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The chromium-vanadium oxide system V1−xCrxO2 共0.1⬍ x ⬍ 0.2兲 displays both insulating character in the
rutile phase and room-temperature ferromagnetism. A combination of x-ray photoemission spectroscopy, resonant inelastic x-ray scattering, and resonant x-ray emission spectroscopy of the V L3,2, O K, and Cr L3,2 edges
was used to study the electronic structure near the Fermi level of V0.82Cr0.12O2. Our results show that the
chromium enters as Cr3+ with the d3 configuration, resulting in the formation of Cr3+-V5+ ion pairs, in contrast
to the simple Cr4+ substitution expected from the end members VO2 and CrO2. The occupied Cr 3d orbital is
located ⬃2 eV below the Fermi level. Comparison with the parent material VO2 reveals significant changes in
the O 2p bandwidth and increased O 2p-V 3d hybridization in V0.82Cr0.12O2, which are attributed to the
reduced atomic spacing upon doping. Two energy loss features due to d-dⴱ transitions are observed at 0.95 and
1.75 eV in the V L3-edge x-ray scattering spectra and are explained in terms of the splitting of the t2g-derived
 band.
DOI: 10.1103/PhysRevB.82.235103
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I. INTRODUCTION

There is a technological and fundamental interest in early
transition-metal oxides, where strong electron-correlation effects give to a variety of ground states 共structural, magnetic,
and electronic兲, resulting in rich physics and functionality.
Developments in the growth of new alloy compositions and
fabrication of nanoscale thin films over the last decade have
provided an opportunity to further tailor these properties, and
often result in the observation of new phenomena. One such
example is the chromium-doped vanadium-oxide system
V1−xCrxO2 共0.1⬍ x ⬍ 0.2兲 which displays both insulating
character in the rutile phase and room-temperature
ferromagnetism.1
In its bulk form, pure vanadium dioxide displays an
abrupt metal-insulator transition 共MIT兲 at ⬃340 K accompanied by a rutile 共D4h兲 P42 / mnm 共136兲 to monoclinic 共C2h兲
P21 / c 共12兲 or M 1 phase transition, along with the formation
of nanoscale strongly correlated metal nucleation sites upon
the onset of the MIT.2 The transition is understood to be
driven by the formation and tilting of V-V pairs along the c
axis upon going from the metallic rutile phase to the insulating monoclinic phase. In the near-octahedral symmetry of
the rutile phase, the V t2g orbitals are split into eg 共ⴱ兲 and
a1g 共d储兲 states, both of which 共crucially兲 overlap the Fermi
level. Structurally, the rutile to monoclinic transition corresponds to the dimerization of V-V pairs, which leads to a
splitting of the a1g band, and their tilting within the oxygen
octahedron, which pushes the eg band to higher energies and
deoccupies it.3 Whether the lattice 共Peierls兲 or electron correlation 共Mott-Hubbard兲 is responsible for driving the subsequent gap at the Fermi level has been hotly debated for many
years, but a general consensus has arisen among experiment
and theory that both pictures are important, i.e., a Mottassisted Peierls transition 共or vice versa兲,4,5 with structuraland electron-correlation aspects treated on equal footing. It is
possible to lower the transition temperature by suitably
1098-0121/2010/82共23兲/235103共8兲

