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Valence-band electronic structure of V,05: Identification of V and O bands
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We present a comprehensive study of the photon energy dependence of the valence band photoemission
yield in the prototype Mott-Hubbard oxide V,05. The analysis of our experimental results, covering an
extended photon energy range (20-6000 eV) and combined with GW calculations, allows us to identify the
nature of the orbitals contributing to the total spectral weight at different binding energies, and in particular to
locate the V 4s states at about 8 eV binding energy. From this comparative analysis, we conclude that the
intensity of the quasiparticle photoemission peak, observed close to the Fermi level in the paramagnetic
metallic phase upon increasing photon energy, does not have a significant correlation with the intensity varia-
tion in the O 2p and V 34 yield, thus, confirming that bulk sensitivity is an essential requirement for the

detection of this coherent low-energy excitation.
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I. INTRODUCTION

The complex and fascinating physics of strongly corre-
lated oxides has one of the most remarkable examples in
vanadium sesquioxide, V,0;, often considered as a proto-
type Mott-Hubbard system, where the competition between
correlation and itinerant behavior of the electrons plays a
crucial role in determining the electronic properties."? V,05
presents a rich phase diagram and undergoes, as a function of
temperature, pressure, and doping, a number of transitions
passing from the paramagnetic metallic (PM) phase to the
antiferromagnetic insulating (AFI) one, as well as from the
PM to the paramagnetic insulator (PI) phase.? In the former
case, the metal-insulator transition (MIT) is accompanied by
a change of structure, from a corundum to monoclinic,
whereas the latter, obtained for instance by Cr doping, is
isostructural.

In the description provided by dynamical mean-field
theory (DMFT),* the coexistence of coherent quasiparticle
(QP) features close to the Fermi energy E and incoherent
lower Hubbard band (HB) at higher binding energy charac-
terizes the correlated metallic phase of a Mott-Hubbard com-
pound: V,0j5 served as a test system to verify these predic-
tions, and photoelectron spectroscopy (PES) played an
important role to this end. In particular, high-energy PES
(using either soft or hard x-rays) combining the direct probe
of the electronic density of states (DOS) with enhanced bulk
sensitivity,> made it possible to reveal a clear coherent inten-
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sity near E.5~8 Such a pronounced structure couldn’t be ob-
served in previous attempts using lower energy photons and
a consequently more surface sensitive detection. Recent cal-
culations combining local density approximation (LDA) with
DMFT?-1? provide a good agreement with the experimen-
tally determined shape and intensity for this peak, making it
possible to extract quantitative information on fundamental
physical parameters for a correlated systems, such as the
effective Coulomb interaction parameter U.

Although a consensus has been reached for the presence
of a QP intensity close to Ey in metallic V,0;, several ques-
tions still remain unanswered, and call for a more detailed
experimental and theoretical analysis of the V,05; valence
band, concerning in particular the role of the different V and
O orbitals. On the experimental side, the difficulty in reveal-
ing the QP intensity has been mainly explained with the dif-
ferent electronic structure between surface and bulk. In gen-
eral, not only the surface preparation of V,0; may
substantially alter the structural and electronic properties,' 12
but also significant differences in QP intensity and lineshape
could be found as a function of experimental conditions like
for instance the spot size of the probe.® This marked sensi-
tivity to any perturbation of the bulk-electronic structure has
been recently interpreted as related to a surface dead layer
where the QP vanishes, the essential physical reason being
that the effects of the surface propagate over a characteristic
length scale, which is larger for strongly correlated
materials.'!* It is interesting to notice that the QP peak was
found to give a prominent PES yield also when detected at
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very low (less than 10 eV) photon energy, where the level of
bulk sensitivity of the photoelectrons increases again.'’ In
fact, all these reports point out the importance of using bulk-
sensitive PES to obtain reliable information of QP intensity
and transfer of spectral weight at MIT. At odd with this pic-
ture, cluster calculations on V,05 suggest that the observed
evolution of the QP spectral weight as a function of the pho-
ton energy should not be solely due to a change in surface vs
bulk sensitivity, but that the change in V 3d/O 2p cross sec-
tion ratio upon changing photon energy may also play an
important role, given the V 3d-O 2p hybridization.!>1® Site
specific PES experiments, together with density functional
theory (DFT) calculations, investigated O-V hybridization:
the theoretical analysis of the various contributions, together
with fitted cross-sections and an approximate description of
many body effects, could essentially reproduce the experi-
mental spectrum taken at one specific photon energy
(hv=2286 eV)."”

