PHYSICAL REVIEW B VOLUME 58, NUMBER 8 15 AUGUST 1998-II

Bandwidth control in a perovskite-type 3d*-correlated metal Ca, _,Sr,VOs,.
II.  Optical spectroscopy
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Optical conductivity spectra of single crystals of the perovskite-tyg# 3netallic alloy system
Ca _,SrVO; 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 withich fze@. 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.
[S0163-182698)03332-3

. INTRODUCTION V,05 and related compounds have been extensively stud-
ied as typical materials that show the Mott transition with
Over the past few decades, a considerable number of stugarying the strength of the)/W ratio. The temperature de-
ies have been performed oml 3ransition-metal oxides that pendent optical conductivity of ¥; was reported by Tho-
have a considerably narronddand. In particular, a metal- maset al. through the metal-to-insulator transitiér® The
to-insulator transition caused by a strong electrongptical conductivity of \4O; in the insulating phase shows a
correlatiort (Mott transition as well as anomalous electronic gap feature, which is attributed to the Mott-Hubbard gap
properties in the metallic phase near the Mott transition havexcitation. On the other hand, in the metallic state, a low-
attracted the interest of many researchers. Since the disco¥nergy contribution to the optical conductivity shows an
ery of the highT, cuprate superconductors, the importanceanomalous feature, which is reproduced by two Lorentzians.
of two types of experimental approaches to the Mott transimoreover, the optical conductivity shows an anomalous en-
tion have been discussed intensively: a filling control and &hancement of the spectral weight as a function of tempera-
bandwidth control. The former consists of doping holes orture. Rozenbergt al. reported that these experimental re-
electrons to the system, and the latter of varying the strengthults are in good agreement with the theoretical prediction
of the electron correlatio®d/W, whereU is the electron obtained by the infinite-dimension Hubbard model within the
correlation due to Coulomb repulsion aWd is the one- mean-field approach. Since the formation of the Mott-
electron bandwidth. Hubbard bands are predicted even in the metallic state for
In recent years, the systematic evolutions of optical conthis kind of strongly correlated system, the optical conduc-
ductivity spectra in going from a correlated metallic phase tativity spectra should be affected by the precursor feattfres.
the Mott-Hubbard insulating phase have been reported oh is very interesting to see how the spectral weight varies
both the filling-controlled® and the bandwidth-controlled with the electron correlation in the correlated metallic state
Mott-Hubbard system&:° The smallest energy gap for near the Mott transition. For a detailed discussion, however,
charge excitations of the Mott-Hubbard insulator is the exci-we need to control the strength of the electron correlation
tation energy of the charge fluctuatiod"+d"—d""*  more precisely.
+d""!, so-called a Mott-Hubbard gdp.The optical con- The perovskite-type earlydtransition-metal oxides are
ductivity of the Mott-Hubbard insulator is considered to ideal Mott-Hubbard systems for controlling the band filling
show a gap feature due to the above charge excitation frorand bandwidth by chemical substitutions. It has been re-
the lower Hubbard band to the upper Hubbard band. ported that, for the filling controlled systemsLaSr, TiO5
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and R,_,CaTiO; (R=rare earth), the spectral weight of 5.5 T T T

the optical conductivity transfers from the higher-energy fea- Ca, Sr,VO, 7
ture corresponding to an excitation through the Mott- L 77
Hubbard gap, to the midinfrared inner-gap region corre- @
sponding to the Drude-like absorption extending fresn 5.4 .
=0.23% The rate of the spectral weight transfer by doping ' g
increases systematically with the increase of the one-electron
bandwidthW.

