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Evolution of the spectral weight in the Mott-Hubbard series SrV0;-CaVO;-LaVO;-YVO;
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We studied the Mott-Hubbard series SrVO3;-CaVO3-LaVO;-YVO; with high-energy photoemission. The
features in the experimental spectra were interpreted using cluster model calculations. The valence-band
photoemission results show very interesting trends across the Mott-Hubbard series: (i) From SrVO; to CaVO3,
the spectral weight is transferred from the coherent to the incoherent feature. (ii) From CaVO; to LaVOs;, the
coherent structure disappears, opening the insulating band gap. (iii) Finally, from LaVO; to YVOs3, the band-
width of the remaining incoherent feature further decreases. There is also a considerable V 3d spectral weight
contribution mixed in the O 2p band region in all cases. These results suggest that the O 2p states play an
important role in the Mott-Hubbard transition. Some of the changes in the spectra are unexpected and cannot
be explained by the current Mott-Hubbard theories. The calculation reproduces not only the coherent and
incoherent structures in the V 3d band but also the main features in the O 2p band. In addition, the same model

explains the charge-transfer satellites observed in the V 2p core-level spectra.
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I. INTRODUCTION

Substitution induces very interesting changes in the elec-
trical and magnetic properties of transition-metal oxides. For
example, it produces the high-T- superconductivity in
La, Sr,CuO, and the colossal magnetoresistance in
La;_,Sr,MnO;. Substitution also generates Mott-Hubbard
transitions in early transition-metal oxides such as
La,_,Sr,VO;. These metal-insulator transitions (MIT) are
usually classified according to the main controlling
mechanism.! In the bandwidth control, the substitution in-
duces a lattice distortion and thus changes in the 3d disper-
sion. In the band-filling control, the doping produces changes
in the chemical potential and thus in the 3d occupation.

One of the main experimental techniques used to study
these transitions is photoemission spectroscopy (PES). The
V 3d band of SrVO; showed a coherent peak at the Fermi
level and a broader incoherent structure at higher binding
energies.”>? Recent works suggested that the differences in
the surface vs bulk correlation might affect the PES
spectra.*> This prompted the development of hard x-ray pho-
toemission (HXPES) because the larger probing depth would
enhance the bulk contribution. This technique was applied to
high-T superconductivity in La,_,Sr,CuO,.% colossal mag-
netoresistance in La,_Sr,MnO;,” and temperature induced
MIT in V,0; (Refs. 8 and 9) and VO,."°

The bandwidth controlled MIT in Sr;_,Ca, VO; was stud-
ied using low-energy (up to 60 eV),'!> medium-energy (up
to 900 eV),'? and high-energy (up to 1486 eV)'* photoemis-
sions. The band-filling controlled MIT in Y;_,Ca, VO; was
studied using low-energy (up to 60 eV)" photoemission,
whereas the MIT in La;_Ca,VO; was investigated with
high-energy (up to 1486 eV)'®!7 photoemission. Most of
these studies were performed at low energy and were mainly
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concerned with the V 3d band. In addition, the comparison
with theory in most of these studies was also focused on
the V 3d region. The Sr;_,Ca,VO; (Ref. 14) and the
La,_,Ca,VO; (Ref. 17) materials were also studied using the
V 2p core-level photoemission. But the important charge-
transfer satellites in the spectra were neither presented nor
discussed.

In this work, we study the electronic structure of the
Mott-Hubbard series SrVO;-CaVO3-LaVO;-YVO;. These
series include both bandwidth and band-filling control,
whereas the previous studies were concerned with either
bandwidth or band-filling control. The SrVO; and CaVO;
compounds are paramagnetic metals with a nominal occupa-
tion of 3d' (V**). The differences in the ionic radii cause a
decrease in the V-O-V angle from 180° in SrVO; to 160° in
CaVO;. This change affects the V 3d dispersion and conse-
quently the effective V 3d one-electron bandwidth. The
LaVO; and YVO; materials are antiferromagnetic insulators
with a nominal valence of 3d” (V**). The larger band filling
inhibits the coherent charge fluctuations and induces a metal-
insulator transition. The V-O-V angle decreases from 158° in
LaVO; to 144° in YVO; affecting again the one-electron
bandwidth.

