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Bandwidth control in a perovskite-type 3d1-correlated metal Ca12xSrxVO3.
II. Optical spectroscopy
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Optical conductivity spectra of single crystals of the perovskite-type 3d1 metallic alloy system
Ca12xSrxVO3 have been studied to elucidate how the electronic behavior depends on the strength of the
electron correlation without changing the nominal number of electrons. The reflectivity measurements were
made at room temperature between 0.05 eV and 40 eV. The effective mass deduced by the analysis of the
Drude-like contribution to the optical conductivity and the plasma frequency do not show critical enhancement,
even though the system is close to the Mott transition. Besides the Drude-like contribution, two anomalous
features were observed in the optical conductivity spectra of the intraband transition within the 3d band. These
features can be assigned to transitions involving the incoherent and coherent bands near the Fermi level. The
large spectral weight redistribution in this system, however, does not involve a large mass enhancement.
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I. INTRODUCTION

Over the past few decades, a considerable number of s
ies have been performed on 3d transition-metal oxides tha
have a considerably narrow 3d band. In particular, a metal
to-insulator transition caused by a strong electr
correlation1 ~Mott transition! as well as anomalous electron
properties in the metallic phase near the Mott transition h
attracted the interest of many researchers. Since the dis
ery of the high-Tc cuprate superconductors, the importan
of two types of experimental approaches to the Mott tran
tion have been discussed intensively: a filling control an
bandwidth control. The former consists of doping holes
electrons to the system, and the latter of varying the stren
of the electron correlationU/W, where U is the electron
correlation due to Coulomb repulsion andW is the one-
electron bandwidth.

In recent years, the systematic evolutions of optical c
ductivity spectra in going from a correlated metallic phase
the Mott-Hubbard insulating phase have been reported
both the filling-controlled2–6 and the bandwidth-controlled
Mott-Hubbard systems.7–10 The smallest energy gap fo
charge excitations of the Mott-Hubbard insulator is the ex
tation energy of the charge fluctuationdn1dn→dn21

1dn11, so-called a Mott-Hubbard gap.11 The optical con-
ductivity of the Mott-Hubbard insulator is considered
show a gap feature due to the above charge excitation f
the lower Hubbard band to the upper Hubbard band.
PRB 580163-1829/98/58~8!/4384~10!/$15.00
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V2O3 and related compounds have been extensively s
ied as typical materials that show the Mott transition w
varying the strength of theU/W ratio. The temperature de
pendent optical conductivity of V2O3 was reported by Tho-
mas et al. through the metal-to-insulator transition.9,10 The
optical conductivity of V2O3 in the insulating phase shows
gap feature, which is attributed to the Mott-Hubbard g
excitation. On the other hand, in the metallic state, a lo
energy contribution to the optical conductivity shows
anomalous feature, which is reproduced by two Lorentzia
Moreover, the optical conductivity shows an anomalous
hancement of the spectral weight as a function of tempe
ture. Rozenberget al. reported that these experimental r
sults are in good agreement with the theoretical predict
obtained by the infinite-dimension Hubbard model within t
mean-field approach.10 Since the formation of the Mott-
Hubbard bands are predicted even in the metallic state
this kind of strongly correlated system, the optical condu
tivity spectra should be affected by the precursor feature12

It is very interesting to see how the spectral weight var
with the electron correlation in the correlated metallic st
near the Mott transition. For a detailed discussion, howev
we need to control the strength of the electron correlat
more precisely.

The perovskite-type early 3d transition-metal oxides are
ideal Mott-Hubbard systems for controlling the band fillin
and bandwidth by chemical substitutions. It has been
ported that, for the filling controlled systems La12xSrxTiO3
4384 © 1998 The American Physical Society
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and R12xCaxTiO3 (R5rare earth), the spectral weight o
the optical conductivity transfers from the higher-energy f
ture corresponding to an excitation through the Mo
Hubbard gap, to the midinfrared inner-gap region cor
sponding to the Drude-like absorption extending fromv
50.2,3,6 The rate of the spectral weight transfer by dopi
increases systematically with the increase of the one-elec
bandwidthW.

On the other hand, the Ti-O-Ti bond angle can be
creased as we decrease the ionic radius of theR site. The
decrease of the Ti-O-Ti bond angle gives rise to the decre
of the value ofW. A systematic change of the optical co
ductivity spectra was reported onRTiO3 (R5La, Ce, Pr, Nd,
Sm, and Gd!.7 The lowest gaplike feature systematically i
creases as the ionic radius of theR site decreases, namely, a
the value ofW decreases. A similar change was also o
served on an alloy system, La12xYxTiO3.

8 These systematic
variations of the optical conductivity are interpreted as
successive increase of the Mott-Hubbard gap with the
crease of the strength of theU/W ratio. In these materials
however, the system remains an insulator even for the l
correlated LaTiO3, therefore one cannot study the evolutio
of the metallic properties under the bandwidth control in t
system.

