orbital contribu
tion to the Van Vleck susceptibility has been measured
the paramagnetic phase [15].

The second set of reflections can be observed o
at the low-energy resonance (5.464 keV) over a narro
energy window of 1.6 eV at differentQ vectors. The
new reflections satisfy the extinction rulek 2 l  even
and h  odd. Scattered intensities are observed ins-s

FIG. 2. Energy dependence of the (221) magnetic reflecti
(middle panel) and the (111) orbital peak (bottom panel)
T  100 K. The two polarization channelss-s and s-p
are shown. The absorption coefficient (top panel) has be
obtained from fluorescence data. The inset shows details of
spectrum near the3d threshold.



VOLUME 82, NUMBER 23 P H Y S I C A L R E V I E W L E T T E R S 7 JUNE 1999

].
e of

me

an
in

0]
n-
ti-
e
-

as
S

he

n
in
h

-

a-

the
n-

ies

rgy

he

nd
-
i-

ly
r-

d
he

ts
he
and s-p polarization channels (Fig. 2, lower panel) an
are consistent with structure factors based on vanadi
sites in phase in thes1, 0, 0d plane. For this reason we
characterize these peaks by the propagation vectorQO 
s1, 0, 0d. We associate these extra Bragg peaks with t
long-range order of orbital occupancy in V2O3 for the
following reasons: (i) The observed propagation wav
vector is one of the solutions suggested by Castellani
to account for the complex magnetic structure of V2O3;
(ii) the energy dependence points to thed orbital ordering
of vanadium orbitals only as the origin of the scatterin
and (iii) the azimuthal dependence (Fig. 3) of the resona
intensity is reminiscent of the predictions for the orbita
peaks by Fabrizioet al. [7].

Let us discuss briefly the energy line shape and the a
muthal dependence of orbital resonant diffraction pea
at QO . The resonance of the orbital intensities is ve
sharp (1.6 eV FWHM); after deconvolution with the in
strument energy resolution, we can extract a broaden
G  1.4 eV due to the3d band and core-hole lifetime, in
agreement with published values [16]. It is worth notin
the following two points: (i) The resonance takes place
the sharp3d threshold, indicating that the resonance aris
from d orbital occupation [17]; and (ii) no signal is ob-
served away from the resonance, suggesting that cha
displacements induced by the orbital order are vanishing
small. The dependence of thes1, 1, 1d orbital peak on the
azimuthal angleF gives further evidence for orbital order
as shown in Fig. 3. The two intensities, in thes-s ands-
p polarization channels, have different periodicities inF,
which is to be contrasted with what is expected for ma

FIG. 3. Polarized integrated intensity of the (111) orbita
reflection measured at different azimuthal angleF of rotation
of the [111] plane about the (111) direction for a photon ener
of 5.464 keV. The shaded areas indicate zones that were b
due to the sample mount. Lines are guides for the eyes.
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netic peaks. The intensity of thes-p channel presents two
well defined maxima, while thes-s intensity shows four
extrema. The overall observedF dependence is similar
to the theoretical calculations for orbital order peaks [7
Finally, we have measured the temperature dependenc
the magnetic and orbital response in our Cr-doped V2O3
sample. Both responses take finite values below the sa
ordering temperature defined asTN  181 K from suscep-
tibility measurements. This simultaneity demonstrates
intimate coupling between orbital and magnetic order
the insulating phase of V2O3.

