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The metal-insulator transition in V,0Oj5 thin films has been studied by resonant inelastic x-ray scattering
(RIXS) at the V L3 edge. Features belonging to d-d excitations, charge transfer between O 2p and V 3d states,
and normal x-ray emissionlike decay indicate that intraband, interband, and intersite transitions are involved. In
particular, our findings are compatible with a more pronounced density of unoccupied nondegenerate a;, states
in the paramagnetic insulator (PI) phase compared to the paramagnetic metal (PM) or antiferromagnetic
insulator (AFI) phases. The O 2p to V 3d charge transfer is reduced in the PI phase compared to both the PM
and AFI phases. The RIXS spectra also provide an estimate of the crystal-field splitting for V,0;.
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I. INTRODUCTION

Though the metal-insulator transition (MIT) observed in
V,05 is often presented as archetypal of a Mott-Hubbard
transition, it is now recognized that such a model does not
fully cope with the complexity of its electronic structure.
Details of its phase diagram, originally presented by
McWhan et al.,! are discussed in many recent papers (see,
for example, Refs. 2-5 and references therein).

Described in general terms, V,05 is a paramagnetic metal
(PM) above =155 K. There is an isostructural transition to
a paramagnetic insulator (PI) phase as the V d-band width is
reduced on expanding the lattice by substituting =2% Cr
for V. Below =155 K, there is a further phase transition to
an antiferromagnetic insulator (AFI), this time accompanied
by a change from the rhombohedral (corundum) to a mono-
clinic structure whether starting from the PI or PM. Doping
with Ti shrinks the lattice and increases the d-band width. At
5% Ti or more, the PM phase subsists even at low tempera-
tures. In fact, spectroscopic and structural studies indicate
that such a description is too simplistic. For a start, the rhom-
bohedral structure is subject to a small trigonal distortion so
that each vanadium atom is surrounded by six oxygen atoms
but the 7,, orbitals are further split into nondegenerate a,
and doubly degenerate eg states. The monoclinic crystal
structure has a complicated spin structure with antiferromag-
netic stacking of ferromagnetic planes. Again, the 7,, orbitals
are thought to split into nondegenerate eZ,T and a,, compo-
nents. The a,, orbitals point along the ¢ axis in the rhombo-
hedral phase, but the e, orbitals are tilted out of the ab plane.
Moreover, in the monoclinic phase, the orbitals belonging to
the V-V pairs are also slightly tilted relative to the ¢ axis. It
follows that hybridization between V 3d and O 2p orbitals
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may change significantly across the phase transitions and the
single Hubbard band model may not hold. Thus, it is often
postulated that the MIT mechanism may be intermediate be-
tween the Mott-Hubbard and charge-transfer (CT) models
(see Ref. 2, for instance).

It is worth noting that electronic structure calculations un-
derline the bandlike nature of the electronic structure of
V,0j5 but spectroscopies such as core-level x-ray photoelec-
tron spectroscopy (XPS), x-ray absorption spectroscopy
(XAS), and resonant inelastic x-ray scattering (RIXS) pro-
duce a more atomic-orbital picture by introducing Coulomb
interactions between the core-hole and valence electrons.

In this paper, we report on RIXS experiments performed
on V,0; thin films at the V L; edge to look for excitations
between d orbitals as well as CT excitations involving
V 3d-O 2p hybridization. We will see that in the case of
RIXS, which is a second order optical process governed by
the Kramers-Heisenberg relation,® both atomiclike and band-
like features are observed depending on the intersite interac-
tions in the intermediate state of the process. The overlap of
the two types of information has been extensively discussed
previously by Idé and Kotani’ and observed in La,Sr,_, TiO5
(Refs. 8 and 9) and in V40,5 (Ref. 10), and very recently in
VO, (Ref. 11).

V,0; films were grown by epitaxy on single crystal sap-
phire to mimic the properties of doped V,05 at various po-
sitions in the phase diagram (see Fig. 1). An advantage of
films over single crystals is that the transition from the co-
rundum to the monoclinic structure is not destructive so mea-
surements can be repeated after a return to room temperature.