The electronic structure of these compounds is studied
here using a higher-energy (1840 eV) photoemission. The
mean probing depth at this energy, about 25 A, is larger than
in most previous studies, around 5-20 A.'8 The different
features in the experimental spectra are analyzed in terms of
cluster model calculations. The calculation reproduces not
only the coherent and incoherent structures in the V 3d band
but also the main features in the O 2p band. The valence-
band photoemission results show very interesting trends
across the Mott-Hubbard series. Some of the changes in the
spectra are unexpected and cannot be explained by the cur-
rent Mott-Hubbard theories. In addition, the same model ex-
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plains the charge-transfer satellites observed in the V 2p
core-level spectra.

II. EXPERIMENTAL DETAILS

The SrVO;, CaVO;, LaVO;, and YVO; samples were
single crystals grown by the floating zone method. The
samples presented a single phase structure as confirmed by
using powder x-ray diffraction. The photoemission spectra
were measured at room temperature at the SXS beamline in
the LNLS (Brazil)." The beamline has a double-crystal
monochromator equipped with a pair of InSb(111) single
crystals. The electron energy analyzer was a Perkin-Elmer
and the base pressure was in the (1-2) X 10~ mbar range.
The photon energy was set to 1840 eV and the combined
energy resolution was approximately 0.4 eV. The spectra
were normalized to the maximum and the Fermi level was
determined using a clean gold foil. The samples were repeat-
edly scrapped with a diamond file to remove the surface
contamination. The surface quality of the samples was con-
firmed by the absence of a shoulder in the O 1s core-level
spectra.

III. CALCULATION DETAILS

The experimental spectra were interpreted in terms of
cluster model calculations. The VOg4 cluster was solved
within the usual configuration-interaction method.?*?! In this
method, the transition-metal ground state is expanded in the
3d", 3d"*'L, 3d"L?, etc., configurations, where L denotes a
hole in the O 2p band. The main parameters are the charge-
transfer energy A, the Mott-Hubbard repulsion U, the trans-
fer integral pdo, and the core hole potential Q
(Q0=1.25U).22! The multiplet effects were described by the
crystal-field splitting 10 Dq, the intra-atomic exchange J, and
the p-p transfer integral (ppar-ppo). The removal (core-
level) state is obtained by removing a V 3d (core-level) elec-
tron from the ground state. The V 3d part was calculated
using the sudden approximation and the O 2p part using the
single-particle approach.??

In addition to the usual screening from the oxygen sites,
the calculation included different nonlocal screening chan-
nels. For metallic StVO; and CaVOs;, the model included a
nonlocal fluctuation from a coherent state at the Fermi
level.?® Thus, the ground-state expansion contained also the
3d™1C, 3d"?C?, 3d"™?CL, etc., configurations, where C de-
notes a hole in the coherent band. For insulating LaVO; and
YVO;, the model included a nonlocal Mott-Hubbard fluctua-
tion from a neighboring V ion.?* Thus, the ground-state ex-
pansion contained also the 3d™*'D, 3d™>D?, 3d"*’DL, etc.,
configurations, where D denotes a hole in a neighboring V
ion. For the metallic (insulating) system, the additional
model parameters were the corresponding charge-transfer en-
ergy A" (A’) as well as the effective intercluster transfer
integral T* (T").%>2° The A* parameter is about half the oc-
cupied V 3d bandwidth and the A’ parameter was set equal
to the Mott-Hubbard energy U.>2° The T’ parameter is
larger than T because there are two 3d electrons in the in-
sulating LaVO3 and YVO3;. The parameters used in this work
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TABLE I. Parameters used in the cluster model calculations (all
values in eV).

SrVO, CaVO, LaVO, YVO;
A 2.0 2.0 3.8 3.8
U 5.0 5.0 4.2 4.2
pdo 1.9 1.6 1.8 1.5
10 Dq 1.8 1.5 1.8 1.5
J 0.4 0.4 0.6 0.6
ppT-ppo 0.8 0.8 0.8 0.8
A" 0.75 0.55 - -
T 0.27 0.22 - -
A’ - - 4.2 4.2
T - - 0.42 0.36

are given in Table I and are the same as obtained for previous
lower-energy spectra.>>2 In addition, these parameters are in
good agreement with previous estimates for vanadium
oxides.?”?