The purpose of this paper is to clarify the evolution of t
optical conductivity spectrum in the metallic phase near
Mott transition, as we control the strength of the electr
correlation U/W without changing the band filling. A
perovskite-type 3d1 vanadate CaVO3 is considered to be a
strongly correlated metal close to the Mott transition.13,14We
can control the strength of theU/W ratio, by chemical sub-
stitution of a Sr ion for a Ca ion of the same valence witho
varying the nominal 3d-electron number per vanadium ion.15

We report the optical conductivity spectra in this strong
correlated alloy system Ca12xSrxVO3. The effective mass
m* estimated from the optical measurements is shown
Sec. III B. The evolution of the optical conductivity is dis
cussed in Sec. III C.

II. EXPERIMENT

Single crystals of Ca12xSrxVO3 (x50, 0.25, 0.5, 1! were
grown by a floating-zone method using an infrared ima
furnace with double halogen lamps. Details on the prepa
tion of these samples are described in the preceding pap14

Since as-grown samples are slightly oxygen deficient; al
the samples were annealed in air at 200 °C for 24 h in or
to make the oxygen concentration stoichiometric.13,16,17

Raman-scattering spectra were measured at room
perature in backscattering geometry in the flowing He
atmosphere using a triple spectrometer system~Jasco TRS-
600! equipped with a charge-coupled device~CCD; Photo-
metrics TK512CB! cooled by liquid nitrogen. The sample
were excited by the 514.5 nm Ar ion laser line. Polarizat
of the incident light was taken to be parallel to that of t
scattered light.

Optical reflectivity measurements were carried out
room temperature (;300 K) in the energy range betwee
0.05 eV and 40 eV using a Michelson-type Fourier-transfo
infrared spectrometer~0.05–0.6 eV!, a grating monochrom-
eter ~0.5–5.6 eV!, and a Seya-Namioka-type grating for th
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synchrotron radiation~5–40 eV! at the beamline BL-11D of
Photon Factory, Tsukuba. The surfaces of the samples w
mechanically polished with diamond paste for the opti
measurements. The absolute reflectivity was determined
referring to the reflectivity of an Al or Ag film which was
measured at same optical alignment.

We have calculated a complex dielectric functione(v)
[e1(v)1 i e2(v) by the Kramers-Kronig~K-K ! transforma-
tion of the measured reflectivityR(v), wherev is the pho-
ton energy. The real part of the complex optical conductiv
Re@s̃(v)# is related to the imaginary part of the dielectr
function e2(v) by Re@s̃(v)#5(v/4p)e2(v). Since the K-K
analysis requiresR(v) for 0,v,`, two assumptions mus
be made to extrapolate the observed data beyond the u
and lower bounds of the measurements. In the present st
the reflectivity data were first extrapolated from the lowe
measured energy down tov50 with the Hagen-Rubens for
mula, which is an approximation forR(v) of conventional
metals. Then, beyond the highest measured energy, the
flectivity data were extrapolated up tov→` with an
asymptotic function ofv24.

III. RESULTS AND DISCUSSION

A. Bandwidth control due to orthorhombic distortion

Powder x-ray diffraction measurements were carried
to characterize the samples and to determine the lattice
stants. In Fig. 1, we present the lattice constants,a, b, andc
against the Sr contentx. The crystal structure of
Ca12xSrxVO3 belongs to the perovskite-type structure wi
orthorhombic distortion (GdFeO3 type!.18 The amount of the
distortion is almost proportional to the amount of the C
content; i.e., SrVO3 is a cubic perovskite. However, we a
sumed the crystal structure of all samples (0<x<1) ortho-
rhombic and deduced the lattice constants. The lattice c
stants increase monotonously with the increase ofx,
ensuring the appropriate formation of the solid solution o
the whole composition range.

Raman-scattering measurements give indirect informa
about the crystal symmetry, because the appearance of s

FIG. 1. Lattice constants,a, b, andc of the Ca12xSrxVO3 single
crystals plotted against the Sr contentx. The data were estimate
from powder x-ray diffraction patterns.
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Raman-active phonon lines depends crucially on the cry
symmetry of the system. In Fig. 2, we show the Raman sp
tra of Ca12xSrxVO3 at room temperature in the wave-numb
range of 80– 400 cm21. In this wave-number range, four Ra
man activeAg phonon lines are observed in orthorhomb
CaVO3 (x50). The energies of the phonon lines shift to t
lower-energy side, and the width of the peaks beco
broader, as we increase the Sr contentx. The Raman-active
phonon lines disappear completely in SrVO3.

According to the group theory analysis,19 it is predicted
that several Raman-active phonon modes 7Ag17B1g
15B2g15B3g can exist in the orthorhombically distorte
perovskite that belongs to the point-group symmetry ofD2h .
On the other hand, the cubic perovskite that belongs to
point-group symmetry of Oh is ‘‘Raman forbidden,’’
namely, it has no Raman-active phonon modes. Theref
the experimental results tell us that the crystal symme
actually changes from the orthorhombic distorted perovs
(CaVO3) to the cubic perovskite (SrVO3). The orthorhom-
bic to cubic transition is considered to occur betweenx
50.5 and 0.75.