The observed intensities of the new Bragg peaks atQO

shows that the plane waves for the orbital order are [10
monoclinic planes. (Note that the magnetic structure co
sists of ferromagnetic [010] planes that are coupled an
ferromagnetically.) The resulting orbital order structur
is shown in Fig. 1. It consists of alternating orbital occu
pancy for pairs along thec axis of the hexagonal structure
while the arrangement in the basal plane is the same
the magnetic order; this is the model labeled as RO(2)-R
in Castellani’s paper [1]. The energy dependence of t
observed resonant peaks atQO yields a clue about their
origin: Only the states near the3d threshold energy con-
tribute to the scattering. It would be tempting to assig
the resonance to quadrupolar transitions. However,
V2O3 the vanadium sites lack inversion symmetry, whic
allows hybridization of vanadium4p and3d states; there-
fore, dipole transitions from the1s level are sensitive to
the orbital occupancy of3d states. Since at this period
icity QO no signal is observed at the4p threshold energy
(above theK edge), we infer that the vanadium4p levels
occupancy is not ordered according toQO ; because these
levels are sensitive to local distortions through hybridiz
tion with the neighboring oxygen2p electrons, we also
conclude that the charge displacements accompanying
orbital ordering are extremely small. The absence of no
resonant signal confirms this conclusion. Parallel stud
on manganite materials [18,19] have shown that thenon-
magneticresonant scattering extends over a broad ene
range at the4p threshold of the MnK edge, indicating
possible contributions from charge displacements to t
scattering. In V2O3, the two V electrons in the3d2 con-
figuration occupy thet2g orbitals which, due to the trigo-
nal crystal field, split into a singleta1g and an orbital
doubletep

g [7,14]. Thea1g orbital points toward the near-
est neighbor V site and forms a strong covalent bo
along the hexagonalc axis. There remains some contro
versy about the nature of the empty orbital state: It is e
ther a pureep

g state [1,7,19] or an admixtureep
g -a1g [14].

Our interpretation is based on the assumption that on
one V d electron is accommodated in a double degene
ate orbital state with somep character. The orbital order
parameter is given by the difference in occupation of od
and even combinations of these degenerate orbitals. T
p-d hybridization and the larger dipole matrix elemen
are such that the dipole transitions account for most of t
4721
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total resonant scattering amplitude due to orbital orderin
in V2O3 [7]. It should be noted that the orbital dipole
scattering operator takes a more complicated form th
the equivalent one for magnetic scattering, which, in pa
ticular, excludess-s scattering. Indeed, we have found
resonantorbital scattering in both polarization channels
Furthermore, the azimuthal dependence (Fig. 3), whi
reflects the local symmetry and bonding configuratio
is consistent with the predictions based on dipole tra
sitions only [7]. We have obtained estimates for the o
bital scattering amplitude by scaling orbital intensities t
nonresonant magnetic intensities [10]. Using thekSl and
kLl values above, the calculated nonresonant magne
scattering amplitude (1.3 3 1023r0 per vanadium atom)
leads to a resonantorbital scattering amplitude around
s1 2d 3 1022r0 per vanadium atom, much weaker tha
the predicted value for the most favorable case [7].
should be noted that themagnetic resonant amplitudes
are of the same order of magnitude (2.2 3 1022r0 and
1.7 3 1022r0 for the dipolar resonance amplitude and th
low-energy resonant amplitude, respectively). Themag-
netic resonances also point top-d hybridization of the
3d orbitals. The broad magnetic resonance (10 eV wid
which is consistent with the width of4p bands) above the
edge appears only in thes-p channel as expected for a
dipole resonance to the4p orbitals that are weakly spin
polarized. However, at themagneticresonance below the
K edge, which usually is attributed to quadrupole tran
sitions to pure3d orbitals, the resonant intensity is pre
dominantly in thes-p channel, giving lesss-s scatter-
ing than anticipated for quadrupolar transitions. Probab
this resonance involves also virtual dipolar transitions.

In conclusion, we have observed the long-range orde
ing of the3d orbitals occupancy in antiferromagnetic in
sulating V2O3 and confirmed the validity of the one of the
proposed orbital structures [1]. Long after the first pre
diction was made, our results demonstrate that the orb
degrees of freedom are essential ingredients to the phys
of V2O3. We have also confirmed that the x-ray reso
nant scattering associated with the orbital order contai
dipolar contributions due to the partialp character of the
degenerate orbitals. These results offer an example of
intricate interplay between orbital degeneracy and ma
netism [20,21] as well as an illustration of an experiment
tool to study orbital order. Further work on the theoret
cal and the experimental fronts is needed to include t
full symmetry of the vanadium degenerate orbital state
such studies would be needed to extract an estimate of
orbital order parameter.
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