The sample preparation and experimental setup are de-
scribed in Sec. II. We present the results in Sec. III, they are
discussed in Sec. IV, and conclusions are drawn in Sec. V.

©2008 The American Physical Society
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FIG. 1. (Color online) Thin film V,05 samples 1 (PM), 2 (PI),
and 3 (PM) at room temperature (open circles) and 83 K (filled
dots) situated on a schematic representation of the temperature ver-
sus doping diagram for (V,_M,),03. M is Cr or Ti.

II. EXPERIMENT

The V,0; films were deposited at normal incidence onto
polished single crystal sapphire substrates using reactive dc
magnetron sputtering from a V metal target with 99.8% pu-

rity in an Ar-O, gas atmosphere. The substrates were (1120)
or (0001) oriented with a miscut below 0.2°. The substrates
were preheated for 1 h at 600 °C prior to deposition at this
temperature. All the films were 50 nm thick. The two sub-
strate orientations make it possible to vary the properties of
the samples and schematically assign them positions in the
phase diagram shown in Fig. 1. Extensive characterization of
the samples was carried out and details will be found in Refs.
12-14. X-ray diffraction pole-figure measurements reveal
complete epitaxy to the substrate, without the formation of
structural domains.

Specular x-ray reflectivity (Cu Ka) was used to measure
thickness and roughness. Bragg reflection #-26 x-ray scans

show that the lattice parameter for the film on the (1120)
substrate (sample 1) is similar to that of the bulk material.
Resistivity measurements show a clear first-order transition
with a reversible PM-AFI transition at nearly the same tem-
perature as in the bulk material. The antiferromagnetic order
in the insulating phase is reflected in the observation of mag-
netic exchange anisotropy in thin ferromagnetic overlayers
(Fe, Co, and Nij).!3

Sample 2 grown on the (0001)-oriented substrate under
the same experimental conditions as sample 1 is subjected to
considerable lateral strain and is in the PI phase at 300 K.
This is in agreement with the sensitivity of the different
oxide phases to external or chemical pressure reported in
Ref. 1. Its resistance is 2 orders of magnitude higher than
that of sample 1 and increases with decreasing temperature,
with a steep rise across the PI to AFI transition. Film growth
on the (0001) surface of sapphire at a somewhat higher par-
tial pressure of oxygen (sample 3) reduces the strain and
induces the PM phase at 300 K. The resistance is the same as
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that of sample 1 and shows a similar decrease toward low
temperature, but has no well defined transition to an AFI
phase. Below =150 K, electrical conduction becomes ther-
mally activated, more in line with a semiconducting behavior
with low activation energy. At 83 K (our low temperature
working value), the resistance ratio, referred to the room
temperature value Rjg g, 18 R/R3g x = 2. This compares to
R/Ryy, x=~10° at 83 K for both samples 1 and 2. Scanning
tunneling and atomic force microscopy measurements shed
light on the origin of the differences in the properties of the

V,0; films if deposited on (1120) or (0001) sapphire. For

(1120) orientation, self-organized growth leads to facets ori-
ented perpendicular to the ¢ axis which is in the film plane
(sample 1). This reduces the anisotropic misfit to the sub-
strate and leads to films free of strain. The overall root-mean-
square (rms) roughness is =1 nm. In contrast, the (0001)
surface is very flat, with rms comparable to that of the sub-
strate (<0.14 nm) and without a preferred orientation in its
morphology (samples 2 and 3).