As discussed in the preceding paper,14 the orthorhombic
distortion implies that the V-O-V bond angle is deviat
from 180°, i.e., there is an alternately tilting network of t
VO6 octahedra. The V-O-V bond angle of SrVO3 is 180°
same as an ideal perovskite structure, while that of CaVO3 is
;160°. The bond angle deviation from 180° reduces
overlap between the neighboring V 3d orbital mediated by
the O 2p orbital. Therefore, the one-electron bandwidthW
of V 3d band decreases with decreasing the V-O-V bo
angle. Accordingly, we can control the value ofW by chemi-
cal substitution of the Ca21 ion for the Sr21 ion of the same
valence without varying the nominal 3d-electron number pe
vanadium ion. Since the electron correlation energyU is
almost the same in CaVO3 and SrVO3, we can thus contro
the strength of theU/W ratio by the chemical substitution
The V-O-V bond angle of CaVO3, in addition, is almost
equal to that of LaTiO3 which is a Mott-Hubbard–type insu
lator, so that it seems reasonable to consider that CaVO3 is
close to the Mott transition. Moreover, there are many ot
evidences of the strong electron correlation in this sys

FIG. 2. Raman spectra of Ca12xSrxVO3 at room temperature
Polarization of the incident light was taken to be parallel to that
the scattered light.
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discussed so far.13–17Thus, the Ca12xSrxVO3 system is ideal
for the study of the metallic states near the Mott transitio

B. Effective mass

In Fig. 3, we show optical reflectivity spectra o
Ca12xSrxVO3 measured at room temperature (;300 K), for
four single crystals with differentx (x50, 0.25, 0.50, 1!. The
chemical substitution of Sr21 for Ca21 seems to make no
remarkable change at the lower-energy region~below
;5 eV) in the optical reflectivity spectra. All the sample
exhibit high reflectivity from the far-infrared to near-infrare
region, and we can recognize a sharp reflectivity edge
pearing at;1.3 eV. Since Ca12xSrxVO3 is metallic over the
whole composition range, the optical reflectivity is dom
nated by the signal of conduction electrons in this pho
energy region. Systematic spectral changes withx are ob-
served in the energy range of the ultraviolet and vacuu
ultraviolet light. The changes are partly due to the diffe
ences in the conduction bands of the Ca21 and Sr21 cations.
But this is irrelevant for the discussion of the main subje

First of all, we will concentrate on the low-energy re
sponse of the itinerant carriers. The contribution of the c
duction electrons to the complex dielectric functione~v! is
well described by the Drude model. According to the gen
alized Drude model,20,21 e~v! is expressed as

e~v!5e`2
4ps̃~v!

iv
[e`2

vp
2~v!

iv„g~v!2 iv…

, ~1!

wheree` is the high-energy dielectric constant, which is
high-energy contribution of the interband transitions,s̃(v)
is the complex conductivity,g~v! is the energy-dependen
scattering rate, andvp(v) is the plasma frequency. Th
plasma frequencyvp(v) is defined as

vp
2~v![

4pne2

m* ~v!
,

f

FIG. 3. Reflectivity spectra for the Ca12xSrxVO3 single crystals
measured at room temperature. The feature at;0.1 eV for x
50.25 is an experimental artifact.
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where n is the total density of conduction electrons, a
m* (v) is the energy-dependent effective mass.

To begin, let us confine our attention to the plasma f
quency. If we assume that the nominal electron number
vanadium ion is exactly 1 for the whole composition rang
we can deduce the carrier densityn from the unit-cell vol-
ume. Then, we can estimate a variation of the effective m
m* (v) from the value ofvp(v).

The energy-loss function Im(21/e) is obtained by the
Kramers-Kronig analysis of the measured reflectivity spec
R(v). Provided thatg~v! and m* (v) do not depend onv
strongly, we can estimatevp(5const) from the energy-los
function, because the energy-loss function peaks at the
ergy ofvp* (vp* 5vp /Ae`). Accordingly, we can obtain the
energy-independent plasma frequencyvp from the peak po-
sition of the energy-loss function.

In Fig. 4, the spectra of Im(21/e) of Ca12xSrxVO3 are
shown in the photon energy range 0.6–2.0 eV to focus on
peak near the reflectivity edge~approximately 1.3 eV!. The
peak position of the energy-loss functionvp* systematically
shifts to higher energy with increasingx. At first, we have
estimated vp* from the peak energy, and deducedvp

5Ae`vp* . If we consider only the response of the condu
tion electrons,e` is the contribution from the high-energ
interband transitions. Since the interband transition appe
above;2.5 eV, the value ofe` can be taken from the rea
part of the dielectric functione1(v) at around 2.5 eV.22

Since the value ofe1(v;2.5 eV) is nearly independent ofx,
we have usede`54 over the whole composition range
Then, we can deduce the value ofm* using the lattice con-
stants and the value ofvp .