The question of the interplay between hybridization and
photon energy dependence of the spectra is, hence, one of the
remaining key questions to be studied, in order to put the
understanding of this complex material on a firmer basis. The
prototype theoretical approach to the study of correlated ma-
terials, namely, DMFT, suffers from the limitation that dif-
ferent kinds of orbitals are treated on different levels in order
to keep the calculations feasible. Indeed, recent LDA
+DMFT results for V,05 (Ref. 10) find that both the QP and
the satellite are dominated by e states (while the a;, has
only a minor contribution), but the fact that these calcula-
tions treat p and d orbitals on a different footing doesn’t
allow one to draw definite conclusions about the hybridiza-
tion. Methods that treat all orbitals on the same footing are
typically band structure approaches such as DFT in the
Kohn-Sham (KS) formulation or approaches that describe
band structure and additional features due to dynamical cor-
relation (satellites) for situations where the band structure
picture is still dominant. The state-of-the art approaches of
the latter kind is the GW approximation, where the self-
energy is calculated as a product of the one-electron Green’s
function G and the screened Coulomb interaction W.'® Both
the ab initio KS and the GW approaches are free of empirical
parameters, which is a crucial point for our goal: hybridiza-
tions should be predicted, and then tested a posteriori, not
simply fitted to experiment. Moreover, it is known that qua-
siparticle features calculated in GW are reliable even when
satellites are not very well described,'® so that the method
can also be applied to transition metal oxides, as long as the
question of interest is well defined in the quasiparticle
framework.

II. METHODOLOGY AND EXPERIMENTAL DETAILS

We adopt, hence, in this work the KS and GW approaches
for a theoretical description of the experimental spectra. GW
is needed in order to obtain reliable positions of all quasipar-
ticle features (including the O 2p and V 4s dominated re-
gion). We use a quasiparticle self-consistent GW approach
where wave functions and energies are improved with re-
spect to KS.2%2! It turns out that, close to the findings for

PHYSICAL REVIEW B 80, 155115 (2009)

similar materials,?? the change of wave functions with re-
spect to a KS calculation mostly concerns a mixing between
d states, whereas the s-d and p-d hybridization is already
correctly predicted in KS-LDA. Concerning experiment, we
present spectra consisting of extended valence band PES
data from metallic stoichiometric V,0; and Cr-doped
(V,_,Cr,),05 (x=0.011), covering a very large range of pho-
ton energies, namely, from Av=19 to hv=5934 eV. A large
set of data is thus available for what concerns both intensity
and lineshape variation of QP, along with a measurement of
the entire V 3d and O 2p valence band region. The joint
interpretation of calculated and measured spectra yields a
coherent picture if the evolution of the structures close to the
Fermi energy with increasing photon energy is attributed to
surface effects, whereas the hypothesis of dominant p-d mix-
ing would not be consistent.

High-quality single crystals, were grown at Purdue Uni-
versity using a skull melting technique?® and characterized
by x-ray diffraction (XRD) and superconducting quantum
interference device (SQUID) measurements. PES experi-
ments were performed using three different experimental set-
ups: the VOLPE spectrometer for hard x-ray PES** (ID16
beamline, base vacuum 9 X 107! mbar) and a Scienta SES-
2002 for soft x-ray PES (IDO8 beamline, base vacuum 1
X 107! mbar), both located at the European synchrotron ra-
diation facility (ESRF), and a Scienta SES-2002 for low en-
ergy PES (APE beamline, Elettra, Trieste—base vacuum 1
% 1071% mbar). Spot size on the sample was 50 X 120 um?
and the overall energy resolution (beamline+analyser) was
set to 450 meV (ID16 and ID08) and 50 meV (APE). The
position of Fermi energy Ej and the overall energy reso-
lution were estimated by measuring the metallic Fermi edge
of polycrystalline Au foil in thermal and electric contact with
the samples. The specimens were carefully aligned and frac-
tured in ultrahigh vacuum (UHV) to expose the (0001) plane,
and the photoelectrons were detected at normal emission. All
the data were collected at 200 K, which for (V,_,Cr,),05
corresponds to the PM phase both for x=0 and x=0.011,
consistently giving identical results from different samples.
The effects of Cr doping on the photoemission yield of the
PM phase were studied in detail in Ref. 6: it was shown (Fig.
15 in Ref. 6) that for the PM phase some effects can only be
seen on the intensity of the QP peak, which maintains nev-
ertheless a markedly prominent character both for x=0 and
x=0.012. Similar conclusions could be drawn from a low
energy angle resolved photoemission study performed on the
same x=0 and x=0.011 samples by some of us.'> We have
also performed a DFT-GGA (generalized gradient approxi-
mation) simulation with x=0.03: this calculation shows that
in the optimized geometry Cr doping induces, with respect to
the pure compound, a 2% shortening of the V-Cr distance
along the c axis and a slight increase of V-V bond length in
the perpendicular plane. These findings are in agreement
with the extended x-ray absorption fine structure (EXAFS)
results of Frenkel e al.”> Moreover, comparing the densities
of states of the pure and the doped compounds with the same
geometry, we find that the presence of Cr affects only weakly
the empty states, while the occupied states close to the Fermi
energy are not modified by Cr doping. Hence, theoretical
results with and without Cr can be safely exchanged as long
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FIG. 1. (Color online) Experimental valence band PES spectra
of V,03, normalized to the bottom of the incoherent spectral region
at about —3 eV binding energy.

