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Optical conductivity and x-ray absorption spectra of the Mott-Hubbard compounds RVO;
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Core-level and valence-band optical spectra provide important information on highly correlated systems.
The former corresponds to transitions from the core level to the conduction band, and it is usually related to the
unoccupied electronic structure. The later corresponds to transitions from the valence band to the conduction
band, and it is sometimes described in terms of the joint density of states. These spectra are usually treated
separately due to the differences in the experimental and theoretical methods. We present here a combined
description of the core-level and valence-level optical spectra of Mott-Hubbard compounds. In particular, we
studied the O 1s x-ray absorption and the optical-conductivity spectra of SrVO;-CaVO5-LaVO3;-YVOs;. The
experimental data were analyzed using an extended p-d cluster model solved by an exact diagonalization
method. The results show that correlation effects alone cannot account for the experimental structures, and that
crystal-field effects and exchange interactions are necessary to explain the spectra. We also show that there is

a correspondence between the features in the charge-transfer region of both spectra.
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I. INTRODUCTION

Understanding highly correlated systems is one of the
main challenges in condensed-matter physics. For instance,
great efforts were devoted to elucidate the electronic struc-
ture of transition-metal oxides. The motivation was to under-
stand the microscopic origin of their fascinating physical
properties. Core-level and valence-band optical spectra pro-
vided important information on high-T superconductors,'
colossal magnetoresistance materials,” and Mott-Hubbard
systems.?

The core-level optical spectra correspond to transitions
from a core level to the conduction band. In a first approxi-
mation, these spectra are usually explained in terms of the
unoccupied electronic structure. The O 1s x-ray absorption
spectra (XAS) revealed the nature of the doped states in
high-T superconductors,* the oxidation state in colossal
magnetoresistance materials,’ and the unoccupied 3d bands
in Mott-Hubbard systems.®%

The valence-band spectra correspond to transitions from
the valence band to the conduction band. The spectra are
usually described in terms of joint density of states
or current-current correlation functions. The optical-
conductivity spectra revealed an anomalous behavior in
high-T superconductors,’ the exchange splitting in colossal
magnetoresistance oxides,'? and correlation effects in Mott-
Hubbard systems.!!~13

The core-level and valence-band optical spectra are sel-
dom discussed in the same work,'* mostly because of the
differences in both the experimental and theoretical methods.
We present here the O ls x-ray absorption and optical-
conductivity spectra of the SrVO;-CaV0O;-LaVO53-YVOs; se-
ries. The results show that the distribution of spectral weight
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is sensitive to crystal field and exchange interactions. Fur-
ther, there is a correspondence of the spectral weight in the
charge-transfer region of these spectra.

The electronic structure of these compounds was studied
using a wide variety of theoretical methods. The band struc-
ture of LaVO; and YVO; was studied using the generalized
gradient approximation and LDA+U approaches (LDA:
local-density approximation).'>!® The electronic structure of
metallic StVO; and CaVO; was investigated with the LDA
+DMFT method.!” The same method was used to study the
electronic structure of insulating LaVO; and YVO;.'® The
spectral weight of these materials was also studied using an
extended cluster model.®!”

The SrVO; and CaVO; compounds are paramagnetic
metals with a nominal occupation of 3d' (V*#*). The V-O-V
angle decreases from 180° in SrVOj; to 160° in CaVO; re-
ducing the effective V 3d bandwidth. The LaVO; and YVO;,
materials are antiferromagnetic insulators with a nominal va-
lence of 3d> (V3*). The larger band filling inhibits the me-
tallic charge fluctuations producing a metal-insulator transi-
tion. The V-O-V angle decreases from 158° in LaVO; to
144° in YVO3;, reducing the one-electron bandwidth.

II. CALCULATION DETAILS

A periodic lattice model can be mapped into a correlated
impurity site embedded in an effective medium. In the dy-
namical mean-field theory (DMFT), the self-energy 2(w) of
the impurity site and the effective medium is obtained
self-consistently.’®?! Alternatively, the effective medium can
be described by adjustable parameters as in the extended
cluster model.?>* This model was already applied to
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high-T  superconductors,??>  colossal
materials,?®> and Mott-Hubbard systems.

The model Hamiltonian can be separated into the intrac-
luster and intercluster components: H=H,, .+ Hiyer- The in-
tracluster part describes the p-d charge fluctuations within a
single regular VOg4 octahedron,

magnetoresistance
24
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where d! (pmg) creates (annihilates) a V 3d (O 2p) electron
with energy &% (e’ ). The index m refers to the orbital
symmetry and the index o denotes the different spins.