In Fig. 5, the ratios of the deduced effective massm* to
the bare electron massm0 are plotted as a function of the S
contentx. The value ofm* /m0 systematically increases a
varyingx from SrVO3 to CaVO3. This carrier-mass enhance
ment, however, is not so large, even though the system
near the Mott transition. This result is consistent with t
value of m* estimated from the results of the specific-he
measurements.14

It is instructive to compare the measured low frequen
s̃(v) with the simple Drude model, in whichg~v! and

FIG. 4. Energy-loss function Im@21/e(v)# obtained by the
Kramers-Kronig transformation of the reflectivity data. The data
the photon energy range between 0.6 eV and 2.0 eV are show
focus on the plasmon peak~around 1.3 eV!.
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m* (v) do not depend onv. According to Eq.~1!, the real
part of the optical conductivity Re@s̃(v)#[s(v) is given by
the formula

s~v!5
sdc

11v2/g2 ,

where sdc is the dc conductivity. The dc conductivity i
expressed by the scattering rateg and the plasma frequenc
vp by the following relation:

sdc5
ne2

m* g
5

vp
2

4pg
.

Here, we have used the value ofsdc obtained by electric
resistivity measurements at room temperature. Then
value ofg can be deduced from the above relation. Figur
shows the comparison of the experimentally obtaineds~v!
for CaVO3 to the optical conductivity calculated by th
simple Drude model. As shown in Fig. 6, the contribution
the optical conductivity below;1 eV, which is considered
to be a response of the itinerant carriers, is not prope
reproduced with the simple Drude model especially abo
0.2 eV. As we increase the photon energy, the experim
tally obtaineds~v! deviates from that of the simple Drud

to

FIG. 5. Effective massm* estimated by the plasma frequenci
compared with the bare electron massm0 . The value ofm* /m0

systematically increases in going from SrVO3 (x51) to CaVO3

(x50).

FIG. 6. Comparison between the optical conductivity calcula
by the simple Drude model and that of the experiment of CaVO3.
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4388 PRB 58H. MAKINO et al.
model. The observeds~v! has a tail decaying slower tha
the Drude-typev22 dependence.

We consider that the discrepancy between the sim
Drude model and the experimental results is attributed to
energy-dependence of the scattering rateg~v! and the effec-
tive massm* (v). Theg~v! corresponds to the renormalize
scattering ratet* 21(v), which is t21@m/m* (v)#. The
quantityt~v! is closer to the microscopic intrinsic quasipa
ticle lifetime at T50. We can determineg~v! and m* (v)
from Eq. ~1!; i.e., when we definee(v)[e1(v)1 i e2(v),

g~v!5
ve2~v!

e`2e1~v!
,

m* ~v!5
4pne2

v2 ReF 1

e`2e~v!G
5

4pne2

v2

e`2e1~v!

@e`2e1~v!#21e2
2~v!

.

Figures 7~a! and 7~b! show g~v! and m* (v) of
Ca12xSrxVO3 as a function of photon energy. In the case
the simple Drude model, the scattering rateg is provided to
be independent on the photon energy. But, in this syst
g~v! actually increases as we increase the photon energ
shown in Fig. 7~a!.

The energy-dependent scattering rate is generally ba
on the electron-phonon scattering and the electron-elec
scattering. Since an extremely largeT2 dependence of the d
conductivity observed in the Ca12xSrxVO3 system can be
well ascribed to the electron-electron scattering,14 it is rea-
sonable to consider that the electron-electron scattering

FIG. 7. ~a! Energy-dependent scattering ratesg~v! of
Ca12xSrxVO3; ~b! effective massm* (v) of Ca12xSrxVO3. m* (v)
is normalized to the bare electron massm0 .
le
e

f

,
as

ed
on

v-

erns the behavior ofg~v!. According to the Fermi liquid
theory, the electron-electron scattering rate is proportiona
v2. Figure 7~a!, however, indicates thatg~v! looks more
proportional tov rather thanv2. On the contrary, since the
electron-phonon scattering is proportional tov5 up to the
Debye frequency, it is necessary to elucidate the scatte
process that contributes tog~v!. This is still an open ques
tion.

On the other hand, the energy dependence ofm* (v) is
not so large. Except for the low-energy region (v,
;0.2 eV), the value ofm* /m0 increases with the decreas
of Sr contentx. In the Sr12xLaxTiO3 system, which is a
typical doping system, as one approachesx51, a large en-
ergy dependence ofm* as well as a critical enhancement
the low-energy region are observed.2 However, in the
Ca12xSrxVO3 system,m* does not exhibit such a critica
enhancement with varyingx in going from SrVO3 to CaVO3,
although there is a difference between the filling control a
the bandwidth control.

