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Electronic structure of Y12xCaxVO3 studied by high-energy spectroscopies

H. F. Pen, M. Abbate,* A. Fuijmori,† Y. Tokura,‡ H. Eisaki,§ S. Uchida,§ and G. A. Sawatzky
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Nijenborgh 4, 9747 AG Groningen, the Netherlands
~Received 29 May 1998!

We have studied the electronic structure of Y12xCaxVO3 by x-ray-absorption and resonant photoemission
spectroscopy. Upon hole doping the parent Mott-Hubbard insulator YVO3 , an insulator-metal transition occurs
at aroundx'0.5. Resonant V 3p photoemission spectroscopy shows that the states near to the Fermi level are
of predominantly V 3d character; in CaVO3 , a Fermi edge is present. In the oxygen 1s x-ray-absorption
spectra, the hole doping is reflected in a large increase of the spectral weight near threshold. Because large
changes also appear in the vanadium 2p absorption edge, we conclude that the doped holes are of mixed O and
V character. The results also indicate that the amount of O character increases with doping. The development
of the photoemission and x-ray-absorption spectral weight differs from the rigid-band-like behavior predicted
by one-electron band theory or Hubbard-model calculations. Our O 1s x-ray-absorption spectra show good
correspondence with the optical spectra, indicating that interband features in the optical spectra are attributed
to O 2p to V 3d charge-transfer excitations.@S0163-1829~98!03347-5#
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I. INTRODUCTION

An important aspect of the electronic structure of tran
tion metal oxides is the effect of doping. The high-Tc super-
conductivity in layered cuprates,1 the colossal magnetoresis
tance in manganese oxides,2,3 and the peculiar phas
transition in~V12xCrx)2O3~Ref. 4! show that doping of the
parent Mott-Hubbard or charge transfer compounds can
to unexpected and interesting physical properties.

In this paper we study the electronic structure of t
Y12xCaxVO3 series using valence-band photoemiss
~PES! and x-ray-absorption spectroscopy~XAS!. Com-
pounds with the perovskite structure (AMO3! are important
model systems for studying the problem of doping in a s
tematic way. They containMO3 arrays that form corner
sharedMO6 octahedra. The oxidation state of theMO3 ar-
rays can be varied by takingA cations~usually rare-earth or
alkali metal ions! with different valences, while the O coor
dination of the transition-metal ionM remains unchanged
The amount of doping can be changed in a continuous w
because many perovskites form solid solutions in a w
range of concentrations. The doping dependence
Y12xCaxVO3 is particularly interesting because of th
change from a Mott-Hubbard insulator, YVO3, to a ‘‘corre-
lated’’ metal, CaVO3. PES and XAS have proven to be us
ful tools for studying the electronic structure, in particul
the doping dependence, of transition-metal oxides.5–9 The
experimental spectra will be compared to the results of c
ter and band-structure calculations.

There can be several ‘‘side effects’’ of the change in co
position, for example a change in the V 3d-band-width. The
radius of theA ion is sometimes too large or too small to
well at theA site, which leads to a distortion from the ide
cubic to the orthorhombic GdFeO3 structure. TheM-O-M
bond angle u becomes smaller than 180°, and the
3d-band-widthW}ucosuu is reduced.5 ~Tight-binding calcu-
lations involving O 2p and TM 3d bands in the distorted
PRB 590163-1829/99/59~11!/7422~11!/$15.00
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perovskite structure10 show indeed aW}ucosuu behavior,
and notW}cos2 u as suggested in Ref. 11.! Another effect is
the decrease of the charge-transfer energy with increa
M-ion valence, due to changes in ionization and Madelu
potentials.12

In Y12xCaxVO3, the nominal V valence is changed from
31 (x50, d2) to 41 (x51, d1). An insulator-metal transi-
tion occurs at aroundx'0.5. YVO3 is an antiferromagnetic
~AFM! insulator with an optical band gap of;1.2 eV.13 The
magnetic behavior is complicated: the spin structure
G-type AFM below 77 K,C-type AFM between 77 and 118
K, and paramagnetic above 118 K.14,15 The properties of
CaVO3 are less clear. It has been reported metallic16–19 and
insulating,13,20 Pauli paramagnetic,16 and Curie-Weiss
paramagnetic.17,18 This large variation in properties reflec
problems with oxygen stoichiometry. For example, t
Curie-Weiss paramagnetic sample17 was an oxygen-deficien
single crystal. After annealing in air at 450 K the samp
became oxygen stoichiometric, according to thermogra
metric analysis, and it showed a Pauli paramagnetic beh
ior. On annealing in air above 900 K a phase transition to
insulating CaV2O7 occurs. Nguyen and Goodenough also
ported Pauli paramagnetism below 390 K.18 At 390 K, a
first-order phase transition occurs and the high-tempera
susceptibility obeys the Curie-Weiss law. This behavior
just opposite to that of Ref. 17; however, the measureme
of Ref. 18 were carried out in vacuum, so the oxygen cont
of the samples is probably different in the two experimen
On the whole, we are convinced that~nearly! stoichiometric
CaVO3 is metallic, and that the magnetic susceptibility
almost temperature-independent between 100 and 400 K

CaVO3 has recently gained a lot of interest.5,21–23 Most
studies were performed in the context of the properties
d1 systems, in particular their dependence on the ratio
the on-site Coulomb repulsionU and the 3d-band-width
W.6,24 The photoemission and optical conductivity spectra
these compounds have been described by the paramag
7422 ©1999 The American Physical Society
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PRB 59 7423ELECTRONIC STRUCTURE OF Y12xCaxVO3 STUDIED . . .
solution of thed5` Hubbard model;25–27 this will be dis-
cussed in some more detail in Sec. IV A. Heat-capac
measurements28,29 indicate an enhancement of the effecti
carrier massm* near the insulator-metal transition, sugge
ing the importance of on-site electron correlations for
transition.30 The enhancement factorm* /mb.4, wheremb is
the local-density-approximation~LDA ! band mass, is in rea
sonable agreement with photoemission. Using a phenom
logical description of the photoemission spectrum, includ
the k and v dependences of the self-energy, Inoueet al.
found a similar mass enhancement (m* /mb.3) in
Ca12xSrxVO3.5

Kasuya et al. measured the optical conductivity of th
Y12xCaxVO3 series and found for YVO3, a thresholdlike
intensity increase aroundv51.5 eV, which was attributed to
the Mott-Hubbard gap.19 On doping, spectral weight appea
below 1.5 eV, gradually replacing the upper Hubbard ba
and showing Drude-like behavior in the metallic regime.