as the system geometry is similar and occupied states are
concerned. Therefore, in the following discussion we shall
not deal with the very small spectroscopic effects related to
the doping level of the material, but we will rather aim at
identifying properties which are valid for the whole PM re-
gion in the phase diagram of vanadium sesquioxide.

III. RESULTS AND DISCUSSION

In Fig. 1 a selection of the experimental PES results for
the extended valence band vs. photon energy is presented,
obtained on different cleaved surfaces from samples with x
=0 (hv=19, 700, 900, and 5934 eV) and x=0.011 (hv=37
and 86 eV). In each spectrum one recognizes two main spec-
tral regions: one that we shall call VB, usually defined as the
O 2p valence region, from 3 to 11 eV, and the other one
between Ep and 2-3 eV binding energy (BE), that we shall
refer to as HB+QP. As the photon energy increases in the
low-photon energy range (hv=19 to 86 eV), the intensity of
the HB+ QP increases, relative to the one of the VB region.
In agreement with previous experimental results,?® spectra in
this photon energy range present a pronounced and broad
feature, roughly centered at 6 eV BE, evolving in a clear
three peaks structure when soft x-ray (hr=700-900 eV) are
used (see Fig. 2), with a residual tail of intensity at BE
>10 eV.% Interestingly, the spectral shape of the hard x-ray
PES (hv=5934 eV) spectrum is remarkably different, with a
strongly dominant VB region extending down to BE
~12 eV, and a main peak at =8 eV BE. A similar peak
structure has also been observed in hard x-ray valence band
spectra of vanadates,”’ cuprates,”® and manganites.?’

These results can be explained by the photon energy de-
pendence of the cross sections of states with different sym-
metries as obtained in our calculations.’® In Fig. 2, indeed,
the dotted, dot dashed and dashed lines show the projection
of the GW calculated density of states’! on O 2p, V 4s, and
V 3d contributions, respectively, multiplied by the Fermi dis-
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FIG. 2. (Color online) Measured valence-band spectra compared
to the total weighted DOS from GW calculations. The weighting
has been obtained by multiplying partial s,p,d DOS’s (see Table I).
In the insets, the weighted DOS before convolution with a lorentz-
ian broadening and with a Fermi energy distribution.

tribution at 200 K. The contributions are then multiplied by a
factor given by the corresponding change in cross section
according to the used photon energy in the upper and lower
panel, respectively, as taken from tabulated cross
sections®>>* and shown in Table 1.5 We apply a Gaussian
broadening of 0.4 eV simulating the experimental resolution.
Moreover, since the incoherent part of the structure near the
Fermi level is particularly strong as compared to the QP
weight, in contrast to what one observes concerning the O 2p
group, we add a Lorentzian broadening 7(BE)=2.4-0.6BE
for BE<4 and thus simulate the redistribution of spectral
weight that is not contained in our quasiparticle calculation.
The broadening that we apply to the density of states is,
hence, just meant to simulate the transfer of spectral weight
to the incoherent part of the spectrum (the HB). Since this is
a characteristic feature of the correlated states close to the
Fermi energy and not of the less correlated states at higher
binding energies, the broadening is only applied for BE <4.
This procedure is justified if the Hubbard band arises from a
redistribution of spectral weight from the quasiparticle peak
and therefore both the Hubbard band and the quasiparticle
peak have the same origin, namely V 3d, as it is supposed in
the framework of the Mott-Hubbard model. If instead the
Hubbard band had another origin (i.e., a relevant O 2p com-
ponent), this procedure would not be valid, but we will show
later that this possibility is ruled out by our experimental
results.
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TABLE L. Calculated V 3d, V 4s, and O 2p cross sections at selected photon energies, from (a) Ref. 32
and (b) Ref. 33. The values from Ref. 32, labeled 1 keV and 8 keV for simplicity, correspond to the tabulated

values at 1041 and 8047.8 eV, respectively.