In the low-energy limit (v50), m* should correspond to
the effective mass estimated by the specific-heat meas
ment. We have interpolatedm* (v) down tov50 with two
kinds of tangential lines drawn from 0.4 eV and 0.15 eV.
shown in Fig. 8~a!, the intercepts, at which the two tangenti
lines from 0.4 eV and 0.15 eV cut the vertical axis, a
defined asma and mb . Figure 8~b! indicates thex depen-
dence of the values ofma andmb . The value ofmb does not
show a systematic behavior, because phonons, random
or other extrinsic contributions possibly cause this nons
tematic change. However, the value ofma increases system
atically with decreasingx; moreover, the values are almo
equal to the value ofm* deduced from plasma frequenc
We regardma as a good measure ofm* /m0 for this system.

The effective mass estimated from the plasma frequen

FIG. 8. ~a! Energy-dependent effective massm* (v) of CaVO3

compared with the bare electron mass.a andb indicate intercepts at
which tangential lines drawn from 0.4 eV and 0.15 eV cut t
vertical axis, corresponding to the values ofma andmb . ~b! ma and
mb are plotted against the Sr contentx.
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and the generalized Drude analysis (ma) appear in Table I. It
is expected that we should observe, near the Mott transit
a critical enhancement of the effective mass of the 3d con-
duction electrons. If we substitute the Ca21 ion for the Sr21

ion in the Ca12xSrxVO3 system, the 3d bandwidth succes
sively decreases. Then, the value ofm* /m0 is expected to
increase drastically reflecting the change of theU/W ratio.
But we have observed that such a large mass enhance
does not actually take place in this system. This is consis
with the result shown in the preceding paper.14

C. Spectral weight redistribution of 3d band

The density of states~DOS! of orthorhombic CaVO3 and
cubic SrVO3 calculated using the full-potential augment
plane-wave method with the local-density approximat
~LDA ! are shown in the top part of Fig. 9. The band calc
lation shows that the DOS near the Fermi levelEF is domi-
nated by the V 3d electrons. The V 3d band crosses the
Fermi level, and the DOS below 4 eV is mainly the O 2p
band.

In the metallic states,s~v! is expected to consist of two
basic components: intraband transitions within the V 3d con-
duction band, i.e., the Drude part extending fromv50, and
interband transitions appearing at much higher energy.
latter is regarded from the calculated DOS as the cha
transfer contribution~an excitation from the O 2p band to
the unoccupied part of the V 3d band aboveEF). A corre-

TABLE I. Effective massm* /m0 deduced from the plasma fre
quenciesvp and the generalized Drude model (ma).

x 0 0.25 0.5 1

m* /m0 ~deduced fromvp) 3.9 3.7 3.5 3.3
ma ~generalized Drude analysis! 3.5 3.2 3.1 2.7

FIG. 9. DOS of CaVO3 and SrVO3 obtained by the LDA band
calculation ~top! and a schematic picture of optical conductivi
expected from the calculated DOS~bottom!.
n,

ent
nt

-

e
e-

sponding schematic picture of the optical conductivity
shown in the bottom part of Fig. 9. As seen in the picture,
charge-transfer contribution is expected to appear ab
;4 eV, and the absorption edge of the charge-transfer t
sition in SrVO3 is considered to shift slightly to lower energ
than that of CaVO3, reflecting the shift of the O 2p band.

Based on this picture, let us now look at the experimen
results; Fig. 10 shows the real part of the optical conduc
ity, s~v!, of the Ca12xSrxVO3 single crystals (x50, 0.25,
0.50, 1!. The optical conductivity spectra are different fro
our naive schematic picture~Fig. 9 bottom!; they show the
presence of two anomalous features in the intraband tra
tion part below 4 eV besides the Drude-like absorption~dis-
cussed above!: a small peak that appears at;1.7 eV and a
large peak at;3.5 eV. It must be noted that the two peaklik
structures below 4 eV have no naive origin as far as we
infer from the calculated DOS~Fig. 9!. This large spectral
weight redistribution is generally believed to be a manifes
tion of the strong electron correlation in this system.

Figure 11 shows a comparison of the optical conductiv
spectra of CaVO3 to those of other perovskite oxides
Sr0.95La0.05TiO3 ~lightly doped 3d0.05 metal!,23 and YTiO3
~3d1 insulator! reported by Okimotoet al.8 In the optical
conductivity of Sr0.95La0.05TiO3, the most prominent low-
energy feature, that distinctly rises around 4 eV, can be
terpreted as originating in a transition from the O 2p band to
the Ti 3d band, which corresponds to the optical gap of t
parent insulator SrTiO3.