II. EXPERIMENTAL DETAILS

Polycrystalline samples of Y12xCaxVO3, with composi-
tions betweenx50.0 and 1.0, were melt grown using
floating-zone furnace. This method yields the high-dens
samples that are needed for surface sensitive techniques
PES and XAS. Details of the sample preparation are
scribed elsewhere.19

The x-ray-absorption experiments were carried out at
Berlin synchrotron radiation source~BESSY!, using the
SX700-II monochromator.31 The resolution was about 0.
eV. The spectra were recorded in total electron yield mo
They were normalized to the spectrum of clean Pt, to cor
for the monochromator throughput~platinum does not have
any absorption edge in the energy region considered he!.
Due to the indirect detection method, an absolute normal
tion of spectra from different samples is not possible.
compare the spectra for the different compositions, they w
normalized to the intensities at 510 and 555 eV, where
fects of doping are expected to be small: the first energ
below the V edge, the second is 25 eV above the O edg

The photoemission measurements of thex50.0 and 1.0
samples were performed at beam line 6.2 of SRS~Synchro-
tron Radiation Source, Daresbury!, using a toroidal-grating
monochromator.32 The photoelectrons were detected in
hemispherical analyzer, using the constant pass en
mode. The combined resolution of the monochromator
analyzer was approximately 0.5 eV. The photoemission m
surements of samples with other compositions betweex
50.0 and 1.0 were made using a He discharge lamp an
double-pass cylindrical mirror analyzer. All measureme
were carried out in ultrahigh-vacuum chambers, with a pr
sure in the 1028 Pa range. To remove surface contaminati
the samples were scrapedin situ with a diamond file. Severa
scans of different parts of the samples were taken to en
reproducibility.

III. BAND-STRUCTURE CALCULATIONS

Local ~spin! density@L~S!DA# calculations of CaVO3 and
YVO3 were performed in the linearized muffin-tin orbita
~LMTO! approach.33,34 The atomic positions used in the ca
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culations correspond to those in the true orthorhombica
distorted crystal structures.15,35 The basis set for the valenc
electrons consisted of 3d-, 4s-, and 4p-like basis functions
for V; 3s-, 2p-, 3d-like for O; 5s-, 5p-, 4d-, and 4f -like for
Y; and 4s-, 4p-, and 3d-like for Ca.

The densities of states were calculated with a Brillou
zone integration over 125 irreduciblek points. In the LSDA
calculation of YVO3, the symmetry of the unit cell was low
ered, to allow for C-type AFM ordering. The calculated ma
netic moment was 1.5mB , equal to that obtained from a
Hartree-Fock band-structure calculation on C-type YVO3,36

but larger than the experimental value of 1.0mB .15 For
CaVO3, LSDA calculations for different magnetic ordering
were tried, but in each case the local magnetic moment c
verged to zero during the calculation of the self-consist
potential.

In all calculations, either within the LDA or the LSDA
approximation, the density of states at the Fermi energy
mains finite. So the LMTO calculations predict both CaVO3
and YVO3 to be metallic. However, as stated above, YVO3
is an insulator with a band gap of 1.2 eV,13 which indicates
the importance of electron correlation effects in this mater

IV. RESULTS AND DISCUSSION

A. V 3p resonant photoemission

Figure 1 shows the valence-band resonant photoemis
~RPES! spectra of CaVO3 and YVO3 at photon energies be
tween 35 and 60 eV. Both the CaVO3 and YVO3 spectra
show a relatively weak and narrow feature (A) between 0-
and 3-eV binding energy, which is attributed to states of
3d character. This assignment is supported by the increa
intensity of peakA above 45-eV photon energy, which co
responds roughly to the onset of the V 3p x-ray-absorption
edge. The V 3d electron emission is enhanced due to qua
tum interference between the direct photoemission proc
(3p63dn1\v→3p63dn211e) and the virtual V 3p→3d
excitation process, followed by a super Coster-Kronig de
(3p63dn1\v→3p53dn11→3p63dn211e). The more in-

FIG. 1. ~a! Vanadium 3p resonant photoemission of YVO3
~squares! and CaVO3 ~triangles! at resonance (\v550 eV, solid
symbols! and off resonance (\v540 eV, open symbols!. ~b! Con-
stant initial state spectra of YVO3 ~squares! and CaVO3 ~triangles!.
The spectra are normalized to the off-resonance intensity~40–45
eV! of peakA.
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7424 PRB 59H. F. PENet al.
tense, broad band between 3- and 9-eV binding energy~B
andC! is attributed to O 2p states.