The experiments were performed using a soft x-ray grat-
ing spectrometer!’ installed on the U41-PGM beamline at
BESSY II (Berlin). The beam focus had a Gaussian shape
with a 13 um full-width at half-maximum in the vertical
plane for a monochromator exit slit set to 40 um. The
Petersen-type monochromator was set to a resolving power
of approximately 2000.'6

A high-precision liquid-nitrogen-cooled xyz-6# manipula-
tor positioned the samples to intercept the beam at the focal
point. The spectrometer’s optical axis was also set to inter-
cept the best focus at the sample position, switching from
one sample to the next was done by moving the sample
holder vertically (z) only. All spectra were recorded 90° to
the beam direction with a horizontal acceptance of =4°. In
this geometry, elastic scattering was minimized because the
polarization vector of the linearly polarized incident photons
was in the scattering plane. The samples were placed at
~25° grazing angle relative to the beam. Thus, excitations
involving orbitals in the c-axis direction should be empha-
sized over the roughly in-plane e;,T states for samples depos-
ited on (0001) sapphire, while the g orbitals would be em-

phasized for sample 1 on (1120). We will see that this helps
to interpret our data when room temperature measurements
on samples 1 and 3 are compared. The film thickness of
50 nm is comparable to the attenuation length of the incident
radiation in the sample above the V L, 3 edge.!” Thus, the
x-ray emission signal relates reliably to the resistance mea-
surements. Because of the limited thickness of the samples,
the O K emission from the sapphire substrate will contribute,
though weakly because of self-absorption, to the RIXS oxy-
gen signal. RIXS measurements were performed at =300 K
and 83 K.

The soft x-ray grating spectrometer was operated in a slit-
less mode. This meant that the beam spot size limited the
resolution to =0.7 eV. A slitless operation has the advantage
that the spectrometer acceptance angle is optimized. Thus,
satisfactory statistics were obtained with short accumulation
times. In practice, all the RIXS data shown in the figures
were the sum of two 10 min acquisition times at storage ring
currents ranging from 250 to 125 mA. Thus, it was possible
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FIG. 2. V L, 3 and O K XAS obtained by TFY for V,05: Sample

1, PM on (1120) sapphire; sample 2, PI; and sample 3, PM on
(0001) sapphire. The TEY spectrum for sample 1 is also shown.

to collect about 30 pairs of spectra covering a range of exci-
tation energies, at two temperatures within a 12 h period.
This was important because the beamline is shared and op-
erates in alternate-user 12 h shifts. It meant that reliable
comparisons could be made without the need for elaborate
recalibrations after each change of user.

The spectrometer operates in a flat-field mode with the
detector set perpendicularly to the direction of the collected
photons. We used a 25 mm diameter microchannel plate
(MCP) to record XAS in the total fluorescence yield (TFY)
mode with the spectrometer set at zero order. It was also used
to record x-ray emission spectra (XES) over a broad energy
range. In these measurements, the MCP’s spatial resolution
of =80 wm limits the observable energy resolution. The
RIXS data were recorded over a more limited energy range
with a charge coupled device with 13X 13 um? pixels. Here,
the size of the beamline focus is the limiting factor. Except
where otherwise stated all spectra are presented normalized
to the same accumulation time and average storage ring
beam current. The values of the incident photon energies
were taken as given by the U41-PGM monochromator; they
differ by =+1.3 eV compared to the energy scale reported
by Park et al. for their XAS (V,_,Cr,),0; data.'® The spec-
trometer was calibrated against the U41-PGM values by ob-
serving elastically scattered peaks. The monochromator uses
the N 1s— 7 resonance in N, as a reference point for the
energy scale.

III. RESULTS

A. X-ray absorption spectroscopy and overview of x-ray
emission spectra

The room temperature XAS spectra are presented in
Fig. 2. The incident photon energy resolution (=0.25 eV)
was the same as that used in the RIXS experiments. TEY
measurements at other temperatures have already been re-
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FIG. 3. Extended energy range with limited resolution showing
V 2p and O 1s XES in V,05 (sample 3) to include valence band
region and the V 3s-2p core lines. The V 3s-2py, line is attenuated
by Coster-Kronig transitions except at the 2p,,-3d resonance. Let-
ters refer to points on the XAS curves (Fig. 2).

ported for similar samples'? and therefore were not repeated
here. The quality of the TFY data was limited by the low
counting rate through the spectrometer but the spectra show
the main features of the more surface-sensitive TEY method.
The room temperature thin film TEY spectrum is in good
agreement with its analog recorded by Park et al'® for a
single crystal. The TFY signal shows a slightly sharper step
at 515.2 eV in the PI (sample 2) compared to the two PM
samples in qualitative agreement with the observation by
Park et al. The differences between the TFY and TEY mea-
surements are largely attributable to self-absorption.