straining the c axis6 or by chemical substitution of the V4+
ions 共e.g., electron doping with W, Mo, and Nb兲, indicating a
stabilization of the metallic phase 共contrary to the expectations from a purely Peierls perspective兲. Doping with small
concentrations 共up to 5%兲 of Cr4+ has a minor effect on
conductivity but gives rise to important structural
modifications.7,8 In particular, the formation of the insulating
C2 / m 共M 2兲 structure has attracted substantial interest, e.g.,
Ref. 9, in which only one-half of the V atoms dimerize along
the cR axis and the other one forms zigzag chains of equally
spaced atoms.7,8 The connection between dopants and structure was first shown for the Cr case by Pouget et al. who
applied uniaxial stress along the 关110兴R direction of pure
VO2 samples to obtain the M 2 phase.10 Recently, the substitution of W was found to induce a similar behavior, but with
a biaxial strain on both sublattices, with the local rutile environment around the W acting as nucleation sites to destabilize the insulating monoclinic phase and lower the transition temperature.11 The observed insulating and
ferromagnetic character of rutile-phase V1−xCrxO2 at higher
concentrations 共0.1ⱕ x ⱕ 0.2兲, that is persistent from 400 K
to at least below 100 K, has provided an opportunity to examine further the intimate relationship between structural
distortions and electronic structure in vanadium oxides.
Here, we build upon the earlier structural, magnetic, and
transport measurements of high-quality single crystals of
V0.82Cr0.12O2,1 by employing a combination of x-ray photoemission spectroscopy 共XPS兲, resonant inelastic x-ray scattering 共RIXS兲, and resonant x-ray emission spectroscopy
共RXES兲 at the V L3,2, O K, and Cr L3,2 edges to provide a
complete description of the electronic structure near the
Fermi level of V0.82Cr0.18O2 with direct comparison to its
parent material VO2.
Recent x-ray absorption spectroscopy 共XAS兲 studies at
the O K and V L3,2 edges of VO2 have provided new insight
into the MIT.4,5 Oxygen K XAS corresponds to electron transitions from the occupied O 1s level to unoccupied O 2p
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levels. Dipole selection rules 共⌬l ⫾ 1兲 govern the radiative
transition to or from the core level.12 Thus XAS measurements yield information on the O 2p partial density of states
共PDOS兲 above EF. 共The PDOS is the electronic density of
states, resolved into orbital angular momentum components兲.
In the case of VO2 it is possible to use O K-edge XAS to also
measure the unoccupied V 3d, t2g and eg states that are hybridized with the unoccupied O 2p states and study their
evolution across the MIT.5,13 However, strong atomic 共i.e.,
multiplet兲 effects exist in the V L3,2-edge 共3d-2p兲 XAS due
to the large overlap between the core and valence wave
functions.14 As a result, the V L3,2-edge XAS spectrum does
not reflect the unoccupied V 3d PDOS but can provide information regarding orbital switching across the MIT of bulk
VO2, as shown by Haverkort et al.4
In the work reported here, we study both the x-ray absorption process and the corresponding x-ray emission process
for each particular absorption edge. In the case of the
O K-edge XES we excite above the absorption threshold and
measure the fluorescent 2p → 1s transitions, i.e., the O 2p
occupied PDOS. In the same manner, exciting the V 共and Cr兲
L3-edge XES can also yield information regarding the
V共Cr兲 3d PDOS that can be directly compared with valenceband XPS measurements and calculations. Two additional
phenomena can be observed with resonant excitation. First,
if the system exhibits core-level shifts due to different
chemical bonding or site symmetry, holes can be resonantly
created on each core level and the PDOS associated with a
particular bond or chemical environment can be measured.
This variant is referred to as RXES. The second phenomenon
that can appear with resonant excitation are features in the
emission spectrum associated with excitations near EF; i.e.,
the incident photon, resonant with a core level, excites an
electron-hole pair around EF and scatters from the system
with an energy-loss characteristic energy of the valence excitation. This variant of XES is known as RIXS. RIXS loss
features follow the incident photon energy in contrast to
PDOS features seen in XES or RXES, which are at a fixed
photon energy corresponding to the transition into the core
hole. This makes the identification of PDOS and RIXS features in XES spectra straightforward.12 The RIXS cross section is described by the Kramers-Heisenberg equation and
both atomiclike 共i.e., crystal-field excitations兲 and bandlike
features can be observed depending on the intersite interactions in the intermediate state of the process. Braicovich et
al. recently employed V L3,2-edge RIXS to study d-dⴱ excitations in the insulating monoclinic phase of VO2. These
excitations are associated with the splitting of the 3d states
near EF into occupied d储 and unoccupied dⴱ储 and ⴱ bands.15
By combining the aforementioned techniques with traditional photoemission spectroscopy we were able to observe
significant changes in the O 2p bandwidth and increased
O 2p-V 3d hybridization upon doping, which we concluded
were linked to the formation of Cr3+-V5+ ion pairs and the
distortion of the rutile structure. Our results support the
original idea by Goodenough and Hong7 that the distortion
results in two distinguishable oxygen sites and the splitting
of the  band 共with the d储 band totally unoccupied兲 at these
Cr concentrations 共i.e., x ⬎ 7%兲. The observed low-energy
excitations in the V L3-edge RIXS are considered in terms of