The photon energy dependence of the spectral intensi
revealed more clearly in the constant initial state~CIS! spec-
tra @Fig. 1~b!#. In this experiment, the difference betwee
photon energy and electron kinetic energy was kept cons
to examine the resonance behavior of peaks labeledA andB
in Fig. 1~a!. The intensity of the V 3d band is enhanced b
about a factor of 2 near the V 3p absorption threshold. The
3p resonance is quite weak and extends over a large en
range. This behavior seems to be typical for early transiti
metal oxides, and is quite different from that in la
transition-metal oxides, which show much narrower, Fa
like resonance profiles.37,38 The weight of the O 2p band
decreases gradually with photon energy, in agreement
the change in the calculated atomic O 2p cross section.39 A
relatively small resonance is also seen for this band, du
the O 2p–V 3d hybridization. The RPES and CIS spectra
CaVO3 and YVO3 were normalized to the off-resonance i
tensity of the O 2p band. This yields a V 3d intensity that is
twice as large for YVO3 than for CaVO3, as expected from
the change in nominal valence. A remarkable difference
tween YVO3 and CaVO3 is the Fermi cutoff in the CaVO3
spectra; it appears more pronounced in high-resolu
measurements.11 The evolution of the Fermi cutoff with Ca
doping in Y12xCaxVO3 is demonstrated in Fig. 2. It turns ou
to be present only in the metallic (x.0.5) samples. We will
discuss this in more detail later on.

In a one-electron band-structure picture, the photoem
sion spectrum corresponds to the density of states~DOS!,
weighted with the corresponding transition matrix elemen
at least, if interference effects can be neglected. Furtherm
one has to take into account the experimental resolution
extrinsic electron-energy-loss processes. The band-struc
calculation discussed in Sec. III treats electron correlat
only approximately, and for correlated electron systems
calculated DOS has in principle no physical meaning. N
ertheless, it is tempting to make a comparison between b
theory and PES of CaVO3 and YVO3. It has been shown
that the photoemission spectra of some late transition-m

FIG. 2. Valence-band photoemission spectra of Y12xCaxVO3

taken using the HeI resonance line (\v521.2 eV!.
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~TM! oxides with the perovskite structure are in surprising
good agreement with the densities of states, calculated in
LSDA approximation.40 Furthermore, correlation effects i
the vanadium oxides are expected to be weaker than for
late transition-metal oxides. First, the 3d electrons are less
localized in early TM oxides, because the smaller nucl
charge yields a larger 3d orbital radius. An even more im
portant aspect is the absence of multiplet effects in the fi
state for both CaVO3 and YVO3.

Figure 3 compares the experimental valence band
spectra, taken at\v550 eV, to densities of states, obtaine
in the L~S!DA calculations. At this photon energy, the cro
sections of O 2p and V 3d are comparable,39 so we use the
total occupied DOS for this comparison. To obtain the b
match with the spectral features, the DOS were broadene
a Gaussian of 1.2-eV full width at half maximums~consid-
erably larger than the experimental resolution of 0.5 e!.
Furthermore, the calculated line shapes were—tentativel
shifted toward higher binding energy~1.1 eV for CaVO3,
1.4 eV for YVO3) to obtain a better match of the peak p
sitions. The broad bands around 6 eV are of primarily Op
character, and the narrow band around 1.5 eV is mainly
3d, in agreement with the RPES experiment. The calcula
bandwidths and theirrelativepositions also resemble the P
spectra quite well. The increasing spectral intensity at
high-binding-energy side is due to inelastically scatte
photoelectrons. The DOS calculated for YVO3 with C-AFM
ordering @Fig. 3~c!# is slightly different from the nonmag
netic DOS@Fig. 3~b!#. This is revealed in the shape of the
3d band and the relative positions of the O 2p and V 3d
bands.

Very remarkable is the shift of spectral weight away fro
EF , even for the metallic CaVO3. The broadness of the V
3d band and the low spectral weight nearEF were already
discussed by Egdellet al. for LaVO3 in a study of the

FIG. 3. Valence-band photoemission spectra of CaVO3 ~top
panel! and YVO3 ~lower panels!. The experimental spectra~dots!
are compared to the DOS~solid lines! obtained from band-structure
calculations. Also, the Gaussian-broadened DOS is shown for
of comparison.~a! and ~b! show nonmagnetic calculations,~c!
shows a LSDA calculation for YVO3 , with C-type AFM ordering.
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La12xSrxVO3 system.41 From the conductivity behavior o
the insulating compounds, they were expected to exh
Anderson localization;42 however, the localized states belo
the mobility edge were not observed in the insulating co
pounds. The absence of spectral weight at the Fermi le
was attributed to a final-state effect. The presence of
photohole in the polarizable lattice would give rise to a l
tice relaxation, shifting the V 3d feature to higher binding
energy. The peak also becomes broadened due to lattic
brations: this is the Franck-Condon effect. It was noted
Egdell et al. that the Franck-Condon broadening is expec
to become less important on going toward metallic materi
Nevertheless, as in Y12xCaxVO3, the width of the 1.5-eV
peak does not change very much with doping. This was
plained by the increasing intrinsic bandwidth, which wou
compensate for the decreasing Franck-Condon broaden
The study was only made for samples withx,0.3, so it was
not noticed that also in SrVO3 most of the spectral weigh
appears around 1.5-eV binding energy.

It was pointed out that not only SrVO3, but also severa
other metallic systems with ad1 configuration show the typi-
cal double-peak structure.24 The intensity of the near-edg
‘‘coherent’’ spectral weight, attributed to quasiparticle ex
tations or renormalizedd-band states, would increase wi
decreasingU/W with respect to the ‘‘incoherent’’ higher en
ergy feature. The latter is associated with the remnant of
lower Hubbard band. This behavior is quite different fro
what is obtained for a simple Hubbard model.43,44 In this
Monte Carlo calculation for an 838 cluster with nearest
neighbor hopping, the upper and lower Hubbard bands s
quite rigidly toward EF on decreasingU/W, and finally
merge into a single band.