On the other hand, the Ti-O-Ti bond angle can be de-
creased as we decrease the ionic radius ofRh&te. The 5.3
decrease of the Ti-O-Ti bond angle gives rise to the decrease
of the value ofW. A systematic change of the optical con- -
ductivity spectra was reported &TiO; (R=La, Ce, Pr, Nd, 174
Sm, and Gal’ The lowest gaplike feature systematically in- ] L ! L
creases as the ionic radius of tResite decreases, namely, as 000 025 050 075 1.00
the value ofW decreases. A similar change was also ob- St content x
served on an alloy system, 1.a,Y, TiOz.2 These systematic
variations of the optical conductivity are interpreted as the FIG. 1. Lattice constants, b, andc of the C3 ,Sr,VO; single
successive increase of the Mott-Hubbard gap with the inCrystals plotted agal_nst th_e Sr contentThe data were estimated
crease of the strength of tHé/W ratio. In these materials, M powder x-ray diffraction patterns.
however, the system remains an insulator even for the lea
correlated LaTi@, therefore one cannot study the evolution
of the metallic properties under the bandwidth control in this
system.

The purpose of this paper is to clarify the evolution of the
optical conductivity spectrum in the metallic phase near th
Mott transition, as we control the strength of the electron
correlation U/W without changing the band filling. A
perovskite-type @' vanadate CaV@Qis considered to be a
strongly correlated metal close to the Mott transitton*we

ab (A)

>0OO0
o o®

gglnchrotron radiatioi5—40 eV} at the beamline BL-11D of
Photon Factory, Tsukuba. The surfaces of the samples were
mechanically polished with diamond paste for the optical
measurements. The absolute reflectivity was determined by
referring to the reflectivity of an Al or Ag film which was
easured at same optical alignment.
We have calculated a complex dielectric functiefw)
=¢,(w)+iey(w) by the Kramers-KronigK-K) transforma-
tion of the measured reflectivit(w), wherew is the pho-
can control the strength of tHg/W ratio, by chemical sub- ton~e nerg}/. The real part Of_ the c.:omplex optical COI’]ldUCtIV.Ity
stitution of a Sr ion for a Ca ion of the same valence withoutReLo(@)] is related to the imaginary part of the dielectric
varying the nominal @-electron number per vanadium ioh.  function ex(w) by Rgo(w)]=(w/4m)€;(w). Since the K-K
We report the optical conductivity spectra in this stronglyanalysis requireR(w) for 0<w <, two assumptions must
correlated alloy system Ga,SrVO,. The effective mass be made to extrapolate the observed data beyond the upper
m* estimated from the optical measurements is shown irand lower bounds of the measurements. In the present study,

Sec. Il B. The evolution of the optical conductivity is dis- the reflectivity data were first extrapolated from the lowest
cussed in Sec. Il C. measured energy down to=0 with the Hagen-Rubens for-

mula, which is an approximation fdR(w) of conventional
metals. Then, beyond the highest measured energy, the re-
flectivity data were extrapolated up t@—o with an
Single crystals of Ca ,SrVO; (x=0, 0.25, 0.5, Lwere  asymptotic function ofv~*.
grown by a floating-zone method using an infrared image
furnace with double halogen lamps. Details on the prepara- . RESULTS AND DISCUSSION
tion of these samples are described in the preceding paper.
Since as-grown samples are slightly oxygen deficient; all of
the samples were annealed in air at 200 °C for 24 h in order Powder x-ray diffraction measurements were carried out
to make the oxygen concentration stoichiometit®'!’ to characterize the samples and to determine the lattice con-
Raman-scattering spectra were measured at room tenstants. In Fig. 1, we present the lattice constaatd), andc
perature in backscattering geometry in the flowing He gasgainst the Sr contentx. The crystal structure of
atmosphere using a triple spectrometer systéasco TRS- Ca_,Sr VO3 belongs to the perovskite-type structure with
600 equipped with a charge-coupled devi@®CD; Photo-  orthorhombic distortion (GdFeQype).!® The amount of the
metrics TK512CB cooled by liquid nitrogen. The samples distortion is almost proportional to the amount of the Ca
were excited by the 514.5 nm Ar ion laser line. Polarizationcontent; i.e., SrV@is a cubic perovskite. However, we as-
of the incident light was taken to be parallel to that of thesumed the crystal structure of all samples<(¢<1) ortho-
scattered light. rhombic and deduced the lattice constants. The lattice con-
Optical reflectivity measurements were carried out afstants increase monotonously with the increase xof
room temperature {300 K) in the energy range between ensuring the appropriate formation of the solid solution over
0.05 eV and 40 eV using a Michelson-type Fourier-transformthe whole composition range.
infrared spectromete(0.05—-0.6 eV, a grating monochrom- Raman-scattering measurements give indirect information
eter(0.5-5.6 eV, and a Seya-Namioka-type grating for the about the crystal symmetry, because the appearance of some