t2g d-dⴱ transitions involving occupied ⴱ orbital and the
unoccupied ⴱ and dⴱ储 bands.
II. EXPERIMENT

High-quality thin films 共200 nm兲 of V0.82Cr0.18O2 were
prepared using the reactive bias target ion-beam deposition
and grown upon 共0001兲 sapphire substrates 共MTI Crystal兲
with the bR axis normal to the surface plane 共i.e., cR axis in
the surface plane兲. The Cr was found to be homogenously
distributed and further details regarding the growth technique
and crystalline quality of these films can be found
elsewhere.1,16 A 100-nm-thick undoped VO2 film was grown
on TiO2共011兲 as a reference sample.17
The majority of soft x-ray experiments were performed at
the undulator beamline X1B at the National Synchrotron
Light Source 共NSLS兲, Brookhaven National Laboratory.
Complementary RXES experiments were performed on reference VO2 samples at beamline 7.0.1 at the Advanced Light
Source, Lawrence Berkeley National Laboratory. Both beamlines are equipped with spherical grating monochromators
and Nordgren-type grazing-incidence spherical grating spectrometers with linear polarization in the horizontal plane. For
RIXS measurements, the beamline was set to energy resolutions of 700 meV for the V L3,2 and O K edges and 1.1 eV
for the Cr L3,2 edge, and the emission spectrometer was set
to a resolution of 370 meV for the O K edge and V L3,2
edges and 600 meV for the Cr L3,2 edge. The energy axes
were calibrated from Zn metal L3,2 emission lines 共V L3,2
and O K edges兲 and Cr metal L3,2 edges.18 XAS spectra were
recorded in total electron yield 共TEY兲 mode by measuring
the sample drain current and were normalized to the current
from a reference Au-coated mesh in the incident photon
beam. The energy resolution was set at 190 meV for the O K
and V L3,2 edges and 220 meV for the Cr L3,2 edge. The
energy scale of the XAS measurements was calibrated using
first- and second-order diffraction Ti L3,2 edge absorption
features of rutile TiO2.19 Additionally XAS in the partial
fluorescent yield 共PFY兲 mode were taken of the O K edge. In
this case, the XES spectrometer was employed and
the count rate over the V L3,2- and O K-edge energy region
共490–560 eV兲 was measured as a function of incident energy
with a beamline resolution of 400 meV. All XPS measurements were performed at X1B using a SCIENTA-100 hemispherical electron-energy analyzer; the O 1s and V 2p core
levels were measured with a beamline resolution of better
than 450 meV and an instrumental resolution of 400 meV.
For the valence-band 共VB兲 XPS, the beamline resolution was
better than 200 meV and an instrumental resolution of
160 meV.
Vanadium oxides are extremely sensitive to surface reduction, which can be problematic for surface-sensitive
electronic-structure probes such as photoemission, or TEY.
Changes in the surface oxidation states of vanadium oxides
can be determined from the binding energy of V 2p doublet
photolines; upon reduction there is a shift of the V 2p3/2 peak
toward lower binding energies.20,21 Alternatively, the multiplet structure of the metal L3,2 edges 共especially vanadium兲
are also sensitive to the charge state.22 For our reference
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FIG. 1. 共Color online兲 The O 1s and V 2p XPS of V0.82Cr0.12O2
共blue, upper兲 and VO2 共red, lower兲. The peak energies of the
V 2p3/2 associated with different charge states are also displayed.