IV. RESULTS AND DISCUSSION
A. Core-level spectra

Figure 1 shows the O ls and V 2p core-level spectra of
the SrVO;, CaVO;, LaVO;, and YVO; series. The V 2p

O 1s and V 2p Core Level Spectra

SO, Nois

sat.
52}'(.1/2 \ 2

\ \ 5 - Vap,

cavo, | o

V2p,,

,-‘A\_

——_\"‘/: sf\/ﬁk

Lavo, A

Normalized Intensity

Binding Energy (eV)

FIG. 1. O 1s and V 2p core-level spectra of SrVO;, CaVOs;,
LaVOs;, and YVO;. The V 2p levels are split into the V 2p3,, and
V 2p;,, sublevels. The spectra present charge-transfer satellites as-
sociated with each sublevel.
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spectrum is split by spin-orbit interactions in the V 2p;),
(about 516 eV) and V 2p,,, (around 524 eV) regions. The
O 1s peak (around 530 €V) presents an asymmetric shape in
the metallic compounds (SrVO; and CaVOs;) and a narrower
and more symmetric profile in the insulating compounds
(LaVO; and YVOs;). This change in the O 1s peak, from an
asymmetric to a symmetric profile, signals the metal-
insulator transition. The same behavior was observed in the
O Is spectra of V,05 and VO, obtained across the metal-
insulator transition.®!® The absence of a high-energy shoul-
der in the O ls spectra confirms the surface quality of the
samples.

The V 2p part of the core-level spectra also presents rel-
evant changes across the metal-insulator transition. The
changes are similar to those observed in the V 2p spectra of
V,05 and VO, across the metal-insulator transition.®!? The
V 2p;;, region in the metallic spectra shows a main peak
(around 517 e€V) and a shoulder (about 515 eV). The shoul-
der disappears in the insulating spectra and the main peak
shifts to lower energies (around 516 eV). The shift is attrib-
uted to a change in the electrostatic environment of the V
ions, from a V** state in the metallic compounds to a V3+
state in the insulating materials. Finally, each of the V 2p
regions presents an associated charge-transfer satellite at
higher energies. The satellite corresponding to the V 2p;,,
level is hidden in the high-energy side of the O ls peak,
whereas the satellite associated with the V 2p,,, level ap-
pears around 542 eV.

Figure 2 presents the calculated core-level spectra of the
SrV0O;, CaVO;, LaVO;, and YVOj series. The labels in the
figure indicate the character of the dominant configuration in
each of the final states. The transitions were convoluted with
a 1.1 eV Gaussian to account for the resolution as well as
additional broadening effects, which are not included in the
present calculation (V 2p-3d multiplet splitting, Coster-
Kronig transitions, and electron-hole pair creation). Further,
the energy scale was adjusted to the binding energy of the
corresponding V 2p core levels. The O 1s peak was simu-
lated using an asymmetric Doniach-Sunjic function for the
metallic compounds and a symmetric Lorentzian for the in-
sulating materials. The resulting spectra (full line) are the
sum of the calculated spectrum (dashed) and the integrated
background (dotted). We describe the calculated spectra of
the V 2p5,, region and the corresponding charge-transfer sat-
ellite. The same description applies to the V 2p,,, region and
its satellite, which is localized around 542 eV.

The V 2p;, region corresponds to the well-screened final
states, whereas the satellite is related to the poorly screened
final states. The main peak in the metallic materials (about
517 eV) is dominated by the ligand screened ¢3d*L configu-
ration (40%—-43%), whereas the shoulder (around 515 eV) is
mostly attributed to the coherent screened ¢3d”C configura-
tion (30%-32%). The reduced intensity of the shoulder in
CaVOj is due to the decrease in T parameter which, in turn,
is related to the increase in the orthorhombic distortion in
this material. Finally, the charge-transfer satellite (about 533
eV) is mainly related to the ¢3d" configuration (28%—-31%).
The main feature in the insulating materials (about 516 eV)
is still due to the ¢3d°L configuration (41%-42%). The
shoulder disappears in this case because the coherent screen-
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FIG. 2. Calculated core-level spectra of SrVOs, CaVOs3, LaVOs,
and YVOj; (solid line). The cluster model calculation (dashed line)
is mounted on the background (dotted line). The spectra of SrVO;
and CaVO; show the well-screened (c3d*C and ¢3d*L) and poorly
screened (c3d") features, whereas the spectra of LaVO; and YVO,
show the well-screened (c3d°L) and poorly screened (c3d?)
features.