24 The doped 3d electrons contribute
to s~v! with a small spectral weight extending fromv50.
On the other hand, YTiO3 is considered to be a Mott
Hubbard insulator. Two electronic gaplike features are
served around 1 eV and 4 eV. These features have b
respectively, interpreted as originating in excitations throu
the Mott-Hubbard gap, namely, from the lower-Hubba
band~LHB! to the upper-Hubbard band~UHB!, and as ex-
citations through the charge-transfer gap, i.e., from the Op
band to the UHB.8,25 Recently, Bouarab, Vega, and Kha
have reported interband optical conductivities obtained
the energy-bands calculation of the YMO3 (M5Ti-Cu) sys-
tem with a local spin-density approximation.26 Their calcu-
lated results of interband optical conductivity in YTiO3 is

FIG. 10. Optical conductivity spectra of the Ca12xSrxVO3 single
crystals (x50, 0.25, 0.50, 1! at room temperature obtained by th
Kramers-Kronig transformation of the reflectivity data.
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shown in the bottom of Fig. 11 as a shaded portion. We fi
out from this comparison that the peak at approximatel
eV cannot be explained by the transition between the Op
band and the Ti 3d band alone.

In CaVO3, photoemission spectroscopy15,27 has revealed
that the O 2p band is located at a binding energy that
almost the same as that of metallic Sr0.95La0.05TiO3; hence,
the absorption edge of the charge-transfer excitation
CaVO3 should be approximately equal to that
Sr0.95La0.05TiO3. Therefore, it is reasonable to consider th
the shaded portions ofs~v! in Fig. 11 correspond to the
charge-transfer type transitions as well as the other interb
transitions with much higher energies, on the analogy of
band calculation in YTiO3.

26 Accordingly, the remaining
white portions correspond solely to the intraband transit
within the V 3d band.

In order to focus on the spectral weight of the optic
conductivity arising from intra-3d-band transitions, we hav
subtracted the shaded portion in the middle of Fig. 11
backgrounds, assuming an appropriate function ofv
2D)3/2, where D has been obtained by fitting the lowe
energy tail of the O 2p band in photoemission spectrosco
spectra of Ca12xSrxVO3 single crystals.28

A quantitative measure of the spectral weight has b
obtained by deducing the effective electron number per
nadium ion defined by the following relation:

Neff~v![
2mV

pe2 E
0

v

s~v8!dv8,

wheree is the bare electronic charge andm is the bare band
mass of a noninteracting Bloch electron in the conduct
band.V is the cell volume for one formula unit~one V atom
in this system!. The significance ofNeff will be appreciated
by considering the sum rule of the conductivity

FIG. 11. Comparison of the optical conductivity spectra
CaVO3 to those of other perovskite oxides, Sr0.95La0.05TiO3 ~lightly
doped 3d0 metal! ~Ref. 23!, and YTiO3 (3d1 insulator! reported by
Okimoto et al. ~Ref. 8!. Shaded portions correspond to the inte
band transition, and remaining white portions correspond solel
the intraband transitions within the V 3d band.
d
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0

`

s~v!dv5
pNe2
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whereN[Neff(`) corresponds to the total number of ele
trons in the unit formula. That is,Neff(v) is proportional to
the number of electrons involved in the optical excitations
to v. In Fig. 12, we showNeff of the Ca12xSrxVO3 system,
after subtracting the higher-energy background. Since, in
12, we have assumedm5m0 , wherem0 is the bare elec-
tronic mass, the total numberN[Neff(v5`).Neff(v
55 eV) result is smaller than 1, reflecting the difference b
tween m and m0 (m.m0). If we rather use the valuem
obtained from LDA,m;1.5m0 for the V 3d band, we find
Neff(5 eV)'1. Thus, we conclude that the assumed ba
ground~shaded area in Fig. 11! is reasonable to deduce th
intrinsic contributions of the interband transition.

The initial steep rise ofNeff is due to the Drude-like con
tributions extending fromv50. The Drude-like contribution
can be distinguished below;1.5 eV, whereNeff exhibits a
flat region. Therefore,Neff at ;1.5 eV is considered to be
good measure for the effective mass of the carries. The
ues of m* /m0 estimated fromNeff(v51.5 eV) are 3.1~6!,
3.0~5!, 3.0, 2.7 forx50, 0.25, 0.50, 1, which are almos
equivalent to the values ofm* /m0 discussed in Sec. III B.