The intercluster contribution in the SrVO; and CaVO;
materials corresponds to charge fluctuation from a coherent
state. The metallic intercluster Hamiltonian is given by

H::llfér Esmo’ ITIO' WI(T+EY*(

m,o

oCnotHe), (2)

where C*  creates a coherent electron with energy ¢

On the other hand, the intercluster contribution in the in-
sulating LaVO5 and YVO3; compounds corresponds to Mott-
Hubbard charge fluctuations. The insulating intercluster
Hamiltonian is given by

HE =2 el D} D, o+ 2 Th(d, Dy s+ He), (3)
m,o m,o

where D} _creates an electron in the nearest-neighbor V 3d
state with energy (e}, )

The main parameters of the intracluster contribution are:
the p-d charge-transfer energy A=g?—g”+ U, the d-d Mott-
Hubbard energy U, and the symmetry-dependent p-d hybrid-
ization T,,.>> The multiplet splitting is caused by crystal-field
effects (10Dq), intra-atomic exchange (J), and the p-p trans-
fer integral (ppm—ppo).?°

The metallic intercluster parameters are the coherent
charge-transfer energy A*=g?—g+U, and the effective hy-
bridization with the coherent states 7%.?>* On the other
hand, the insulating intercluster parameters are the Mott-
Hubbard charge-transfer A'=g?— &P+ U, and the hybridiza-
tion with the nearest-neighbor V 3d state 7”.%° The values of
the parameters listed in Table I are the same used to explain
the photoemission spectra of these compounds.?®

Figure 1 depicts the different charge fluctuations in the
metallic and insulating phase. The intracluster transitions
from the O 2p states (A,T) are present in both phases. The
metallic intercluster fluctuations, top panel, correspond to
transitions from coherent states (A*,7%). These coherent
fluctuations are related to the low-energy excitations in the
metallic phase. Finally, the insulating intercluster part, bot-
tom panel, represents transitions from a nearest-neighbor
V 3d state (A’,T').
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TABLE 1. Parameters used in the extended cluster model calcu-
lations (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
10Dq 1.8 1.5 1.8 1.5
J 0.40 0.40 0.50 0.60
ppT—ppo 0.80 0.80 0.80 0.80
A" 0.75 0.55

T 0.27 0.22

A’ 4.2 42
T 0.42 0.36

The Hamiltonian is solved by exact diagonalization
within the configuration-interaction method. The different re-
moval (addition) states are obtained by removing (adding) an
electron from (to) the ground state. Finally, the removal
AN"!(w) and addition AN*!(w) spectra are obtained using
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FIG. 1. (Color online) Schematic representation of the extended
cluster model. In the metallic phase (top panel) the charge fluctua-
tions considered are the intracluster ligand screening and the inter-
cluster coherent screening. In the insulating phase (bottom panel)
the charge fluctuations considered are the intracluster ligand screen-
ing and the intercluster Mott-Hubbard screening.
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FIG. 2. (Color online) Calculated electronic structure of
SrV0O;-CaV0O;3-LaVO3-YVO;. The calculation is composed by the
removal and addition spectra. The O 2p band is formed by the
O 2p-V 3d bonding and O 2p nonbonding parts. The V 3d band
contains the coherent and incoherent structures in the metallic
phase, and only the incoherent feature in the insulating phase. The
unoccupied V 3d band is mostly split by crystal-field effects into
the V 1,, and V e, subbands.

the sudden approximation.’® The discrete transitions were
further convoluted with a Gaussian to include the band dis-
persion.

III. 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 established by
powder x-ray diffraction. The chemical composition was
confirmed using x-ray photoelectron spectroscopy (XPS).?
The O 1s XAS were measured at the SGM beam line in the
LNLS, Brazil. The spectra were taken in the total-electron
yield method by measuring the drift current. The base pres-
sure was around 5 X 10~ mbar and the samples were kept at
room temperature. The energy resolution was set to around
0.5 eV and the energy scale was calibrated with reference
samples. The samples were repeatedly scrapped with a dia-
mond file to remove any surface contamination, as confirmed
by analyzing the O 1s XPS spectra.”® The spectra were nor-
malized to the maximum after the subtraction of the back-
ground.

IV. RESULTS AND DISCUSSION
A. Spectral-weight distribution

Figure 2 shows the calculated electronic structure of the
SrV0O;-CaV0O;-LaVO53-YVO; compounds. The total spectral
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weight is the combination of the removal (valence-band) and
addition (conduction-band) states.