ing is replaced by a Mott-Hubbard screening. The corre-
sponding screened feature (around 521 eV) is mostly formed
by the ¢3d°D configuration (34%—37%). Finally, the charge-
transfer satellite in this case (about 533 eV) is related to the
c3d® configuration (38%—42%).

B. Valence-band spectra

Figure 3 shows the valence-band photoemission spectra
of the SrVO;, CaVOs;, LaVO3;, and YVOs; series. The vertical
bars in the figure indicate the position and evolution of the
main structures in the spectra. The spectra are formed by the
O 2p band from 9.0 to 3.0 eV and the V 3d band from 3.0 to
0.0 eV. The V 3d region next to the Fermi level was enlarged
five times to enhance this relatively weak structure. The
O 2p band presents a prominent feature around 6.7 eV for
SrV O3, which shifts to 6.9 eV for CaVOs;, 7.0 eV for LaVO;,
and 7.5 eV for YVO;. The V 3d band of metallic StVO; and
CaVOj; presents two distinct components: the coherent struc-
ture around 0.5 eV and the incoherent feature about 1.7 eV.
The coherent structure of insulating LaVO; and YVOj; is
substituted by a feature emerging about 5.1 eV. The disap-
pearance of the coherent structure opens the band gap,
whereas the remaining incoherent feature shifts slightly to
1.8 eV. The absence of spurious features around 8—10 eV in
the spectra confirms again the quality of the surface.
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Valence Band Spectra
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FIG. 3. Valence-band spectra of SrVO;, CaVO;, LaVOs;, and
YVO; taken at 1840 eV. The V 3d band region near the Fermi level
was augmented five times. The bars indicate the position and evo-
lution of the main structures in the spectra. The V 3d band of
SrVO; and CaVO; shows the coherent and incoherent features.

This description of the spectra was motivated and guided
by the results of cluster model calculations. Figure 4 shows
the calculated valence-band removal spectra of SrVOs,
CaVO3;, LaVO;, and YVOs;. The transitions were convoluted
with a 0.5 eV Gaussian to simulate the band dispersion and
the experimental broadening. For the metallic SrVO; and
CaVOs; systems, the calculated V 3d band reproduces both
the coherent and incoherent peaks. The coherent peak is
mainly given by the well-screened final-state 3d'C configu-
ration (with 25%-30%) and appears around A*. The incoher-
ent peak is mostly due to the well-screened final-state 3d'L
configuration (with 35%-40%) and appears around A. Fi-
nally, there is a weaker V 3d removal state contribution
mixed in the much more intense O 2p band. This structure is
related to the poorly screened final-state 3d° configuration
(with 50%-55%) and appears at about U.

For insulating LaVO; and YVOj3, the coherent fluctuation
(3d*C) is replaced by a Mott-Hubbard screening (3d*D). The
transfer of spectral weight from the 3d>C to the 3d’D final
states opens the corresponding band gap. The incoherent
peak is mainly due to the well-screened final-state 3d°L con-
figuration (with 40%—45%) and appears around A. The Mott-
Hubbard peak is mostly formed by the final-state 3d°D con-
figuration (with 45%-50%) and appears around A’. Finally,
the poorly screened final-state 3d' configuration contributes
mainly to a removal state about U (with 35%-40%).

The calculated V 3d removal states above coincide with
the main features in the experimental spectra. The dynamical
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FIG. 4. Calculated removal spectra of SrVOs, CaVOs3, LaVO;,
and YVOs;. The labels correspond to the main configuration in each
final state, see text.

mean-field theory (DMFT) attributes the coherent structure
to the quasiparticle peak and the incoherent feature to the
remnant of the lower Hubbard band.*> The present cluster
model ascribes the coherent feature to the 3d"C final state in
the same spirit as the quasiparticle peak in DMFT, but the
incoherent structure here is attributed to the 3d"L configura-
tion. The 34" final-state configuration appears mostly
mixed with the O 2p band at higher energies. Indeed, reso-
nant photoemission experiments in YVO; and CaVO; show
considerable V 3d character around 7.0 eV (Ref. 15) (al-
though some of these V 3d character is also partially due to
the covalent hybridization with the O 2p states).