The transfer of spectral weight, suggested in Ref. 24, w
recently studied in a more systematic way in Ca12xSrxVO3.5

A photoemission study on this system, in which theU/W
ratio is varied systematically due to the compositio
dependent V-O-V bond angle, confirmed the presumpti
of Ref. 24. The spectra show a transfer of spectral we
away fromEF on increasingU/W. This was explained with
a model for the spectral function including ak- and
v-dependent self-energyS(k,v). The variation in the
Ca12xSrxVO3 low-energy PES was compared to the ‘‘Pa
paramagnetic’’ solution~i.e., without magnetic order! of the
d5`-Hubbard model.45,46~Note that the ‘‘bare’’d5` Hub-
bard model, like thed52 model, fails to describe spectra
weight transfer on changing the number ofd electrons.47

Recently, the doping dependence of SrTiO32d was discussed
using ad5` model including disorder;26,27 the impurity po-
tential of 2.4 eV used in this model, is very large, thoug!
This solution is essentially different from that obtained fro
two-dimensional Monte Carlo calculations,43,44 because no
antiferromagnetic correlations are present. It is obtained o
if frustration is included, in the form of hopping to mor
distant neighbors. Ulmkeet al. noted that without this frus-
tration the results ford52 andd5` are very similar.48 In
thed5` Hubbard model, the assignment of the 1.5-eV ph
toemission peak is essentially different from that of Egd
et al.:41 it is attributed to the on-site Coulomb interactio
rather than to polarization effects.

The electron removal spectra calculated ford5` re-
semble the experimental results quite well, if they are su
it
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ciently broadened. However, there is a qualitative disagr
ment which became clear from a high-resolution~35 meV!
PES experiment by Morikawaet al.11 In the d5` Hubbard
model, the peak nearEF narrows with increasingU/W, but
in the PES spectra the intensity decreases, while the
shape is very close to the calculated LDA DOS. This w
attributed to thek dependence of the self-energyS(k), due
to the long-range Coulomb interaction, which is not captu
by the d5` Hubbard model. Morikawaet al. argued that
this interaction is not completely screened, at least betw
nearest-neighbor V atoms, because the screening length
not be smaller than the average distance between the con
tion electrons. Therefore, the width of the coherent band w
remain finite asmv diverges. This bandwidth is of the orde
;e2/ed, wheree is the optical dielectric constant andd is
the average electron-electron distance. Withd.4 Å and e
;3 – 5, it is estimated at 0.5–1 eV, comparable to the
served width of the coherent part.

An interesting question is whether lattice polarization c
still influence the photoemission spectrum in the meta
case. Photoemission spectra of semiconducting NaxV2O5
~Ref. 49! and of the metallic La0.1Sr0.9TiO3 ~Ref. 6! also
show V 3d-like peaks at more than 1-eV binding energ
Nevertheless, the number ofd electrons is much smaller tha
in CaVO3, and the long-range Coulomb interaction is e
pected to be less important for these materials. So in
case, the large binding energy is probably due to lattice
laxation. Because the photoemission process is fast, the
tice cannot relax to screen the photohole in the final state
a ‘‘poor’’ metal ~small carrier concentrationn, large effec-
tive massm* ) this effect may still be present: if the plasm
frequencyvp5A(4pne2/m) becomes smaller, the screenin
of the photohole by conduction electrons decreases.

It would be interesting to examine a mixed valence co
pound that changes from polaronic to metallic behavior
increasing the number ofd electrons per TM ion from 0 to 1
~Unfortunately LaxSr12xTiO3 is metallic up tox values as
low as;0.05.! It seems unlikely that the peak at high ener
will disappear immediately when such a system becomes
metallic, simply because the number of itinerant electron
too small to screen the photohole completely. On the ot
hand, if the system becomes metallic and a Fermi surfac
present, spectral weight at the Fermi level should also
pear. To describe such a spectrum theoretically, one nee
model that captures, in a realistic way, Coulomb interactio
lattice polarization and hybridization at the same time; this
an extremely difficult, and until now, unsolvable problem
To conclude this discussion, it is interesting to note the s
gestion of Nguyen, Zhou, and Goodenough,18,23 who pro-
posed an electronic phase segregation in which regions
localized and itinerant electrons coexist. This would a
give rise to a double-peak structure, because the electron
‘‘itinerant’’ regions are well screened and those in ‘‘loca
ized’’ regions are less screened.

B. V 2p x-ray absorption

Figure 4 shows the V 2p absorption edges of the
Y12xCaxVO3 series. Upon doping with Ca, clear changes
observed in the shapes of the spectra, as well as in t
energy positions. To show the latter effect more clearly,
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barycenters of the spectra@Eb5*EI(E)dE/* I (E)dE# are
shown as a function ofx in Fig. 5~a!. On increasingx, the
spectral weight gradually shifts toward higher energy. T
‘‘chemical shift’’ is attributed to a reduced final state scree
ing, indicating an increasing average valence of the V io
To examine the influence of the Ca doping in more det
the experimental spectra were compared to calculations
ing the crystal-field multiplet model.50 The V 2p line shape
is very sensitive to the V ground state multiplet, and we c
ask ourselves whether the change ind count, apparent from
the energy shift, is reflected in the spectral shape. There
we performed several crystal-field multiplet calculation
varying the ground-state symmetry, the ionic crystal-fie
splitting 10Dq, and the reduction of the Slater integrals.

In Figure 6~a! the V 2p spectrum of YVO3 is compared to
a multiplet calculation assuming ad2 ( 3T1) ground state,
which turned out to give the best match. The Slater integ
were reduced to 70% of the Hartree-Fock values, and 10Dq
was put at 1.5 eV. The sticks represent transitions to diffe
final states. The solid line shows a simulated spectrum
tained by applying a convolution with a Lorentzian of 0.2 e
and a Gaussian of 0.3 eV, to account for lifetime and ins
mental broadening. The agreement between experiment
calculation is very good. The main source of discrepanc
probably the nonuniformity of the lifetime broadenin

FIG. 4. Vanadium 2p absorption edges of Y12xCaxVO3 .