material VO2共011兲, we were able to prepare atomically
clean, well-ordered 共2 ⫻ 1兲 reconstructed surfaces by
cycles of Ar+-ion bombardment 共500 V, 25 mA, 10 min兲
followed by annealing in an O2 partial pressure 共600 ° C,
2 ⫻ 10−6 torr, 30 min兲 cycles with base pressure typically
1 ⫻ 10−10 torr. Comparison of the V 2p XPS and TEY-mode
V L3,2-edge XAS revealed no change in charge state upon
cleaning. Unfortunately, the Cr0.18V0.82O2 surfaces were
more readily reduced in our experiments with a clear reduction to the V3+ charge state in both the V 2p XPS and TEYmode V L3,2-edge XAS 共not shown here兲. As a result, we
only present the results from degassed 共300 ° C for 30 min兲
Cr0.18V0.82O2 samples where the contamination layer was reduced sufficiently to perform XPS. No difference was noted
between as-loaded and degassed samples TEY-mode
V L3,2-edge XAS.
III. RESULTS

Figure 1 displays the XPS of the O 1s and V 2p regions
of V0.82Cr0.18O2 and VO2. As mentioned previously, care was
taken to reduce the contamination layer of Cr0.18V0.82O2 surfaces without affecting the charge state of the vanadium species. As a result, we were unable to prepare atomically clean
Cr0.18V0.82O2 surfaces, in contrast to VO2. This is evident
from the high binding-energy shoulder on the O 1s signal
共likely due to hydroxyl species兲 for Cr0.18V0.82O2, which is
absent for VO2. From comparison with the surface reduction
in V2O5共001兲 induced by Ar+-ion bombardment reported by
Silversmit et al.,20,21 the V 2p3/2 photolines of Cr0.18V0.82O2
correspond to a slightly higher oxidization state than V4+
共i.e., for VO2兲. This suggests that the Cr3+ ions rather than
Cr4+ are incorporated at least within the surface region. The

FIG. 2. 共Color online兲 The VB-XPS of V0.82Cr0.12O2 共blue兲 and
VO2 共red兲. The vertical lines reflect features of insulating VO2 reported by Koethe et al. 共Ref. 5兲.

shift of 300 meV between the Cr 2p core levels associated
with Cr3+ 共Cr2O3兲 and Cr4+ 共CrO2兲 would be difficult to
revolve with our energy resolution.23 Instead, we have employed bulk sensitive Cr L3,2-edge RIXS to determine the
charge state, discussed further below.
Figure 2 displays the room-temperature VB-XPS of the
two samples measured with incident photon energy of 250
eV. The reference VO2 is in the insulating phase at room
temperature. We note agreement between our spectra with
soft x-ray 共700 eV兲 VB-XPS of the insulating phase previously reported by Koethe et al.5 This is highlighted by vertical lines indicating the O 2p and V 3d peak energies. The
VB-XPS spectrum confirms the insulating character of
V0.82Cr0.18O2, in agreement with previous temperaturedependent resistivity measurements.1 The peak at ⬃0.9 eV
is attributed to localized V 3d bonding states for both materials. The additional peak at ⬃2 eV observed for
V0.82Cr0.18O2 is assigned as the occupied Cr 3d orbitals, by
comparison with CrO2.24 Along with the emergence of the
additional Cr 3d peak, there is a clear shift of the O 2p bonding states toward lower binding energies, compared to VO2.
Figure 3共a兲 displays the room-temperature V L3,2- and
O K-edge XAS for V0.82Cr0.18O2 in the TEY mode. Between
513 and 528 eV the V L-edge spectra exhibit a spin-orbit
split doublet for the 2p states. The absorption band
from 513 to 521 eV is derived from the V 2p3/2 → V 3d transition 共V L3兲 and the one from 521 to 528 eV from the
V 2p1/2 → V 3d transition 共V L2兲. Just above the V L2 edge
at ⬃528 eV, the spectrum in Fig. 3共a兲 displays the part of
the O K XAS spectral weight here originates from
O 2p states hybridized with crystal-field split V 3d states 共t2g
and eg兲. The XAS spectra are similar to insulating phase VO2
共V4+兲 共Ref. 4兲 and metallic phase V6O13 共mixed V4+ and
V5+兲.25
The V L3-edge resonant emission spectra associated with
the fluorescent decay of an occupied V 3d electron into the
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FIG. 3. 共Color online兲 共a兲 The V L3,2-edge and O K-edge XAS
of V0.82Cr0.12O2. The arrows 共a兲–共f兲 represent incident energies
used to excite the V L3-edge RIXS/RXES process. 共b兲 The corresponding V L3-edge RIXS/RXES spectra vertically offset. 共c兲 The
enlarged region of RIXS features near the elastic peak 共zero energy兲
plotted on a common energy-loss plot.