The results indicate that SrVO; and CaVO; are in the
charge-transfer regime because A is smaller than U.2° The
ground state of these compounds is highly covalent and is
dominated by the 3d' (27%-29%) and 3d’L (47%—48%)
configurations. However, note that the lowest-energy re-
moval state is dominated by the coherent screened 3d'C con-
figuration. On the other hand, LaVO; and YVO; are in a
highly mixed intermediate regime because A is of the order
of U.” The ground state of these compounds is less covalent
and is dominated by the 3d° (40%—42%) and 3d°L (45%-—
47%) configurations. We note that both the core-level and
valence-band spectra can be explained using the same model.
Further, a reasonable agreement with the experiment results
is obtained using the same parameter set. Thus, the present
cluster model provides a consistent description of the elec-
tronic structure of these materials.
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Valence Band Spectra
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FIG. 5. Valence-band spectra of LaVOj; obtained with different
photon energies (the He I, He II, and Al Ka spectra were taken
from Ref. 17). The spectra can be divided into the bonding
O 2p-V 3d band, the nonbonding O 2p part, and the V 3d region.

C. Photon energy dependence

Figure 5 presents the photoemission spectra of LaVO;
obtained with different photon energies (the He I, He II, and
Al Ka spectra were taken from Ref. 17). The valence band
of this compound can be divided into three main features: a
bonding O 2p-V 3d band (from 8.0 to 6.0 eV), an almost
pure nonbonding O 2p part (from 6.0 to 4.0 eV), and a V 3d
region (from 3.0 to 0.0 eV). The photoemission spectra ex-
hibit a considerable and continuous variation as a function of
the photon energy. In particular, the nonbonding O 2p part
decreases strongly and the weak V 3d band reduces for
higher photon energies. In fact, the high-energy photoemis-
sion spectrum is dominated by the bonding O 2p-V 3d band,
whereas the nonbonding O 2p part is strongly suppressed
and the V 3d region appears diminished. The same spectral
shape was observed in the hard x-ray photoemission spectra
of the VO, compound.!® These changes in the higher-energy
photoemission spectra are surprising and remain unexplained
until now.

In a first approximation, it is tempting to relate the
changes in the spectra to the photoemission cross section.
The calculated spectra resemble the low-energy spectra (He
I0), where the relative V 3d/O 2p cross section is about 1/1.
The relative cross section increases to around 3/2 for high
energy (1840 eV), which would explain the decrease in the
nonbonding O 2p part. But this argument would be at vari-
ance with the simultaneous decrease observed in the V 3d
band region. This discrepancy shows that the differences
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FIG. 6. V 3d band spectra of SrVO;, CaVO;, LaVOs;, and
YVOj; in more detail. The spectra of StVO; and CaVOj3 show the
coherent (3d'C) and incoherent (3d'L) features, whereas the spec-
tra of LaVO5 and YVO; show only the incoherent (34?L) structure.

cannot be attributed entirely to the atomic cross section. The
peculiar spectral weight observed in the higher-energy pho-
toemission spectra remains thus elusive. A proper description
of the spectra should include a many-body approach to the
photoemission process in the solid.

D. V 3d band region

Figure 6 presents the V 3d band photoemission of SrVOs;,
CaVO;, LaVOs;, and YVOj; in more detail. The V 3d spectral
weight follows a very interesting trend as a function of the
bandwidth and band-filling control. In metallic SrVO; and
CaVO;, the increased distortion decreases the intercluster
transfer 7" and the effective one-electron bandwidth. In turn,
the reduction in 7% results in the transfer of spectral weight
from the coherent to the incoherent structures. From metallic
CaVO; (3d") to insulating LaVO5 (3d%), the increased band
filling inhibits the coherent charge fluctuations which are re-
sponsible for the metallic character. The replacement of the
coherent fluctuation (3d>C) by the Mott-Hubbard screening
(3d?D) opens the band gap. Finally, the increase in the ortho-
rhombic distortion in the insulating phase produces an addi-
tional effect. The bandwidth of the incoherent feature de-
creases from around 1.4 eV in LaVO; to about 1.2 eV in
YVO;.