V and O cross sections at selected photon energies (Mbarns/electron)

21.2 800 6

eV eV 1000 eV keV 8 keV
V 3d 1.94* 1.3x1073 0.5x1073 2 0.6x103 P 045x107° 2x1072% 13x107°P
V 4s 0.09* 95x107™ 05x103 2 06%x103° 12x107°° 55%x10%2 59x10°6°P
0o2p 2.6 55X107% 022x1073% 027Xx107%° 3.1x107 % 1x107% 1x107°
Ratio 3d/4s 215  1.37 1 1 0.038 0.036 0.022
Ratio 3d/2p  0.75 236 2.27 222 1.45 2 1.3

4Reference 32
bReference 33

Although the only free parameter is the different broaden-
ing that we use for the QP+HB and the O 2p group, respec-
tively, the agreement with the experimental results is quite
satisfactory: not only is the qualitative behavior nicely repro-
duced (e.g., the three-peak structure at 900 eV photon en-
ergy, evolving into a main peak with a low-binding energy
shoulder at 5934 eV), but especially all absolute peak posi-
tions are in very good agreement with the experimental
structures.>® This agreement allows us to draw unambiguous
conclusions about the nature of the spectra. In particular, one
can understand the strong peak that emerges at high photon
energy at about 8 eV of binding energy as being almost
entirely due to vanadium 4s states, and only to a minor ex-
tent to oxygen 2p. The V 4s photoionization cross section
becomes dominant at high-photon energy: as it can be seen
from the table, cross section of O 2p and V 3d states in the
range 200-1400 eV are known to decrease in absolute value,
while keeping almost constant their ratio®>?

We now move to the inspection of the second region,
HB+QP, by comparing selected experimental spectra in Fig.
3. As was evident from Fig. 1, a clear coherent intensity near
Er is observed at photon energies =700 eV. In this photon-
energy range, the VB region shows a big variation of inten-
sity, whereas only very small fluctuations of the intensity
ratio between the QP region and the HB are observed. Wave
vector dependence effects should be also taken into account
to explain these variations: with our experimental geometry,
at normal emission we always probe the I'Z direction in the
Brillouin zone, where the QP peak is most intense as pre-
dicted by LDA+DMFT calculations'® and as confirmed by
low energy angle-resolved photoemission.'3 The QP intensity
also varies moving along I'Z (Ref. 10 and 13) while chang-
ing the k, component of the electron wave vector, which is
what happens tuning the photon energy. However, despite
these fluctuations in intensity the QP peak always remains
clearly visible with soft x-ray photoemission, as already
shown®’ with a different experimental geometry. In particu-
lar, the inset in Fig. 3 presents a zoom of the near E region,
from hv=900 eV and hv=5934 eV PES spectra. The width
of the QP and relative spectral weight of QP and HB are
identical, within the noise level. Hence, the QP/HB ratio is
not affected by the change of weight between V s on one

side and O p and V d on the other side. On the contrary, the
comparison between hr=900 eV and hv=86 eV spectra re-
veals that, although the QP intensity vanishes in the spectrum
at hv=86 eV, only minor spectral weight changes are ob-
served in the VB region. Consider that, at this photon energy,
most of the intensity in the VB has an O 2p character, due to
cross section effects. Hence, if the change in the HB/QP ratio
were dominated by O 2p hybridization, one should have also
observed major changes in the VB. Finally, when hv
=86 eV and hv=19 eV are compared, QP+HB region re-
sults to be similar, whereas the intensity of VB region is
strongly enhanced at lower photon energy, which is again
inconsistent with the hypothesis that O 2p plays a strong role
in the HB.