The main features of interest are identified by lower-case
letters in Fig. 2. Features a, b, and ¢ in the V L; part of the
spectrum at 513.8, 515.2, and 517.6 eV, respectively, are
those we concentrate on in this paper. Similar features
roughly 7—8 eV higher in energy are also observed at the V
L, part of the spectrum.

In Fig. 3, we present an overall view of the V 3d-2p and
O 2p-1s x-ray emission spectra and include the V 3s-2p
emission lines taken with the MCP. Four curves are plotted
for incident photon energies (E;,) tuned to f, g, i, and [ on the
XAS curves (V L, peak, onset of O K edge, O K absorption
peak, and well above O K threshold, respectively). It is in-
structive to note that the V 35-2p,,, emission line is almost
completely suppressed by the L,—L;M,s Coster-Kronig
transition except when Ej, is tuned to the L, absorption
maximum. Thus, the V 3d-2p,, fluorescence emission,
weakened by the Coster-Kronig transition, contributes very
little to the intensity of the low energy tail of the O K emis-
sion band. On the other hand, there is some overlap between
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the L, and L; features because V 34-O 2p hybridization
gives rise to a band separated in energy from the main V 3d
band by about the same value as the spin-orbit splitting. This
explains why we concentrate on measurements at the V Lj
edge.

The x-ray fluorescence regime, also known as normal
x-ray emission (NXE), occurs when Ej, is set well above the
V L, ;5 or O K thresholds. The NXE peak observed at 514 eV
corresponds to the V 3d-2p;,, transition. Setting aside elec-
tron correlations and many-body effects, it may be compared
to the peak observed close to the Fermi energy (Er) by XPS
(Ref. 5) and to the electronic structure calculations using the
density functional theory within the local density approxima-
tion (LDA) by Mattheiss®® which situate the 3d-projected
occupied density of states within 1 eV of Ep. The 507 eV
emission band corresponds to mainly O 2p states hybridized
with V 3d states. Its equivalent in XPS is a broad band at a
binding energy of =6 eV. The LDA calculation also situates
the O 2p band =6 eV below Ep.

B. Resonant inelastic x-ray scattering: Paramagnetic phases

Figure 4 shows a data set for sample 1 in the PM phase at
various incident photon energies up to the V L, absorption
maximum and across the O K edge. Both are plotted as a
function of emitted photon energy. Room temperature RIXS
has been reported by Schmitt et al.?! for a single crystal of
V,0;. It appears that at room temperature, at least, our thin
film samples are closely similar to the crystalline material.
We note, at first glance, that all the spectra show peaks at 507
and 514 eV as though structure at these emitted photon en-
ergies were independent of the excitation energy and consis-
tent with NXE. As we will see, this does not necessarily rule
out the presence of RIXS features at those energies. Figure 5
shows the evolution of the V 2p3d RIXS for sample 2 in the
PI phase as E;, is scanned across the V L; edge from
512.8 to 517.6 eV. From here on, we trace the spectra on an
energy transfer scale (Ej,—Ey), i.€., relative to the excitation
energy. Plotting spectra in this way helps identify x-ray Ra-
man features as they remain at constant energy transfer.
NXE-like features, on the contrary, disperse as E;, is in-
creased.