The local-density approximation cannot reproduce cor-
rectly the electronic structure of highly correlated systems.
Despite its limitations, this method provides a reasonably
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Band Structure Calculations
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FIG. 7. (Color online) Calculated total and partial densities of
states of SrVO;, CaVO;, LaVO3;, and YVOs;. The segments indicate
the width of the lowest-energy V 3d band.

good estimate of the one-electron band dispersion. Figure 7
shows the total and partial densities of states of SrVOs;,
CaVO;, LaVOs;, and YVO; in the V 3d band region. The
calculation was performed with the full-potential linear-
muffin-tin-orbital method®® using the observed crystallo-
graphic structure of the different compounds.?!3? The elec-
tronic structure of SrVO; and CaVO; was calculated in the
paramagnetic phase, whereas the electronic structure of
LaVO; and YVO; was calculated in the antiferromagnetic
phase. The calculated bandwidth of the lowest-energy V 3d
band decreases from about 2.7 eV for SrVO; to 2.0 eV for
CaVOs;, 1.4 eV for LaVO;, and 1.1 eV for YVO; (see Fig.
7). The reduction in the bandwidth can be directly related to
the increased orthorhombic distortion in the series, although
the band splitting due to the antiferromagnetic ordering also
plays a role in LaVO; and YVOs;. The values for LaVO; and
YVO; are strikingly similar to the observed bandwidth of the
incoherent structure. The observed changes in the bandwidth
of the incoherent feature are not being addressed by the cur-
rent theories.

Figure 8 presents the calculated V 3d removal spectra of
SrVO;, CaVOs;, LaVO;, and YVO; in more detail. The cal-
culated spectrum was mounted on the corresponding back-
ground and was convoluted with a Gaussian function. The
calculation reproduces the coherent (3d'C) and incoherent
(3d'L) peaks in metallic SrVO; and CaVOs;, as well as the
remaining incoherent structure (34°L) in the insulating
LaVO; and YVO; compounds. The transfer of spectral
weight from the coherent to the incoherent feature—in the
metallic systems—is related to the reduction in the V-O-V
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FIG. 8. Calculated removal spectra of SrVOs, CaVO3, LaVOs,
and YVOj; in more detail (solid line). The cluster model calculation
(dashed line) is mounted on the background (dotted line). The spec-
tra of SrVO5 and CaVO; show the coherent (3d'C) and incoherent
(3d'L) features, whereas the spectra of LaVO; and YVO; show
only the incoherent (3d>L) structure.

angle, which decreases the effective T* hopping. Finally, the
band gap in the insulating systems is due to the replacement
of the coherent (3d>C) by the Mott-Hubbard fluctuation
(3d°D).

V. SUMMARY AND CONCLUSION

In conclusion, we studied the Mott-Hubbard series
SrV053-CaVO;-LaVO53-YVO; using high-energy spectros-
copy. The different features in the experimental spectra were
analyzed using cluster model calculations. The V 3d removal
states present a very interesting trend as a function of band-
width and band-filling control. (i) The bandwidth control
from SrVO; to CaVOj; transfers spectral weight from the
coherent to incoherent feature. (ii) The band filling from
CaVO; to LaVO; inhibits the coherent charge fluctuations
opening the band gap (the coherent structure, in this case, is
replaced by a V 3d removal state mixed in the O 2p band
region). (iii) Finally, the bandwidth control from LaVOj; to
YVOj; reduces the width of the remaining incoherent struc-
ture. There is also a considerable contribution from V 3d
removal states mixed in the O 2p band region. These results
suggest that O 2p states play an important role in the Mott-
Hubbard transition. Some of these changes are unexpected
and cannot be explained by the current Mott-Hubbard theo-
ries. The calculation reproduces not only the coherent and
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incoherent structures in the V 3d band but also the main
features in the O 2p band. In addition, the same model ex-
plains the charge-transfer satellites observed in the V 2p
core-level spectra.
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