empty V 2p core hole following the excitation of V 2p3/2
electrons 关incident photon energies marked a–f in Fig. 3共a兲兴
are shown in Fig. 3共b兲. The RXES spectra provide an accurate reflection of the V 3d local PDOS 共LPDOS兲. The
V L3-peak RXES spectra reflect the V 3d LPDOS with two
emission peaks at ⬃508 and 513 eV. These peaks are fixed as
a function of incident energy 共a–f兲. The separation of peaks
agrees well with the separation of the O 2p-dominant and
V 3d-dominant peaks in the VB-XPS 共Fig. 2兲. In this manner
one can consider the peak at ⬃513 eV as associated with
states having almost purely V 3d character, and the broader
peak at ⬃508 eV reflecting the V 3d states strongly hybridized with the O 2p states, as observed for other
vanadates.25–27 This will be discussed further below.
RIXS measures low-energy excitations 共i.e., crystal-field
excitations兲. For the resonant excitations 共a–e兲, the core electrons are promoted into an intermediate 共but neutral兲 state
and decay either to the valence excited or ground state. In a
3d ion, the scattering path across the L3,2 edges is the dipole
ⴱ
allowed 2p63dn → 2p53dn+1 → 2p63dn , where n is the
ground-state occupation and ⴱ indicates an excited state. Figure 3共c兲 displays the V L3-edge RIXS/RXES spectra on an
energy-loss scale 共referenced to the incident photon energy兲.
Fixed energy-loss peaks at ⬃0.95 and ⬃1.75 eV are clearly
visible. These are similar 共albeit larger in energy兲 than the
d-dⴱ excitations observed for monoclinic-phase insulating
VO2 reported by Braicovich et al.15 For V L3,2-edge RIXS of
VO2, d-dⴱ transitions between the t2g-derived occupied d储
and the unoccupied ⴱ and dⴱ储 bands were observed, the center of which are 0.85 eV 共ⴱ兲 and 1.5 eV 共dⴱ储 兲. However, it
should be noted that despite the proximity in energy of our
excitations to those of Ref. 15 the different crystal-field split-
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FIG. 4. 共Color online兲 共Top兲 The O K-edge XAS V0.82Cr0.12O2.
The arrows 共g兲–共i兲 represent incident energies used to excite RXES
process. 共Bottom兲 The corresponding O K-edge RXES spectra, vertically offset.