The first resonance corresponds to the elastic peak on
reaching 513.8 eV (a). The elastic peak is asymmetric sug-
gesting the presence of unresolved structure at an energy loss
ranging down to =~-2 eV. The next inelastic resonance, A,
appears at E;;=515.2 eV and is observed at =—1.8 eV. This
results from a d-d excitation. The other main feature, C, is a
broad band at =-7 eV in the E;;=513.8 eV spectrum; it cor-
responds to a CT excitation where an electron has been trans-
ferred from the O 2p band into V 3d orbitals in the final
state. In terms of a configuration interaction model, this en-
ergy loss corresponds to an excitation from the ground state
to 3d"*! L (L indicates a ligand hole). It involves a 2p°3d"*!
intermediate state. This peak disperses as from E;,
~514 eV. A further peak, B, is well resolved at Ej,
=517.6 eV corresponding to excitation to peak c¢ in the XAS
curve. We will see below that changes in the RIXS data as a
function of sample and sample temperature are small, as in-
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FIG. 4. (Color online) RIXS spectra recorded across the V L, 3
(lower panel) and O K (upper panel) absorption edges. The letters
relate to the energy values of Fig. 2. Curve & is presented on an
expanded intensity scale to show the V 3d fluorescence spectrum.
Here and in the following figures, the experimental resolution is
=~0.7 eV

deed those observed by XAS (Refs. 12 and 18) but of sig-
nificance when trying to determine the changes in electronic
structure driving the phase transitions.

C. Resonant inelastic x-ray scattering: Temperature
dependence

1. 513.8 eV excitation

The low temperature measurements performed for an ex-
citation to a on the XAS curve show a stronger elastic peak
for samples 1 and 2 compared to the room temperature mea-
surements; for sample 3, no change is observed to within the
experimental precision (see Fig. 6). The observation of an
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FIG. 5. (Color online) V 2p3d RIXS spectra recorded across the
V L, ; edge on an energy transfer scale (E;,—E,,,). The spectra are
offset proportionally to E;,.

elastic component even at a 90° scattering angle has been
explained by Matsubara et al.,'” who showed that the dipole
selection rule gives nonzero elastic intensity in the case of
3d' and 3d* systems. They used a cluster model in which
the metal atom is surrounded by six ligand atoms in O,
symmetry.

The increase in the intensity of the elastic peak at low
temperature is most likely the consequence of the magnetic
ordering in the AFI phase which introduces a rotation of the
incident beam polarization vector. In the figure, each pair of
high and low temperature spectra has been normalized to the
same total intensity to search for changes in shape. The loss
structure shows a small increase in intensity for the PI phase,
though not well resolved. We attribute this structure to a d-d
excitation. The strong CT band C observed at -7 eV is iden-
tical for all the spectra at this value of E;,.

2. 515.2 eV excitation

Figure 7 shows data taken close to the second resonance
(b in Fig. 2) which consists of a main d-d excitation at
~—1.7 eV and an O 2p-related peak at —8.5 eV. Small shifts
are apparent (Fig. 7, right panel) between the room tempera-
ture and low temperature spectra. At 300 K, the d-d peak is
stronger for sample 1 than for sample 3 although they are
both in the PM phase. We attribute this to the difference in
c-axis orientation relative to the incident photon polarization
vector (see discussion below). In view of the sharp relatively
simple resonance, these spectra can be fitted quite reliably by
Gaussian line shapes to help identify the changes. For clarity,
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FIG. 6. (Color online) V2p3d RIXS recorded at Ej,
=513.8 eV (a in Fig. 2) at room temperature and at 83 K.

we only show one set of fits in Fig. 7 (83 K spectrum for
sample 2). For all three samples, the d-d transition gives a
peak at —1.65 eV at 83 K. At room temperature, the peak
shifts to —1.5 eV for the two metallic samples and to
—1.2 eV for the PI phase. The semiconductor low tempera-
ture spectrum shows a stronger d-d peak at —1.9 eV. The d-d
excitation extends to =-3 eV. From the fitting procedure to
take into account the modification in the position of the
energy-loss peak closest to Ep, it is found that the amplitude
of the elastic peak increases in the AFI phase.