Il. EXPERIMENT

A. Bandwidth control due to orthorhombic distortion
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FIG. 2. Raman spectra of €a,Sr,VO; at room temperature.
Polarization of the incident light was taken to be parallel to that of
the scattered light.

Raman-active phonon lines depends crucially on the crystal
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FIG. 3. Reflectivity spectra for the €a,Sr, VO3 single crystals

symmetry of the system. In Fig. 2, we show the Raman SP€Gheasured at room temperature. The feature~&.1eV for x

tra of Ca _,Sr,VO4 at room temperature in the wave-number
range of 80—400 cit. In this wave-number range, four Ra-
man activeA; phonon lines are observed in orthorhombic

=0.25 is an experimental artifact.

discussed so fdf 1’ Thus, the Ca_,Sr VO, system is ideal

CaVv0; (x=0). The energies of the phonon lines shift to ther the study of the metallic states near the Mott transition.
lower-energy side, and the width of the peaks become

broader, as we increase the Sr contenThe Raman-active
phonon lines disappear completely in SryO

According to the group theory analysijt is predicted
that several Raman-active phonon mode# ¥ 7B

B. Effective mass

In Fig. 3, we show optical reflectivity spectra of
Ca _,Sr,VO5; measured at room temperature 300 K), for

+5B,,+5B3, can exist in the orthorhombically distorted four single crystals with different (x=0, 0.25, 0.50, L The

perovskite that belongs to the point-group symmetripegf .
On the other hand, the cubic perovskite that belongs to th
point-group symmetry of O, is “Raman forbidden,”

chemical substitution of 8f for C&* seems to make no
temarkable change at the lower-energy regitirelow
~5eV) in the optical reflectivity spectra. All the samples

namely, it has no Raman-active phonon modes. Thereforgxhibit high reflectivity from the far-infrared to near-infrared
the experimental results tell us that the crystal symmetryegion, and we can recognize a sharp reflectivity edge ap-
actually changes from the orthorhombic distorted perovskitgearing at~1.3 eV. Since Ca ,SrVO; is metallic over the
(CaVQy) to the cubic perovskite (SrV4. The orthorhom- Wwhole composition range, the optical reflectivity is domi-
bic to cubic transition is considered to occur between nated by the signal of conduction electrons in this photon
=0.5 and 0.75. energy region. Systematic spectral changes witare ob-

As discussed in the preceding papéthe orthorhombic served in the energy range of the ultraviolet and vacuum-
distortion implies that the V-O-V bond angle is deviated ultraviolet light. The changes are partly due to the differ-
from 180°, i.e., there is an alternately tilting network of the ences in the conduction bands of the?Cand Sf* cations.
VOq octahedra. The V-O-V bond angle of Sry@ 180°  But this is irrelevant for the discussion of the main subject.
same as an ideal perovskite structure, while that of Calg0  First of all, we will concentrate on the low-energy re-
~160°. The bond angle deviation from 180° reduces thesPonse of the itinerant carriers. The contribution of the con-
overlap between the neighboring W 3rbital mediated by duction electrons to the complex dielectric functieiw) is
the O 2p orbital. Therefore, the one-electron bandwidth well described by the Drude model. According to the gener-
of V 3d band decreases with decreasing the V-O-V boncflized Drude model}*! e(w) is expressed as
angle. Accordingly, we can control the valueWfby chemi-
cal substitution of the G4 ion for the Sf* ion of the same
valence without varying the nominat3electron number per
vanadium ion. Since the electron correlation enetgyis