FIG. 5. Barycenter shift of the V 2p absorption edges~a!, and
growth of the 529-eV peak in the O 1s edges~b!, both as a function
of the hole dopingx.
s
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which could not be taken into account straightforwardly. T
L2 edge is relatively broad due to the additional Cost
Kronig decay channel, and also within theL3 edge the
higher-energy features appear broader. From the good ag
ment between the experiment and theoretical line sha
~and the large disagreement with line shapes calculated
other ground-state symmetries! we can conclude that the
ground state of the V ion is indeed3T1 (d2, S51). This is
in accordance with magnetic-susceptibility measurement51

in the paramagnetic phase a Curie-Weiss behavior is
served, with an effective magnetic momentmeff53.11mB ,
close to the V31 free-ion value of 2.8mB . Also, 51V NMR
experiments28 support the presence of anS51 moment at
the V site.

Usually, YVO3 is regarded as a typical Mott-Hubbard in
sulator. This implies that doped holes will reside on the T
ions: upon increasingx, the V31 ions are gradually replace
by V41. To test this assumption, we subtracted appropr
fractions of thex50 spectrum from thex.0.0 spectra, and
compared the results to a V41 (d 1) crystal-field multiplet
calculation. The Slater integral reduction and 10Dq were
taken as before. Figure 6~b! shows that the agreement
remarkably good forx50.1: all major features are still re
produced. Therefore, we conclude that for smallx values the
V 2p XAS spectra can be described by a superposition
spectra corresponding to 3d1 and 3d2 ground states, as ex
pected from the Mott-Hubbard picture. Note that the diffe
ence spectrum is shifted about 1 eV toward higher ene
compared to thex50 spectrum, consistent with the presen
of V41 ions. When comparing spectra of V2O3 and VO2,
with nominal V valences of 3 and 4, respectively, a shift
the same magnitude is observed.52

On increasingx, the agreement between the V 2p spectra
and the multiplet calculations becomes increasingly poor
Fig. 6~c!, the x51 spectrum is compared to the samed 1

calculation as shown in Fig. 6~b!. The spectrum is very

FIG. 6. Vanadium 2p spectra of Y12xCaxVO3 compared to
crystal-field multiplet calculations.~a! x50 spectrum compared to
a d2 (3T1) calculation.~b! ‘‘ d1’’ part of the x50.1 spectrum com-
pared to ad1 calculation.~c! x51.0 spectrum compared to ad1

calculation.
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broad, with only some shoulders in theL3 edge. Compared
to Fig. 6~b!, it contains more weight at higher energy in bo
the L2 and L3 edges, which could be due to V ions with
51 valence. This broadness, and thed0 component, indicate
a widerd band and larger valence fluctuations than in thex
50 case, suggesting itinerant electron behavior. Both eff
weaken the validity of the crystal-field multiplet approxim
tion. The first one causes the final state to be less locali
and the second invalidates the description of the ground s
as a single atomic configuration. The first possibility is le
likely: the Ti 2p edge of SrTiO3 , which is expected to have
a 3d-band-width comparable to CaVO3, is still described
very well by the crystal-field multiplet theory.7 However,
SrTiO3 is an insulator with an optical band gap of as much
3.2 eV,53 and valence fluctuations are negligible. So the m
cause of the discrepancy is probably the presence of itine
electrons in CaVO3. Most likely, a calculation with only one
V ion is too small: one would have to consider larg
clusters54 to capture the qualitative physics of CaVO3. It is
also interesting to note the similarity of thex51 spectrum to
the L edge of metallic V, as measured by electron-ener
loss spectroscopy:55 here the delocalization of thed electrons
gives rise to a broad spectrum.56 Finally, a hypothetical
cause for the disagreement could be the orthorhombic dis
tion of the crystal structure, because in the calculationOH
symmetry is assumed. However, as the deviation from cu
symmetry decreases on going fromx50 to 1, this possibility
can be ruled out.

In conclusion, the YVO3 spectrum is well described by
d2 multiplet calculation, and for small doping concentratio
the spectra resemble a superposition of the theoreticald2 and
d1 spectra. For larger doping, the agreement between ex
ment and calculations becomes less good. Together,
changes in the V 2p absorption edge indicate an increasi
covalence upon hole doping.

C. O 1s x-ray absorption

Figure 7 shows the O 1s x-ray-absorption edges of th
Y12xCaxVO3 series. This edge probes the unoccupied sta
of O p character. Because in an ionic picture the O 2p shell
would be completely filled, the absorption intensity is a
rect measure of the degree of covalence. The near-edg
tensity is in general attributed to states of mixed O 2p–V 3d
character. The peaks at higher energy are assigned t
4d–Ca 3d ~534–539 eV! and V 4s-4p ~534–550 eV!. Prob-
ably, the contribution from Y 4d overlaps with that from V
3d.

Upon doping, the spectra change drastically. The chan
at higher energy can be attributed to band structure effe
The V 4s-4p band shifts to higher energy, which can b
related qualitatively to the decrease of the unit-cell volum
causing the unoccupied O 2p–V 4sp states to be more anti
bonding. Furthermore, we see a gradual decrease of the Yd
structure and an increase of the Ca 3d structure. The mos
pronounced and also the most interesting changes, how
appear in the near-edge region. These changes are muc
large to be explained by a rigid-band model: in this vie
one would expect only a small increase in absorption, du
the increase of the number of holes in the V 3d band from 8
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d,
te

s

s
n
nt

-

r-

ic

ri-
he

es

-
in-

Y

es
ts.

,

4

er,
too
,
to

to 9. In contrast, the intensity around 534 eV decreases,
a pronounced double-peak structure starts to grow in
near-edge region.

Figure 5~b! shows the development of the 529-eV featu
i.e., the relative intensityDI (x)5@ I (x)2I (x50)#/@ I (x
51)2I (x50)# in a 1-eV window around the maximum o
the 529-eV prepeak. The doping-induced changes in th
1s spectra bear some similarities to those observed in the
transition metal oxides.9,57 The hole doping of YVO3 results
in an increasing intensity around 529 eV, which can be
plained as the transfer of spectral weight to the lower H
bard band. From the fact that these lower Hubbard b
states are visible in O 1s XAS, combined with the observed
changes in the V 2p XAS, we can conclude that they are o
mixed V 3d–O 2p character. The increase of the peak inte
sity with x is approximately linear. This is different from th
behavior in the late TM oxides, where a sublinear behavio
observed.57 Also, in a ‘‘true’’ Mott-Hubbard insulator one
would expect the transfer of spectral weight to the low
Hubbard band to be sublinear with the hole doping, due
hybridization.58,59 Probably the O 2p character of the
holes—and thus the O 1s absorption intensity—increase o
doping: the V 3d–O 2p covalence becomes larger, due to t
increasing orbital overlap and the decreasing charge-tran
energy.