3. 517.6 eV excitation

The spectra taken with Ej; tuned to peak c¢ in the V Lj
XAS are shown in Fig. 8. Other than the elastic peak, there
are three main features at —2.1, —=3.6, and —10.4 eV (A, B,
and D, respectively). The d-d part of the band is somewhat
complex with a change in the relative intensity of A and B
when going from room temperature to low temperatures. Fit-
ting the data with Gaussian peaks is not unequivocal so such
a procedure cannot contribute constructively to explaining
the origin of the structure. Even so, we note that at least three
peaks are needed to simulate this d-d part of the spectrum.
Thus, to discuss the changes observed, we take advantage of
the good statistics (the overall fit leaves very small residuals)
by taking the differences between fits to the 517.6 eV spectra
(the most marked difference is for the transition from PI to
AFI, see Fig. 8, top panel). The elastic peak amplitude is
again reduced by =~8% on going from the magnetically or-
dered AFI phase to the PM and PI phases. No such change is
observed as a function of temperature for sample 3. Peak B
in the room temperature phases coincides with a small dip in
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the AFI spectra. A significant change in intensity is observed
for the d-d part in the region extending from -3.6 to
—1.8 eV and also at =7 eV. We note that the intensity of
peak B drops also in sample 3. The implications are dis-
cussed in the next section.

IV. DISCUSSION

The LDA calculations by Mattheiss?® mentioned above
provide a good overall parameter-free description of the in-
teractions between V 3d and O 2p states in V,05 but leave
out the crucial correlation effects which lead to the metallic
state and the narrow gap PI phase. However, they serve as a
sound basis for calculations into which the electron correla-
tion energy U (Hubbard U) can be introduced. LDA+ U cal-
culations to describe the PM-AFI transition were first imple-
mented by Ezhov et al.?> who took into account the actual
AFI monoclinic crystal structure. They concluded that the
ground state is two parallel spin electrons in e;T in accor-
dance with Hund’s rule leaving a,, essentially empty. More
recently, Elfimov et al.?® using a tight-binding fit to LDA
+U and downfolding techniques showed that, though the
spatial orientation of the a, orbitals are indeed favorable to
hopping between molecularlike V pairs along the ¢ axis as
proposed by Castellani et al.,>* other interactions need to be
taken into account. They concern hopping between more dis-
tant V atoms making the likelihood of orbital ordering with a
filled a,, ground state unlikely.

Over the past decade, the development of dynamic mean-
field theory (DMFT) (see, for instance, Ref. 25) has also
been driven, to a large extent, by interest in the MIT in
transition metal compounds. Applied specifically to high en-
ergy XPS experiments, it is able to explain the temperature
dependence of the quasiparticle (QP) peak in the valence
band of the PM (V,_,Cr,),05 (Ref. 5) and V,0; (Ref. 26).
The V 2p XPS spectrum is also interesting because it too
shows a QP peak in the form of a shake-down satellite. It

RELATIVE ENERGY (eV)

shows that the V 2p core-hole final state with an electron
removed is strongly screened by the QP peak in the PM
phase?” but disappears at the transition to the AFI phase.?®
Very recently, Poteryaev et al.”® have studied the PM to PI
transition using DMFT allied to LDA (see also Ref. 29).
Their study shows that the coherence scale depends strongly
on the orbital structure and they confirm that the a,, band is
almost empty (the a;, occupancy drops when going from the
PM to PI phase). This in turn has implications for the band-
width and low energy hybridization.

To date, multiplet calculations are the only tractable ap-
proach to describing RIXS spectra,® but none are available
for V,05. As mentioned in Sec. III C, calculations have been
performed on VF; by Matsubara et al.,'” and though the
electronic structure of these compounds differ, both are
nominally 34 systems, so a comparison provides some in-
sight into the main features of V,05; RIXS.

To start with it is instructive to compare our V,05 data
with the Ti 2p3d RIXS experiments performed by Higuchi e?
al.®® on La,Sr,_,TiO; which at x=0 is a Mott-Hubbard in-
sulator, while at x=1, it is a band gap insulator and at values
in between, it has a PM phase.