ting of pure, monoclinic VO2, and the near-rutile structure of
the V0.82Cr0.18O2 共reported elsewhere Ref. 28兲 under consideration here preclude a similar origin for the loss features
observed for V0.82Cr0.18O2 and will be discussed in detail.
Room-temperature O K-edge 共a兲 XAS and 共b兲 RXES
spectra are shown in Fig. 4. In addition to the TEY-mode
XAS we also include the more bulk-sensitive PFY XAS,
which displays the same spectral shape for the TEY mode
and rules out possible surface effects. O K-edge XAS is a
powerful tool for investigating the unoccupied transition
metal 共TM兲 3d band due to the covalent mixing of the TM
3d-O 2p orbitals.29 The vanadium 共and chromium兲 3d states
are split by the octahedral crystal field into upper eg and
lower t2g levels. The empty V eg orbitals form an antibonding band and the t2g levels are located near the Fermi level.
As a result, the O K-edge XAS peaks 共g兲 and 共h兲 reflect the
unoccupied O 2p states hybridized with crystal-field split
V 3d, t2g and eg states 共and to a lesser extent the
corresponding Cr 3d states兲. Meanwhile, the broad continuum 540–550 eV reflects the O 2p-V共Cr兲4s , p hybridized
states. In the metallic phase of VO2, the partially filled d储 and
empty ⴱ bands derived from the t2g electrons overlap. Below the MIT 共in the monoclinic phase兲, the splitting of the dⴱ储
band and 0.5 eV energetic up-shift of the ⴱ can be directly
observed from the O K-edge XAS.5,13 The dⴱ储 peak can be
seen with E 储 cR polarization only, since mainly the O 2pz
orbitals 共with z along c兲 have sufficient hybridization with
the d储 state.5 The angular dependence of TEY XAS of
V0.82Cr0.18O2 revealed only a slight variation in the relative
intensities of the t2g- and eg-related peaks with grazing 共i.e.,
E parallel to the bR axis兲 and perpendicular 共i.e., E parallel to
the aR-cR plane incidence geometry兲.
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combined with the high efficiency of its Auger decay process. Nevertheless, we obtain greater agreement with our
previous studies of CuCrO2 共Cr3+兲,30 than for CrO2 共Cr4+兲.31
This is in keeping with the aforementioned V 2p XPS 共Fig.
1兲 and would suggest that the chromium enters as Cr3+ with
the d3 configuration, resulting in the formation of Cr3+-V5+
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FIG. 5. 共Color online兲 共Top兲 The Cr L3,2-edge XAS
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CuCrO2 共Ref. 30兲 and 共light gray lines兲 CrO2 共Ref. 31兲 are also
displayed for direct comparison.

Returning to the RXES data in Fig. 4, the excitation energy 共i兲 is well-above threshold and reflects the O 2p LPDOS. The spectral shape between photon energies 522–526
eV is in good agreement with the predominantly O 2p region
of the VB-XPS 共binding energies 8–4 eV兲 in Fig. 2. Furthermore, the weak shoulder at ⬃528 eV can associated with
O 2p hybridization with Cr 3d and V 3d states, from comparison with the VB-XPS and analogy with similar vanadium
oxides, e.g., V6O13.25 The spectral difference between the
RXES spectra 共g兲 and 共h兲 are then associated with the occupied LPDOS O 2p hybridized with t2g and eg states, respectively.
The Cr L3,2-edge RXES and corresponding XAS spectra
are displayed in Fig. 5共a兲, along with reference Cr L-edge
spectra 共with similar excitation energies兲 for CuCrO2 共Cr3+兲
共Ref. 30兲 and CrO2 共Cr4+兲.31 It is difficult to obtain
Cr L3,2-edge emission data with good signal-to-noise ratio in
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Our experimental results provide evidence for the formation of V5+-Cr3+ pairs, in contrast to the simple Cr4+ substitution expected from the end members VO2 and CrO2. Such
basic characterization may play an important role in understanding the insulating and ferromagnetic character of
V1−xCrxO2 共0.1ⱕ x ⱕ 0.2兲. A recent theoretical attempt to determine the electronic and magnetic properties of rutile
V1−xCrxO2 共0.1ⱕ x ⱕ 0.2兲 by Williams et al. calculated its
electronic structure using density-functional theory in the
generalized gradient approximation and with empirical onsite Coulomb correlations 共GGA+ U兲. Within these approximations they concluded a ferromagnetic half-metallic ground
state with a magnetic moment of 1 B per Cr ion substituted
based on the +4 charge state of both the V and Cr atoms.32
Clearly the experimentally observed mixed charge state of
the vanadium ions could affect these calculations. For instance, the Li insertion of LixV6O13 共0 ⱕ x ⱕ 6兲 results in
electronic transfer to the vanadium ions 共i.e., reducing the
vanadium兲 and modifying the valence-band region.33 We
have chosen to investigate the effect of the mixed valence
state by comparing our V L3 RXES spectrum of
V0.82Cr0.18O2 关in Fig. 3共b兲兴 with results from our reference
insulating-phase VO2. Figure 6共a兲 displays the comparison.
Apart from the intensity of the elastic peak, the greatest difference between the two spectra is the reduction in the pure
V 3d PDOS 共⬃513 eV兲 due to electronic transfer from the
vanadium sites following the incorporation of Cr. The observed trend in spectral weight between the peak of purely
V 3d character 共⬃513 eV兲 and that reflecting the V 3d
states strongly hybridized with the O 2p states 共⬃508 eV兲
between V0.82Cr0.18O2 and VO2 is in agreement with the
lithiation of LixV6O13 共0 ⱕ x ⱕ 6兲 with a similar change in