Aro(o0) _ wh()
T lo(M(w)—iw)’

where €., is the high-energy dielectric constant, which is a

()

e(w)=€,— —
lw

almost the same in Ca\(Gand SrVQ, we can thus control
the strength of théJ/W ratio by the chemical substitution.
The V-O-V bond angle of CaVg) in addition, is almost
equal to that of LaTi@Qwhich is a Mott-Hubbard—type insu-
lator, so that it seems reasonable to consider that Ga¥O
close to the Mott transition. Moreover, there are many othe

evidences of the strong electron correlation in this system

high-energy contribution of the interband transitiongw)

is the complex conductivityy(w) is the energy-dependent
scattering rate, and,(w) is the plasma frequency. The
plasma frequencw,(w) is defined as

. 4mnée?
T (w)’

r 2

p(@)

w
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FIG. 4. Energy-loss function Ifr1/e(w)] obtained by the  rio 5 Effective massn* estimated by the plasma frequencies
Kramers-Kronig transformation of the reflectivity data. The data 'ncompared with the bare electron masg. The value ofm*/mj

the photon energy range between 0.6 eV and 2.0 eV are shown Q/stematically increases in going from Sry@x=1) to CavQ,
focus on the plasmon pedkround 1.3 eV. (x=0).

where n is the total density of conduction electrons, andm*(w) do not depend om. According to Eq.(1), the real

m* (w) is the energy-dependent effective mass. part of the optical conductivity Re(w)]=o(w) is given by
To begin, let us confine our attention to the plasma frethe formula

guency. If we assume that the nominal electron number per

vanadium ion is exactly 1 for the whole composition range, ()= Tdc

we can deduce the carrier densityfrom the unit-cell vol- 1+ w?ly?’

ume. Then, we can estimate a variation of the effective mass . o o

m* (w) from the value ofw,(w). where oy is the dc conductivity. The dc conductivity is
The energy-loss function Im(l/e) is obtained by the expressed by th_e scatte.rlng ratend the plasma frequency

Kramers-Kronig analysis of the measured reflectivity spectra’p PY the following relation:

R(w). Provided thaty{w) and m* (w) do not depend om he? o
strongly, we can estimai@,( = const) from the energy-loss Oge=——= 4—"
function, because the energy-loss function peaks at the en- mty 4wy

ergy Of‘f’g (0} =wp/\e..). Accordingly, we can obtain the Here, we have used the value of,. obtained by electric
energy-independent plasma frequergyfrom the peak po- resistivity measurements at room temperature. Then the
sition of the energy-loss function. value of y can be deduced from the above relation. Figure 6
In Fig. 4, the spectra of Im{1/e) of Ca_,SKVO3z are  shows the comparison of the experimentally obtainéd)

shown in the photon energy range 0.6—2.0 eV to focus on thior CavO, to the optical conductivity calculated by the
peak near the reflectivity edgapproximately 1.3 e) The  simple Drude model. As shown in Fig. 6, the contribution to
peak position of the energy-loss functim‘g systematically the optical conductivity below-1 eV, which is considered
shifts to higher energy with increasing At first, we have to be a response of the itinerant carriers, is not properly
estimated w} from the peak energy, and deduced, reproduced with the simple Drude model especially above
= Ve, . If we consider only the response of the conduc-0-2 €V. As we increase the photon energy, the experimen-
tion electrons,e.. is the contribution from the high-energy @lly obtainedo{w) deviates from that of the simple Drude

interband transitions. Since the interband transition appeared

—_
(=]

above~2.5 eV, the value ok, can be taken from the real o~ i '
part of the dielectric functiore;(w) at around 2.5 eV? E I CaVv0; (x=0)
Since the value of,(w~2.5 eV) is nearly independent »f dCi 8 -‘| -
we have usede,=4 over the whole composition range. N
Then, we can deduce the valueraf using the lattice con- T 6L} |
stants and the value of,,. «E‘ ‘\‘