We saw above that excitation to the main absorption peak
¢ for V,0; results in a double structure in the RIXS spectrum
at —=2.1 and —3.6 eV labeled A and B, respectively (see Fig.
5). Similarly, RIXS resulting from the excitation to the main
Ti Ly absorption peak shows a double peak situated at —1.6
and -2.8 eV. The —1.6 eV peak is attributed to a transition
from the Ti-O fre orbital to the unoccupied e, orbitals, thus to
the 10Dgq crystal-field splitting. The other peak is attributed
to NXE as it coincides with the main peak in the Ti 2p fluo-
rescence spectrum. Reasoning along the same lines, 10Dg
for V,05 would be 2.1 eV and peak B at —3.6 eV would
correspond to the V 3d-2p NXE peak which lies at 514 eV
on a scattered-photon energy scale. Our experimental value
for 10Dgq is larger than the value of 1.8 eV assumed by Mos-
sanek and Abbate® for their cluster model calculation for
V203-
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FIG. 8. (Color online) V2p3d RIXS recorded at Ej,

=517.6 eV (c in Fig. 2) at room temperature and 83 K (bottom
panel). Also shown is the difference between PI and AFI spectra
(top panel). The difference between fitted curves is used for better
clarity.

On the other hand, by analogy with the VF; multiplet
calculations,'” peak B might be assigned to a d-d excitation.
In VF;, the antibonding 2p3d"*’L states are shown to form
the main peak of the calculated XAS spectrum which is
broadened by the multiplet coupling between 3d electrons as
well as between the ligand and V 3d. Excitation to these
antibonding states leads to peaks at —1.8 and —3.4 eV in the
RIXS spectrum, i.e., close to the values we observe for
V,05. The calculations show no energy-loss structure close
to the elastic peak at the onset of the V 2p edge (2p°3d™*!
intermediate state). This is also the case for the V,05 experi-
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mental spectra except for the asymmetry of the elastic peak,
which, here, may be attributed to energy loss structure in-
volving the nondegenerate f,, states. Calculations for Ej,
~515.2 eV, where we observe a single strong loss peak at
~-1.6 eV, are not reported. Matsubara et al.'® also point out
that the CT peak in VF; situated at —7 eV for an excitation to
2p°3d™! shifts by —3 eV when the excitation is to the ab-
sorption maximum. However, assigning peak D (see Fig. 7)
to CT, as opposed to an NXE-like structure, remains some-
what problematic because of the more metallic character of
V,0;.

The equivalent to peak A in the La, Sr,_, TiO; experiments
is a fairly symmetric peak at =-2.0 eV. The latter involves
the unoccupied part of the 1,, states and is attributed to a
transition from the lower Hubbard band to the unoccupied
coherent QP band. In the case of the Tid-d transition, the
intensity decreases in the metallic phase. For V,0j3, the peak
shifts towards the elastic peak when going from the PM to PI
phase but remains at practically the same energy for the AFI
phase. The different behavior arises from the greater com-
plexity of the ,, band in V,05 (mixing of 7, e and e7, ay,,
states) and the stronger interaction of the antibonding (cubic)
eg states with egf as compared to a,, orbitals. Support for this
comes from the XAS data and LDA results: at the Ti L5 edge,
1, and e, are separated into two well defined peaks, whereas
in V,03, the ,, states appear as a shoulder to the main ab-
sorption peak. Mattheiss?® noted that according to his LDA
calculations, the E, orbitals, i.e., the eg states, were more
strongly mixed with the orbitals forming the 7-type bond
than those lying along the c-axis direction.