The O 1s absorption spectra of several TM oxides we
described successfully by cluster model calculations.8,60,61

For YVO3, such a calculation was not possible due to t
overlap between Y and V states, but for CaVO3 we per-
formed a cluster calculation for different values of the ion
crystal-field splitting (10Dq) and O 2p–V 3d hybridization.
The observed double-peak structure could be simulated

FIG. 7. Oxygen 1s absorption edges of Y12xCaxVO3 .
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7428 PRB 59H. F. PENet al.
suming 10Dq'0 and (pds)51.8 eV @better agreement is
found for smaller (pds)#. The resulting spectrum is show
in Fig. 8~a!. The peak splitting would now be due to th
‘‘Hund’s rule’’ exchange splitting of about 1.6 eV betwee
the lowestd2 final-state multiplets. Although the spectru
calculated with these parameters is in good agreement
experiment, the values are much smaller than expected f
band-structure calculations: from a tight-binding fit62 we ob-
tain (pds)52.3 eV and an ionic crystal-field splitting
10Dq52.4 eV. Figure 8~b! shows the calculation for thes
parameters. The agreement at higher energy is less good
in Fig. 8~a!. However, the band-structure calculations sh
that theeg band is very broad, which would ‘‘smear out’’ th
final-state multiplets that involveeg electrons. If this is the
case, the sharp peaks in the spectrum would be due to
states involvingt2g electrons only. Like in Fig. 8~a!, the peak
splitting would now be due to the ‘‘Hund’s rule’’ exchang
energy.

A different starting point for describing the O 1s XAS is
the band-structure approach, comparing the spectra to th
p-projected unoccupied DOS.63 In this picture, the observed
splitting would be due to crystal-field effects: the octahed
surrounding of V by O splits the 3d band into bands oft2g
andeg symmetry. Due to the largep-d hybridization, theeg

FIG. 8. O 1s absorption edge of CaVO3 ~dots!, compared to
cluster calculations with parameters 10Dq50, (pds)51.8 eV in
~a! and 10Dq52.4 eV, (pds)52.3 eV in~b!. The thick lines show
the full cluster calculation, and the thin lines refer to states oft2g

symmetry.

FIG. 9. O 1s absorption edges of CaVO3 ~dots!, compared to
the Op unoccupied DOS, as obtained by LDA band-structure c
culations~solid lines!. The dashed lines indicate the suggested c
nections between experimental and calculated features.
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band is very wide, and does not induce a narrow feature
the unoccupied Op DOS, as is shown in Fig. 9. A simila
disagreement in the comparison of SrTiO3 O-1s XAS to
band-structure calculations was attributed to the core-h
effect.6 The presence of the O 1s core hole can redistribute
spectral weight toward the lower band edges.63,64

Figure 9 compares the experimental O 1s spectrum of
CaVO3 to the calculated Op-projected DOS. The DOS is
shifted by 528.7 eV, so that the lowest-energy peaks of
periment and calculation coincide. To simulate the spectr
the DOS is also broadened by Gaussian and Lorentzian
shapes. The differences can be largely explained by the
glect of the core-hole potential in the calculation. The co
hole will pull spectral weight toward a narrow energy regi
near the lower edge of thet2g and eg bands. This will par-
ticularly affect the shape of the broadeg band, because in
tensity is shifted from the region 532–535 eV toward t
edge at 531 eV, as indicated by the thick dashed line in F
9. The influence on thet2g band will be much smaller be
cause it is quite narrow (;1 eV from Fig. 9!. The observed
splitting is in good agreement with the distance of about
eV between thet2g andeg lower band edges. The descriptio
using the Op DOS, renormalized by the core hole, can al
explain the difference between the O 1s XAS of CaVO3 and
SrVO3.21 In CaVO3, the second peak appears more p
nounced. In the band structure of CaVO3, the eg band is
narrower, due to the orthorhombic distortion: this will e
hance the effect of the core hole on theeg DOS. An orbital
projection of the DOS shows that the Ca 3d band is located
between 4 and 8 eV aboveEF , with a maximum DOS be-
tween 6 and 8 eV. This means that the calculation pred
the maximum of Ca 3d spectral weight between 535 and 53
eV, in good agreement with experiment. The V 4sp peak is
less well described by the calculation; this is probably b
cause the calculation becomes less accurate at energies
aboveEF .

In conclusion, it is not clear whether the O 1s x-ray-
absorption edge of CaVO3 is best described in a band stru
ture or cluster approach. In the first case, we have to ass
that the O 1s core hole has a considerable influence on
spectral shape. The splitting between the first two pe
would now be due to the crystal field. If the cluster approa
is valid, the splitting would be due to the on-site exchan
interaction. In this case, we must assume that any excha
splitting of final states involvingeg electrons is not visible in
the spectrum, due to the broadeg band. It is also possible
that a combined approach is applicable here, with locali
t2g and delocalizedeg states.