Figure 13 shows the optical conductivity spectras~v! of
the Ca12xSrxVO3 single crystals (x50, 0.25, 0.50, 1! in the
photon energy range of 0–5 eV. The high-energy ba
ground corresponding to the interband transition is s
tracted. As discussed above,s~v! (0<v<5 eV) reflects
only the intraband transition of the V 3d electrons. In the
spectrum, there is a small feature at;1.7 eV, which we call
peak A @Fig. 13~a!# and also a large feature at;3.5 eV,
which we call peakB @Fig. 13~b!#. With the increase ofx,
the excitation energy of peakB shifts slightly to lower en-
ergy, and its spectral weight decreases; whereas, the ex
tion energy of peakA shifts to higher energy, and its spectr
weight increases. In addition, the width of peakA broadens
with the increase ofx. Figure 14 shows the excitation en
ergy, the full width at half-maximum, and the spectral weig
of peaksA andB as functions ofx.29

In the valence-band photoemission spectra of
Ca12xSrxVO3 system, two features have been observed:
is a peak at;1.5 eV belowEF and the other is the emissio

f

to

FIG. 12. Effective electron number per vanadium atomNeff ob-
tained after subtracting the higher-energy background~Fig. 11!.
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from a broad quasiparticle band that lies onEF .15,27 The
former is assigned to an incoherent emission associated
the formation of the lower Hubbard band and the latter c
responds to a renormalized 3d band atEF . Inoueet al. re-
ported that, upon increasing the strength ofU/W in the
Ca12xSrxVO3 system, the spectral weight is systematica
transferred from the quasiparticle band to the incoher
part.15 In the inverse-photoemission spectra of CaVO3 and
SrVO3, Morikawa et al. have found a prominent peak a
2.5–3 eV aboveEF and a shoulder within around 1 eV o
EF .27 These features have been also assigned to the inco
ent and coherent parts of the spectral function of the Vd
electron. These results lead us into consideration that the
features~peaksA andB) observed in the optical conductivit
spectra should originate in possible combinations of the tr
sitions among the incoherent and coherent features of Vd
electron around the Fermi level.

The experimental results of the optical conductivity c
be compared to the theoretical prediction obtained by
self-consistent local-impurity approximation of the infinit
dimension Hubbard model.12 The theory seems to give us
clue to understand the origin of the two features: peaksA and
B. According to the prediction, the optical response is co
posed of basically three contributions except for the Dru
part: a broad part centered at a frequencyv5U, a few nar-

FIG. 13. Optical conductivity spectra of the Ca12xSrxVO3 in the
photon energy range of 0–5 eV. The high-energy background
responding to the interband transition is subtracted.~a! a small peak
at ;1.7 eV denoted as peakA in the text. ~b! a large peak at
;3.5 eV denoted as peakB in the text.
ith
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nt

er-

o

n-

e

-
e

row features nearv5U/2, and an ‘‘anomalous’’ part that is
present in the rangev50 – 1 eV, approximately. The contri
bution at U corresponds to direct excitations between t
Hubbard bands, the features atU/2 correspond to excitation
from the LHB to the empty part of the quasiparticle band a
from the filled part of the quasiparticle band to the UHB, a
finally, the anomalous part corresponds to excitations fr
the filled to the empty part of the quasiparticle band. In o
previous paper,30 we analyzed the spectrum of CaVO3 in the
light of these predictions. The parametersU and W, which
were used in the model calculation, were taken from
results of photoemission spectroscopy.30 Although it was ex-
pected that the parameterW would systematically change
with composition, we chose to varyU for the sake of sim-
plicity, given that fits of equivalent quality could be obtaine
for the photoemission spectra. In CaVO3, which has the nar-
rowest 3d band in the Ca12xSrxVO3 system, peaksA andB
have been well described by the features atU/2 andU, re-
spectively, so that the infinite-dimensional Hubbard mo
seems to reproduce the experimentally obtained optical c
ductivity reasonably well.30

We find that our experiment gives results as summari

r-

FIG. 14. Excitation energy, full width at half-maximum
~FWHM!, and spectral weight of peaksA andB plotted as functions
of x.
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in Fig. 14: with the increase ofx, the peak energy of peakB
shifts slightly to the lower-energy side and its spectral wei
gradually increases. The spectral weight of peakA increases
with x. PeakA, however, shifts slightly to higher energy
We would now like to emphasize an important point. O
present systematic study of the Ca12xSrxVO3 compound
gives conclusive evidence that we can tune the bandwidt
the system by controllingx. The position of peakB gives a
direct measure of the value ofU, and the fact that it remain
almost a constant is clear evidence that the ratioU/W is
controlled by a change of the bandwidthW. This situation is
in sharp contrast to our previous analysis30 based on photo-
emission data, which did not allow us to resolve which p
rameter was actually controlling theU/W ratio. A crucial
ingredient that makes the study of the optical response
valuable for this analysis is that, unlike photoemission
probes also the unoccupied part of the spectra; therefore,
sensitive to the relative position of the Hubbard bands.