The removal spectra present the O 2p bands, from -8 to
-3 eV, and the V 3d bands, from -3 to 0 eV. The O 2p
bands do not change much across the series and are formed
by an O 2p-V 3d bonding region, around -7 eV, and an
O 2p nonbonding part, about -5 eV. Contrarily, the V 3d
bands change drastically from the metallic StVO53-CaVO; to
the insulating LaVO3;-YVO; compounds. The V 3d bands in
the metallic systems present an incoherent peak, around
—1.6 eV, and a coherent peak, about —0.2 eV. On the other
hand, the coherent peak disappears in the insulating com-
pounds, and the incoherent peak shifts to lower energies,
around 1.9 eV.%% The spectral weight in the V 3d band region
follows the same trend observed in LDA +DMFT.!7:18

The addition spectra present the V 3d bands, from 0 to 5
eV, which are split by crystal field and exchange interactions.
In the metallic compounds, the V 3d bands are split into the
Irgs around 0.5 eV and ey, about 3 eV, subbands. Further, the
coherent contribution to the addition spectra appears just
above the Fermi level, within the f,, region. The coherent
component vanishes in the insulating compounds and the 7,,
and e, subbands are shifted to higher energies, around 2 and
4 eV. The disappearance of the coherent contribution in both
the removal and addition spectra opens the band gap in
LaVO3—YVO3.26

B. O 1s x-ray absorption spectra

Figure 3 shows the experimental and calculated O Is
x-ray absorption spectra of SrV0;-CaVO;-LaVOs3-YVO;.
These spectra correspond to transitions from the O ls core
level to unoccupied O 2p character in the conduction band.
The calculated spectra were shifted 528.5 eV to take into
account the binding energy of the O 1s core level. The inten-
sity observed below 528 eV corresponds to the tail of the
V 2p,,, x-ray absorption peak.

The spectra of metallic SrVO; and CaVO; reflect the
V 1y, around 529 eV, and the V e, subbands, about 531 eV.
The crystal-field splitting determines the energy separation
between the V 75, and V e, structures, around 2.1 eV. Each
of these structures is further split by exchange interaction,
about 0.4 eV, into the different spin states. The increasing
intensities above 535 eV correspond to O 2p character mixed
in the Sr4d and Ca 3d bands. We note that the coherent
contribution is strongly suppressed because the spectra re-
flect the unoccupied O 2p character.

The V 15, and V e, structures in insulating LaVO; and
YVO; are shifted to higher energies, around 530 and 532 eV,
respectively. In this case, the crystal-field splitting is around
2.3 eV and the exchange splitting increases to about 0.9 eV.
Finally, the structures around 534 eV correspond to O 2p
character mixed in the La 5d and Y 4d bands.

The calculated spectra reproduce the energy position and
relative intensity of the experimental features. These results
show that the O 1s XAS spectra are dominated by crystal
field and exchange interactions. Thus, correlation effects
alone are not able to reproduce the experimental features in
the spectra.
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FIG. 3. (Color online) O ls x-ray absorption spectra of
SrV0;3-CaV05-LaVO;-YVO;. The spectra correspond to transitions
from the O 1s core level to unoccupied O 2p states. The spectra
reflect, via the O 2p-V 3d hybridization, the unoccupied V 3d
bands, which are split into the V 7,, and V e, subbands by crystal-
field effects. Each of these subbands is further split by exchange
interactions into the different spin states.

C. Optical conductivity

Figure 4 shows the experimental, taken from Refs. 12, 13,
and 27, and calculated optical-conductivity spectra of
SrV0;-CaV0O;3-LaVO5-YVO;. These spectra correspond to
transitions from the valence band to unoccupied states in the
conduction band.

The optical conductivity of the metallic SrVO; and
CaVOj; compounds present the Drude tail (A) below 1.0 eV.
As expected, the overall intensity and width of the Drude
contribution for SrVO; is larger than for CaVOj;. This was
attributed to a larger correlation contribution to the effective
mass for CaVOj; than for SrVOs.!? The spectra present a
relatively weak structure (B) around 1.7 eV and the much
stronger charge-transfer transitions (C and D) about 3.5 and
55eV.

On the other hand, the Drude tail disappears in the optical
conductivity of the insulating LaVO5 and YVO;3; compounds.
The weak structure (B) starts around 1.7 eV, which defines
the value of the optical gap, and its intensity is slightly larger
than in the metallic SrVO; and CaVO; compounds. Finally,
the much stronger charge-transfer features (C and D) are
shifted to around 5.0 and 6.5 eV, respectively.

In lattice models, the optical conductivity is related to the
Fourier transform of the current-current correlation
function.! However, in local models, it is given by the cor-
relation function between the removal AN"!(w) and addition
AN*!(w) spectrum,'!

o(w) = lf AN 0NAN (0 + 0" )dw' . (4)
w

—00
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FIG. 4. (Color online) Optical-conductivity spectra of
SrV0O3-CaVO03-LaVO3-YVO;. The experimental spectra were taken
from Refs. 12, 13, and 22. The metallic spectra present the Drude
tail (A), a weak contribution (B), and the stronger charge-transfer
transitions (C and D). The Drude contribution disappears in the
insulating spectra giving a band gap of about 1.7 eV.