The detailed variations within the low-photon-energy
range cannot be interpreted with tabulated cross sections;
values are not available, and would moreover be hardly sig-
nificant since at low energies, besides surface and many body

hv= [
——5934¢ev || ¥
—— 900eV ¢

86eV |

binding energy (eV)

FIG. 3. (Color online) Direct comparison of selected pairs of
experimental spectra taken at different photon energies. In the inset,
the details of the QP region are shown for the two spectra at 900
and 5934 eV.
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FIG. 4. (Color online) Calculated spectra for different photon
energies (19, 37, and 86 eV) using Eq. (1), including (continuous
curves) or neglecting (dotted curves) matrix elements effects. The
dashed curve (same for all photon energies) is the DOS.

effects, details of the density of empty states and material-
specific matrix elements play a dominant role. In order to
simulate these effects, one should describe the photoelectron
current J; by

JE(O))=E |Mif|25(€f—€i—E)5(€f—w)~ (1)
if

In the one electron picture M, are dipole matrix elements
between occupied and empty one electron states of energy ¢;
and €, respectively, w is the photoelectron energy and E
=hv is the photon energy. The common approximation to
photoemission, namely the occupied DOS, is obtained when
matrix elements M, are kept constant and the second & func-
tion that represents energy conservation in the transition (i.e.,
a transition can only take place when final states in the reach-
able energetic region exist) is integrated over. In order to
illustrate the qualitative importance of these contributions,
we show in Fig. 4 the calculated spectra corresponding to 19,
37, and 86 eV of photon energy, respectively.?” The continu-
ous curve corresponds to Eq. (1), the dotted curve to the case
where M ,=const. is assumed. The dashed curve is the
simple DOS, that does hence not vary with photon energy.
Strong effects of both contributions are found in this energy
range on lineshape and intensity of the structures, and certain
tendencies of the experiment can be detected (e.g., the fact
that matrix elements tend to decrease the VB intensity with
increasing photon energy). However, we stress the fact that
agreement with experiment on this detailed level might be in
part fortuitous, since our calculations do neither include sur-
face effects nor the partial angle resolution that is instead
present in experiment. These graphs are instead meant to
illustrate the sensitivity of low-photon-energy spectra to the
two effects contained in our calculations (namely empty
DOS and matrix elements), and not expected to be cancelled
by the additional experimental features. They imply that one
should be careful to interpret spectra based on symmetry
analysis and hybridizations only.

Finally, only within the 0-2 eV region, theoretical and
experimental results differ. Whereas the analysis based on
the decomposition of the QP on the atomic angular momenta
explains the main features in the VB region and their photon-
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energy dependence, it does not predict the strong depletion
of the quasiparticle peak at low-photon energies in the HB
+QP region, and also our calculations containing the bulk-
final state and matrix elements do not explain the disappear-
ance of the QP at low-photon energy. Indeed, as already
pointed out, while the VB region is dominated by one-
particle states, the region close to E is strongly influenced
by incoherent structures due to strong correlation. Our results
show that the measured spectra at hy=86 and 37 eV, while
staying very similar in the 0-2 eV energy range, differ siz-
ably in the VB region where O 2p contribution is dominant
(as shown in Fig. 3). This gives clear evidence against the
hypothesis'> that the particular evolution of HB+QP can be
due to the fact that the HB has a relevant O 2p contribution
while the QP is mainly V 3d. Our results, based on an equal-
footing treatment of p and d orbitals, and on experiment,
suggest that both QP and HB are strongly V d dominated,
and give a comprehensive picture that is consistent with the
hypothesis that QP and HB are influenced differently by the
presence of the surface.

IV. CONCLUSION

In conclusion, by combining photoemission measure-
ments performed at different photon energies with state-of-
the-art GW calculations, we were able to disentangle the
contributions of V 3d, V 4s, and O 2p orbitals to the valence
band photoelectron yield of the prototype Mott compound
V,03. Due to cross section effects, the V 4s band becomes
particularly prominent in the hard x-ray regime, which
makes it possible to unambiguously determine its binding
energy at 8 eV from Er. The possibility of including on the
same footing the orbitals of both V and O in ab initio calcu-
lations represents an important step forward toward a com-
plete understanding of this model system, and allowed us to
extract information on issues that are of general interest for
many multiorbital strongly correlated materials, such as the
level of hybridization between different bands. For the spe-
cific case of V,0; in its metallic phase, we were able to
conclude that the QP peak and the lower HB have essentially
a V 3d origin, and that the photon-energy dependence of the
QP/HB photoemission intensity cannot be explained only by
O 2p/V 3d hybridization and cross-section effects. These re-
sults confirm that bulk sensitivity is an essential requirement
for photoemission studies of the electronic structure of
correlated materials.
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