In order to gain some further insight into the qualitati
behavior of the systematic evolution of our experimen
data, we have used our initial estimates forU andW as input
parameters in a calculation of the optical response of
Hubbard model and changed the value ofW instead ofU.
We shall consider the model within the dynamical mea
field theory, which becomes exact in the limit of large latti
connectivity ~or large dimensionality!. For convenience we
have computed the optical response using the iterated pe
bation theory~IPT! method, which allows for a simple evalu
ation of this quantity atT50 and near the Mott-Hubbar
transition.31,32

In Fig. 15 we show the theoretical prediction using t
value of U53 eV for the local repulsion and for the hal
bandwidthW/251.05 and 0.95 eV for SrVO3 and CaVO3,
respectively. Note that the spectra do not display the Dr
contribution as it corresponds to ad function atv50 since
our model does not contain disorder and the calculation
performed atT50. The particular line shape that we obta
is originated in the behavior of the spectral density of sta
that is obtained within the IPT method as shown in Fig.
We should point out that while the details of the line sha
may not be correctly given by this method, the main dis
bution of the spectral weight of the various contributions a
their systematic evolution are very reliably captured.12

We observe that the theoretical results for the system
dependence of the various contributions to the optical

FIG. 15. Calculated optical conductivity by IPT for the param
etersU53 eV andW indicated in the figure.
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sponse by controlling the value ofW are in better qualitative
agreement with the experimental data of Fig. 14 than
previous calculation where we changed the value ofU. One
of the most notable improvements consists of the fact t
the unexpected systematic evolution of the feature atU/2,
which shifts upward with increasingW, is captured very well
qualitatively. This peculiar effect can be interpreted as
‘‘band repulsion’’ between the Hubbard band and the qua
particle band. As we increaseW, the latter becomes broade
and ‘‘pushes’’ the Hubbard band further out.

However, there are still some discrepancies. Such a la
spectral weight redistribution is predicted to be concomit
with a large effective mass in the mean-field treatment of
Hubbard model.12,33 This is, however, inconsistent with th
observed effective mass in this system. Moreover, in the
tical conductivity spectra, there is apparently a notable d
crepancy with respect to the relative spectral weight of p
A to peakB. It is remarkably suppressed in the experimen
data, compared with the theoretical data.

Other discrepancies between some experimental res
and the prediction of the mean-field approach for the elect
correlation were also reported in the photoemission spect
copy measurements in this system.15,27 In the mean-field
Fermi liquid approach, the renormalized quasiparticle ba
at EF should be narrowed with increasing the value
U/W,12,33 but, in those experiments, the quasiparticle ba
width remains broad, even if the system approaches to
Mott transition. Since peakA has been assigned to the tra
sitions associated with the quasiparticle band, the consp
ous suppression in spectral intensity of peakA reflects the
broadness of the quasiparticle band. The broad quasipar
band also accounts for the lack of the strong mass enha
ment in this system.

As discussed in the preceding paper,14 the momentum-
dependent self-energy becomes significant near the M
transition, resulting in a reduction of the mass enhancem
Although our measurement cannot clarify the validity of i
troducing a momentum-dependent self-energy, we concl
that there must be other interactions not present in the m
field treatment of the electron correlation in the metallic
gime close to the Mott transition.

Finally, the presence of the anomalous contribution at l
frequencies that extends down tov50 in the theoretical data
sheds a different light for the interpretation of the Drude-li
response discussed in Sec. III B. It may be possible to

FIG. 16. Theoretical spectral density of states obtained by IP
T50 for the parametersU53 eV andW indicated in the figure.



be
is

co
rd
te
le
re
p

uc
ic

t

he
th
rin

el

-

ob-
nsi-

uc-
can
be-

icles
u-
ys-
e

or
Iga

PRB 58 4393BANDWIDTH CONTROL IN A . . . . II. . . .
that the deviation from the simple Drude model would
partly due to this anomalous contribution. The origin of th
effect is again traced to the presence of the incoherent
tribution coming from the low energy tails of the Hubba
bands that is observed in the theoretical density of sta
However, it is experimentally very difficult to disentang
unambiguously the contribution of the coherent optical
sponse of carriers and that of the incoherent process in o
cal conductivity, so this issue remains an open question.

IV. CONCLUSIONS

This study has aimed at elucidating the electronic str
ture of the correlated metallic vanadate by means of opt
spectroscopy measurements. We have synthesized
Ca12xSrxVO3 system to control solely the 3d bandwidth
without varying the band filling.

We have found that the low-energy contribution to t
optical conductivity spectra cannot be reproduced by
simple Drude model with the energy-independent scatte
rate and effective mass. The energy-dependentg~v! deter-
mined by the generalized Drude model shows relativ
s
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large energy dependence. However,g~v! is proportional tov
rather than that of the electron-electron scatteringv2.

The effective mass of the V 3d electron has been evalu
ated from the plasma frequency. The value ofm* /m0 gradu-
ally increases with decreasing bandwidthW. However, no
symptom of the critical mass enhancement has been
served, even though the system is close to the Mott tra
tion.

We observed two anomalous peaks in the optical cond
tivity spectra around 1.7 eV and 3.5 eV. These features
be assigned to the possible combinations of transitions
tween the incoherent and coherent bands of quasipart
around the Fermi level. This large spectral weight redistrib
tion substantiates the strong electron correlation in this s
tem, which is, however, not concomitant with a larg
effective-mass enhancement.
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