Excitation to the e; states is expected to be reinforced for
sample 1 compared to sample 3 because of the c-axis orien-
tation imposed by the orientation of the sapphire substrate.
This is indeed what we observe for the 515.2 eV spectra. The
final state of the RIXS process gives rise to lower energy-
loss structure for PI than for the other phases. This suggests
excitation to more localized a; ¢ States, whereas PM and AFI
V,05 show a shift to higher energy loss with the center of
gravity of the d-d transition moving toward the more delo-
calized e? states. From their XAS multiplet calculations,
Park et al.'® concluded that the a, ¢ occupation was highest in
the PM and lowest in the PI phase. The details of this process
are of course different as concerns the PM and AFI phases.
In the former, excitation to the QP band would be partially
masked by the stronger band dispersion resulting from the
=€, interaction, while in the latter, the opening of the band
gap to =0.6 eV contributes to the larger energy loss. The
weak energy-loss structure observed for excitations at the
onset of the XAS (513.8 eV) can be attributed to d-d transi-
tions within the nondegenerate f,, orbitals involving QP
states in the sense that going from the metallic to the PI
phase would transfer spectral weight into the upper Hubbard
band explaining that we see a small increase in the RIXS
intensity. Again, that the PM and AFI spectra differ from the
PI phase, yet are similar, does not necessarily imply that their
electronic structure is similar. Better resolving power would
likely help reveal more information in this respect.

Concerning the CT structure, we noted that the -7 eV
band C dispersed to —10.5 eV as E;, was increased from
514 to 517.6 eV indicating an NXE-like spectrum which
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represents the O 2p density of states via their hybridization
with V 3d states.

Using the difference spectra (upper panel of Fig. 8) as a
guide, we can identify some significant changes across the
phase transitions. Other than the change in the intensity at
~-2.5 eV when going from PI to PM and PI to AFI phases
in the d-d energy-loss region, there is a large change in the
CT structure such that at —7 eV the intensity is stronger in
the AFI and PM phases than in the PI phase. The dip in
intensity at —7 eV is also seen in the low temperature semi-
conductor phase of sample 3 though it is less marked than in
the PI phase. Braicovich et al.'! reporting similar results for
the insulating phase of VO, point out that the RIXS tech-
nique is intrinsically more appropriate to studies on insulat-
ing phases rather than metallic phases of transition-metal ox-
ides. This is because of the difficulty of dealing with the
overlap of NXE-like features and Raman features such as the
d-d excitations. Here, we see that the changes across the
phase transitions are small but worth observing in detail even
as they occur into the metallic phase, because the small
modifications in the hybridization are a clue to electronic-
structure origin of the phase transitions.

V. CONCLUSIONS

RIXS experiments provide details of the interaction be-
tween the V 3d and O 2p states not available by other tech-
niques. In particular, the V 2p3d RIXS selects the
3d-projected spectral functions even at energies dominated
by the occupied and unoccupied O 2p bands. Because the
core-hole correlation effects appear only in the intermediate
state (XAS final state), it is likely that these findings are of
relevance to the electronic origin of the V,0; phase transi-
tions resulting from the strong overlap between V 3d and
O 2p states. From our observations, we find that the V-O
interactions are different across the PI to PM phase transition
from those across the AFI to PM transition. Above all, the PI
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to PM transition is not solely dependent on the details of the
nondegenerate 3d band but also involves a significant change
in the CT excitation. We interpret the results as indicating
that as the a;, occupancy diminishes in the PI phase, d-d
transitions show a lower energy-loss peak. This is accompa-
nied by stronger interaction between the e’gT states and the
cubic ey states. As Ej, reaches the ey unoccupied band, the
excited electron can more readily move to neighboring atoms
on the time scale of the RIXS decay process resulting in a
relatively stronger NXE-like 3d-2p transition involving oc-
cupied V 3d-O 2p hybridized states.

Future progress in obtaining higher resolution RIXS spec-
tra will certainly help refine our understanding of the MIT,
though in the case of materials such as V,03, band disper-
sion is likely to interfere with the observation of significantly
more detail. Model calculations along the lines of those
implemented to deal with XPS and inverse photoemission®®
would certainly add insight to the experimental results, but
the need to deal with the Coulomb interactions in the core-
hole intermediate state as well as the long range solid state
interactions is a difficult challenge.
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