Figure 10 compares the O 1s spectrum of YVO3 to the O
p projected DOS of LDA and LSDA calculations. As in Fig
9, the DOS is shifted by 528.7 eV. As stated above,
doping dependence of O 1s XAS is not rigid-band-like. Af-
ter concluding that the O 1s spectrum of CaVO3 is described
quite well by the Op DOS, it is therefore not surprising tha
in the case of YVO3 the agreement is poor. Indeed, the DO
of the LDA calculation much resembles that of CaVO3,
shown in Fig. 9, with a small shift due to the larger
3d-band filling. The calculated near-edge intensity is mu
larger than observed. From the transfer of spectral we
upon doping it is clear that correlation effects are import
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for YVO3. The low near-edge spectral weight is better d
scribed by a calculation LSDA. This calculation assume
two-sublattice structure, which allows for an AFM spin co
figuration. The essential improvement of the LSDA calcu
tion is that it allows for the formation of local moment
which are present even in the paramagnetic phase of YV3 .
With these local moments, the calculation can at least p
tially consider the on-site ‘‘Hund’s rule’’ exchange energ
which is important to give a correct description of the sp
trum. The presence or absence of AFM is less important
the x-ray-absorption line shape, because the intersite
change energy is much smaller than the on-site excha
energy. For these reasons, the LSDA calculation, with
AFM ground state, gives a better description of the XA
than the nonmagnetic LDA calculation, although the expe
mental spectrum was taken in the paramagnetic phase.
not unlikely that the best agreement would—in principle—
obtained by a full multiplet calculation.

D. Optical conductivity and the d5` Hubbard model

As we saw in the previous paragraphs, the photoemis
spectrum of CaVO3 is not well described in a delocalize
~band structure! picture. Also, a localized description by
VO6 cluster model does not give the correct result: thed-d
and d-p interactions cannot give rise to a splitting of th
lowest (d1→d0) electron removal state. CaVO3 seems to
represent a borderline case: the material is metallic, but
relation effects are still important. A theoretical approach
tackle this problem is the infinite-dimensional Hubba
model.25 Recently, it was used to describe the photoemiss
spectra of Ca12xSrxVO3.45 In this series of compounds, th
V-O-V bond angle is changing from 180° in SrVO3 to 160°
in CaVO3. This leads to a systematic variation of th
3d-band-widthW and the Coulomb energyU throughout the
series. As discussed already in Sec. IV A, the low-ene
parts of the photoemission spectra show a transfer of spe
weight toward the Fermi level on decreasingU/W. Similar
changes are observed in the calculated electron rem

FIG. 10. O 1s absorption edges of YVO3 ~dots, top!, compared
to the Op unoccupied DOS, as obtained by LDA and LDSA ban
structure calculations~solid lines!.
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spectra~obtained from the paramagnetic solution of thed
5` Hubbard model! on decreasingU, while keepingW
fixed.

Also the optical conductivity of CaVO3 was described
within the same model,45 using the same parameters as f
the photoemission spectra. The results are compared
s(v) data from a CaVO3 single crystal, and a good agree
ment between theory and experiment is found. The exp
mental results are quite similar to those for polycrystalli
material reported earlier by Kasuyaet al.; however, the as-
signments made to the various spectral features are very
ferent. In this light, it is interesting to compare thes(v)
spectra of the Y12xCaxVO3 series to our O 1s x-ray-
absorption spectra. There are some remarkable similari
which support the original assignments of Kasuyaet al.

Let us briefly recapitulate the two different viewpoint
For YVO3 Kasuya et al. take the common Mott-Hubbard
picture, as shown in Fig. 11. The O 2p band is at a higher
binding energy than the V 3d band, i.e.,D.U. Thed states
are split into upper and lower Hubbard bands by the C
lomb repulsionU, and the upper Hubbard band is furth
split by the crystal field in states oft2g and eg symmetry.
~Note that this latter assumption is essentially not correct
a d2 system: one has to consider not only the crystal-fi
interaction, but also thed-d Coulomb and exchange interac
tions.! The thresholdlike rise in thes(v) spectrum of
YVO3, labeledA in Fig. 12~a!, is assigned to excitation
across this Mott-Hubbard gap. Judging from the energy
sitions and the systematic variations with hole dopingx, fea-
turesB andC are assigned to charge transfer excitations fr
the O 2p valence state to V 3d states oft2g andeg symme-
try, respectively. The energy difference between the Mo
Hubbard gap (;1.5 eV! and the charge transfer transition
(;4.5 eV! is in agreement with the photoemission spectru
of YVO3, in which the distance between the O 2p and V 3d

FIG. 11. Schematic densities of states of YVO3 ~a! and CaVO3

~b! and~c!. ~a! and~b! represent the view of Kasuyaet al., ~c! is the
d5` Hubbard picture. The energies~in eV! with their labels cor-
respond to the peak assignments in the optical conductivity spe
of Fig. 12.
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upper band edges is about 3 eV. On increasingx, the spectral
weight below 1.5 eV gradually increases, developing int
Drude edge asx approaches 1. The features above 3 eV, s
assigned to charge-transfer excitations, are shifted to lo
energy by about 1.5 eV compared to YVO3. The assignmen
of the high-energy spectral weight to charge-transfer exc
tions is consistent with the results of a comprehensive st
on the optical gaps of LaMO3 and YMO3 perovskites.65,66

With the assignments made in this study, the trends in
gap on changing theM atom from Ti to Cu could be suc
cessfully explained within the Zaanen-Sawatzky-All
~ZSA! framework.67

The assignments made for thes(v) spectrum of CaVO3
in thed5` Hubbard model are quite different. Figure 11~c!
schematically shows the densities of states in this model.
Coulomb interactionU, estimated at 3.5 eV from a fit to th
photoemission spectrum, determines the splitting betw
the ‘‘incoherent’’ lower and upper Hubbard bands atv5
21.75 and 1.75 eV. A ‘‘coherent’’ quasiparticle peak is ce
tered aroundv50. The calculateds(v) spectrum yields a
pronounced peak around 3.5 eV, which is attributed to tr
sitions from the lower to the upper Hubbard band. A we
feature at around 1.75 eV, which was not discussed by
suyaet al., is assigned to excitations from the lower Hubba
band to quasiparticle states, and from quasiparticle state
the upper Hubbard band.