The Drude contribution (A) is due to intraband transitions
from the occupied to the unoccupied coherent states. The
larger intensity of the Drude peak in the SrVO; material is
due to the larger contribution from the coherent states. On
the other hand, the regular contribution to the optical con-
ductivity is mostly given by interatomic p-d transitions. The
weak structure (B) is attributed to transitions from the inco-
herent peak to unoccupied V r,, states whereas the corre-
sponding transitions to unoccupied V e, states are hidden
beneath the much stronger feature (C). The charge-transfer
transitions (C and D) come mostly from the nonbonding
O 2p band to V 1, and V e, states, respectively. However,
transitions from the bonding O 2p-V 3d band to unoccupied
V t,, states also contribute to feature (D). The energy sepa-
ration between the V 1,, and V e, charge-transfer structures
are thus related to the crystal-field splitting.

We note that the onset of the charge-transfer features in
the optical-conductivity scales with the charge-transfer en-
ergy A. The value of this parameter is around 2 eV for me-
tallic SrVO;-CaVO; and about 4 eV for insulating
LaVO;-YVOs;. Thus, the increase in A helps to explain the
shift of the charge-transfer transitions in the insulating com-
pounds. We also note that the experimental structures are at
slightly lower energies than in the calculated spectra. This
energy discrepancy is attributed to excitonic effects, which
are not included in the present calculation.

D. Charge-transfer transitions

Figure 5 compares the optical conductivity, taken from
Refs. 12, 13, and 27, and the O ls x-ray absorption spectra
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FIG. 5. (Color online) Comparison of the O 1s x-ray absorption
and optical-conductivity spectra of SrVO;-CaVO5-LaVO;-YVOs;,
taken form Refs. 12, 13, and 27. There is a correspondence in the
charge-transfer region of the spectra, mostly because both the spec-
tra correspond to transitions to unoccupied V 1, and V e, states.

of SrV0O;-CaVO;-LaVO5-YVO;. The O 1s XAS spectra
were shifted by 525.5 eV to take into account the O 1s bind-
ing energy and the charge-transfer onset. The O ls XAS
spectra correspond closely to the charge-transfer transitions
in the optical conductivity. This fact was already noticed in
the O Is XAS and optical-conductivity spectra of the
Y ,_Ca,VO; series.'* This is reasonable because both spec-
tra correspond to transitions to unoccupied states in the con-
duction band. The difference is that in O 1s XAS spectra the
electron comes from the O s core level whereas in the op-
tical conductivity the electron comes mostly from the non-
bonding O 2p band. Further, we note that this correspon-
dence seems to be a universal characteristic of transition-
metal oxides. This can be corroborated comparing the core-
level and valence-band spectra of cuprates,*° manganites,>!°
and vanadates.%!?

E. Comparison with DMFT

These materials were initially described using the Hub-
bard model at half filling within the DMFT approximation.
The electronic structure was described in terms of the lower
Hubbard band, the quasiparticle peak, and the upper Hub-
bard band.!" Within this model, the Drude peak was attrib-
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FIG. 6. (Color online) Different contributions to the calculated
optical conductivity of SrVO; compared to the experimental spec-
trum. The charge-transfer transitions are much stronger and domi-
nate the spectra at higher energies.

uted to intraband quasiparticle excitations, and the higher-
energy structures to transitions involving the Hubbard
bands.!! Figure 6 shows the different contributions to the
calculated optical conductivity of SrVO;. The present results
indicate that, besides the Drude contribution and the Mott-
Hubbard d-d transitions, the charge-transfer transitions are
much stronger and dominate the spectra at higher energies.
Further, the crystal field and exchange interactions within the
V 3d bands determines the shape of these transitions.

V. SUMMARY AND CONCLUSION

In summary, we studied the core-level and valence-band
optical spectra of SrV0O;-CaVO5-LaVO3-YVO;. The experi-
mental data was analyzed using an extended p-d cluster
model solved by exact diagonalization methods. The O 1s
x-ray absorption spectra correspond to transition from the
O 1s core level to unoccupied O 2p states whereas the
optical-conductivity spectra are related to transitions from
the valence to the conduction band. There is a correspon-
dence between the charge-transfer region of the O 1s XAS
and the optical-conductivity spectra. These charge-transfer
transitions are mostly dominated by crystal field and ex-
change interaction within the V 3d band.
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