V 3d PDOS
Elastic peak
VO2

Cr0.18V0.82O2
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500
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520

525
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FIG. 6. 共Color online兲 The 共a兲 V L3- and 共b兲
O K-edge peak RXES spectra of V0.82Cr0.12O2
共blue兲 and VO2 共red兲.
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Rutile VO2
(110)

FIG. 7. 共Color online兲 共a兲 A schematic representation of the
rutile VO2 structure with the oxygen octahedron 共small, blue
spheres兲 around the edge and center vanadium ions 共large, red
spheres兲 shown, along with the 共110兲 plane 共shaded plane兲.

effective charge state.33 For LixV6O13, the spectral variation
was considered to reflect the reduction the degree of
V 3d-O 2p hybridization due to the decrease in the overlap
of the V 3d-O 2p orbitals associated with the structural distortion induced by the Li insertion.33 Likewise, one would
expect an accompanying change in the O K-edge RXE spectra. Figure 6共b兲 displays the comparison between the
O K-edge RXE spectra of V0.82Cr0.18O2 and VO2 excited on
the t2g state, i.e., excitation 共g兲 in Fig. 4. We see increased
O 2p bandwidth compared to VO2, also seen for the VBXPS in Fig. 2.
Most recently, Booth and Casey reported an extended
x-ray absorption spectroscopy fine-structure 共EXAFS兲 study
of pure and W-doped VO2 where they observed significant
expansion in the 关110兴R and 关1̄10兴R directions across the
phase transition from the insulating low-temperature phase to
the metallic high-temperature phase.11 Chromium doping is
known to result in a reduction in the spacing of the 共110兲
planes, which is linear with the Cr concentration up to at
least x = 0.20.28 The distortion of the rutile crystal is likely
responsible for the increased V 3d-O 2p overlap, which, in
turn, stabilizes the insulating phase. Following W doping
where the spacing of the 共110兲 planes are increased and the
MIT significantly lowered,28 one would expect an opposite
trend between the alloy and parent material to that in Fig. 6.
Although no RXES studies exist for V1−xWxO2 at the desired
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[x] Cr3+