Figure 12 shows a comparison ofs(v) to the near-edge
regions of the O 1s absorption spectra. In a simple~e.g.,
tight-binding! band picture, the charge-transfer excitation
expected to be seen ins(v)—and the O 1s x-ray-absorption
are quite similar processes. However, the O 2p band is much
broader than the O 1s ‘‘band’’ and therefore O 1s XAS
should be compared to the unoccupied DOS, while 2p-3d
charge transfer should resemble the joint density of state
the O 2p and V 3d bands. Nevertheless, if the onset of t
s(v) intensity corresponds to the distance between the b
edges,19 it is still interesting to make the comparison. The
1s spectra were all shifted by the same energy~2526.0 eV!,
in such a way that a good alignment was obtained.

The development of the near-edge features upon h
doping is very similar to that of thes(v) spectra in the

FIG. 12. Comparison of the O 1s XAS near-edge region o
Y12xCaxVO3 ~solid lines! to the optical conductivity, as taken from
Ref. 19.
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region 3,v,7.5 eV. This supports Kasuyaet al. assign-
ment of the features in this region to charge-transfer exc
tions. For the Mott-insulating end member YVO3, this as-
signment already seems unambiguous without making
comparison with the O 1s XAS. In the first place, because o
the energy positions, but also because of the intensity,d-d
excitations are expected to be relatively weak. On-sited-d
excitations are optically forbidden, and the probability f
intersite excitations is small due to the smalld-d overlap. By
overlaying the x-ray-absorption spectra, we can keep trac
the development of the charge-transfer excitations in
s(v) spectra, and find that the description of Kasuyaet al.
for the xÞ0 spectra is still consistent. A corresponden
between optical conductivity spectra and O 1s absorption
edges is also present for LaxSr12xTiO3 , where a double-
peak structure for SrTiO3 changes to a single broad peak f
LaTiO3 .6,68 The onset of the SrTiO3 structure is at;3 eV,
corresponding to the band gap,53 which is definitely of
charge-transfer nature.

In conclusion, we compared the optical conductivity spe
tra of Y12xCaxVO3 to the O 1s absorption edges and foun
similar trends. These trends are consistent with Kasuyaet al.
assignments for thes(v) spectrum of CaVO3, but they con-
tradict the description by thed5` Hubbard model.

V. CONCLUSIONS

From the photoemission spectra it is clear that the low
electron removal states of YVO3 ~CaVO3) are of predomi-
nantlyd2→d1 (d 1→d0) character, and Y12xCaxVO3 can be
classified in the ZSA framework to be of the Mott-Hubba
type. Nevertheless, from the fact that both the V 2p and O
1s x-ray-absorption spectra are strongly doping dependen
can be concluded that these states are highly mixed with
O 2p ligand states. This system should thus be placed in
lower left corner of the ZSA diagram.

The V 2p spectra indicate thatd electrons become delo
calized on going from YVO3 to CaVO3: the x50 spectrum
is well described within the crystal-field multiplet mode
while the x51 spectrum is not. The increase in the O 1s
near-edge spectral weight on going from CaVO3 to YVO3
can not be explained by rigid-band behavior. Comparison
the experimental spectra to the calculated Op projected den-
sities of states suggest that the change in spectral weig
due to correlation effects and an increasing V-O covalen
The nonmagnetic band-structure calculations give high d
sities of states nearEF , in agreement with the CaVO3 spec-
trum. The YVO3 spectrum is better described by a magne
calculation assuming an AFM ground state; here, the p
ence of local moments yields a lower DOS atEF .

The fact that CaVO3 is metallic while YVO3 is insulating,
is probably due to a decreased electron correlation~i.e., a
smallerU/W ratio!. There are several factors that can play
role in decreasing the band widthW. The V-O covalence
will increase due a shorter V-O distance and a decrea
orthorhombic distortion on going from YVO3 to CaVO3. In
addition, the charge-transfer energyD will become smaller
due to the changes in Madelung potential, which also
creases the V 3d–O 2p hybridization. The decreased V-O
distance can also reduceU due to the larger polarization
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screening. Furthermore, the larger orbital degeneracy of
d1 system will make ferromagnetic interactions more imp
tant compared tod2. This will effectively decreaseU be-
cause of the smaller on-site ‘‘Hund’s rule’’ exchange ene
in the excited states. It might be possible thatD becomes
smaller thanU and that CaVO3 therefore would be a charg
transfer metal. One can ask, however, if this classificatio
still meaningful; because of the strong V 3d–O 2p hybrid-
ization, the lowest electron removal states will be predo
nantly V 3d, with a large O 2p contribution, whetherD is
larger or smaller thanU.

The doping dependence of the photoemission spectra
particular the double-peak structure of CaVO3, remains an
unsolved problem here. Thed5` Hubbard model has bee
used to explain the composition dependence of this struc
in CaxSr12xVO3. At first sight, the model gives a fairly goo
description of the low-energy PES—and the optic
conductivity—of the CaxSr12xVO3 series, but there are als
serious problems. For PES, the model predicts a narrow
of the spectral feature nearEF instead of the observed inten
sity decrease. Like thed52 Hubbard model, the approxima
tion for d5` fails to describe spectral weight transfer
systems where the number ofd electrons is changed. Als
the description of the optical conductivity seems proble
atic. Some features are assigned tod-d excitations, although
a charge-transfer nature is more likely when considering
a
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change in the optical conductivity spectra throughout th
Y12xCaxVO3 series, as well as the trends in the LaMO3 and
YMO3 ~M5Ti to Ni! series.

The description of the metal-insulator transition in earl
transition-metal oxides is a very difficult problem, which is
not solved here. There are several aspects which are imp
tant for early-transition oxides that could play a role in th
metal-insulator transition, such as O 2p–V 3d hybridization,
orbital degeneracy, and strong lattice polarization. We fe
that a minimum model must include at least those three i
teractions, and go beyond an impurity or a cluster mod
with only one V atom.
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