ʌ
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Phase of VO2

concentrations 共i.e., 0.1ⱕ x ⱕ 0.2兲, V L3,2- and O K-edge
RXES data have been published for V1−xMoxO2
共x = 0.8, 0.18兲 which displays similar properties to W-doped
VO2.27 An opposite trend 共for both edges兲 is observed for the
Mo-doped compared to our Cr-doped case, i.e., reduced
V 3d-O 2p overlap is reported for the Mo-doped case.27
These results provide important insight into the role of the
V 3d-O 2p hybridization in contributing to the MIT mechanism of the parent material.
Figure 7 displays a schematic of the rutile structure with
the octahedral oxygen ions for certain edge and center vanadium ions, using VESTA software.34 As mentioned previously,
the substitution of chromium 共0.1⬍ x ⬍ 0.2兲 for vanadium
reduces the spacing of the 共110兲 planes.28 As a result, two
distinct oxygen sites emerge due to the difference in the distortion of the equatorial and apex oxygen ions around the
edge and center vanadium ions. The V-O distances shrink for
the apex and equatorial oxygen in the atoms around the center and edge vanadium ions, respectively. Likewise, the remaining V-O distances increase from their original separations. As a result, the oxygen sites along the 共11̄0兲 and 共110兲
planes differ. It should be noted that this distortion is similar
to the proposed M 4 P2 / m monoclinic phase proposed by
Goodenough and Hong for Cr-doping greater than 6%;7 corresponding to a weak distortion of the rutile structure, in
contrast with the strong dimerizing distortions of either the
M 1 or M 2 phase. Additional structural studies of V1−xCrxO2
are required and currently limit our discussion in terms increased V 3d-O 2p due to the aforementioned distorted rutile
structure.
Figure 8 displays a schematic representation of the energetic levels of the V 3d and O 2p states for Cr-doped VO2
above and below the MIT proposed by Goodenough
and Hong.7 In their two-band model for Cr-doped VO2
共0 ⬍ x ⬍ 0.2兲 the V 3d orbitals are first stabilized within the
orbitally nondegenerate d储 band at low Cr concentrations and
then stabilized within the twofold degenerate ⴱ band at
higher concentrations 共0.08⬍ x ⬍ 0.20兲. In the lowtemperature regime, the lattice distortion 共i.e., rutile to
monoclinic兲 concentrates the electrons within the most stable
band with an insulating phase formed by the splitting of the
band. Their model also considered the formation of Cr3+-V5+
pairs 共up to x = 0.20 after which the V5+Cr3+O2 phase should
segregate out兲 and how the ⴱ band is susceptible to changes

Low temperature
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Insulating phase
of V1-xCrxO2
(0.02    
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FIG. 8. 共Color online兲 A schematic representation of the molecular orbitals near the Fermi
level for rutile R 共P42 / mnm兲 and monoclinic M 1
共P21 / c兲, M 2 共C2 / m兲, and M 4 共P2 / m兲 phases of
VO2 and Cr-doped VO2 proposed by Goodenough and Hong 共Ref. 7兲.
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in the V-O separation 共i.e., cR / aR ratio兲. Figure 8 displays the
molecular-orbital description of the rutile R 共P42 / mnm兲 and
monoclinic M 1 共P21 / c兲, M 2 共C2 / m兲, and M 4 共P2 / m兲 phases
proposed by Goodenough and Hong.7 In the M 4 phase, we
have displayed the insulating character arising from the splitting of the ⴱ band. This is a possibility discussed by Goodenough and Hong and we consider the most likely scenario
considering the observed insulating character of our
V0.82Cr0.18O2 samples 共for T ⬍ 400 K兲. Our x-ray studies of
V0.82Cr0.18O2 have revealed evidence of Cr3+-V5+ ion pairs
and increased V 3d-O 2p hybridization 关likely associated
with reduced spacing of the 共110兲R planes兴,28 consistent with
the insulating M 4 phase of the two-band model. Referring to
the energy-loss features within the V L3,2-edge RIXS 共Fig. 3兲
it is unlikely that the same description for the M 1 phase
would be valid for our 18% doped case despite the similar
energies to insulating VO2. Instead, it is more likely that the
increased V 3d-O 2p hybridization is responsible for splitting the ⴱ band with the lack of V-V pairing along the cR
axis resulting in an empty dⴱ储 band, as shown in Fig. 8 for the
insulating M 4 phase.7 As a result, we consider the lowenergy excitations in the V L3-edge RIXS in Fig. 3 to be
related to t2g d-dⴱ transitions involving occupied ⴱ bands to
the unoccupied ⴱ and dⴱ储 bands as depicted in Fig. 8 for the
insulating M 4 phase.
V. CONCLUSION

We have employed a combination of soft x-ray spectroscopic techniques to investigate the electronic structure near
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