In Fig. 5, the ratios of the deduced effective mass to S al i )
the bare electron mass, are plotted as a function of the Sr Z
contentx. The value ofm*/m, systematically increases as :cs
varyingx from SrVO, to CaVQ;. This carrier-mass enhance- = 2F ----Drude model ]
ment, however, is not so large, even though the system is 2
near the Mott transition. This result is consistent with the 8 0
value of m* estimated from the results of the specific-heat 0.0 0. 1.0 13

measurement¥. Photon Energy (eV)

o is instructive to compare the measured low frequency g\ 6. comparison between the optical conductivity calculated
o(w) with the simple Drude model, in which{w) and by the simple Drude model and that of the experiment of CaVO
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compared with the bare electron mass&ndb indicate intercepts at
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Photon E V) vertical axis, corresponding to the valueswef andm, . (b) m, and
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FIG. 7. (8 Energy-dependent scattering rategw) of
Ca, ,SrVO3; (b) effective massn* (w) of Ca ,SrVO3. m*(w)  erns the behavior of(w). According to the Fermi liquid
is normalized to the bare electron masg. theory, the electron-electron scattering rate is proportional to
w?. Figure 7a), however, indicates thay{(w) looks more
model. The observed{(w) has a tail decaying slower than proportional tow rather thanw?. On the contrary, since the
the Drude-typew~* dependence. electron-phonon scattering is proportional 48 up to the
We consider that the discrepancy between the simpl@ebye frequency, it is necessary to elucidate the scattering
Drude model and the experimental results is attributed to thgrocess that contributes tgw). This is still an open ques-
energy-dependence of the scattering rgi@) and the effec-  tjon.
tive massm* (w). The ¢{(w) corresponds to the renormalized  On the other hand, the energy dependencentfw) is
scattering rater* ~(w), which is 7~ {{m/m*(w)]. The not so large. Except for the low-energy regiom<
quantity () is closer to the microscopic intrinsic quasipar- ~0.2 eV), the value ofn*/m, increases with the decrease
ticle lifetime at T=0. We can determine{w) andm*(®)  of Sr contentx. In the S§_,La,TiO3 system, which is a
from Eq. (2); i.e., when we defing(w)=€;(w) +iex(w), typical doping system, as one approachesl, a large en-

we(w) ergy dependence oh* as well as a critical enhancement at
2 . .
Y(w)= ()’ the low-energy region are observeddowever, in the
€~ €(w Ca _,SrVO5 system,m* does not exhibit such a critical
Arne? 1 enhancement with varyingin going from SrvVQ to CaVvG;,
m* (@)= o2 Re—— (@) although there is a difference between the filling control and

the bandwidth control.

47né€? €.~ €1() In the low-energy limit ¢ =0), m* should correspond to
= ) _ 2. 2. ¢ the effective mass estimated by the specific-heat measure-

o [emealo)]+elw) ment. We have interpolated* (w) down tow=0 with two

Figures Ta) and 7b) show yw) and m*(w) of  kinds of tangential lines drawn from 0.4 eV and 0.15 eV. As
Ca _,Sr VO3 as a function of photon energy. In the case ofshown in Fig. 8a), the intercepts, at which the two tangential
the simple Drude model, the scattering rates provided to  lines from 0.4 eV and 0.15 eV cut the vertical axis, are
be independent on the photon energy. But, in this systentlefined asm, and m,. Figure &b) indicates thex depen-
v(w) actually increases as we increase the photon energy, @ence of the values oh, andm, . The value ofm, does not
shown in Fig. 7a). show a systematic behavior, because phonons, randomness,

The energy-dependent scattering rate is generally baseaf other extrinsic contributions possibly cause this nonsys-
on the electron-phonon scattering and the electron-electrot@matic change. However, the valuernf increases system-
scattering. Since an extremely lar§ié dependence of the dc atically with decreasing; moreover, the values are almost
conductivity observed in the ¢a,Sr,VO; system can be equal to the value om* deduced from plasma frequency.
well ascribed to the electron-electron scatterifg, is rea-  We regardm, as a good measure of*/m, for this system.
sonable to consider that the electron-electron scattering gov- The effective mass estimated from the plasma frequencies
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TABLE I. Effective massn*/m, deduced from the plasma fre-
quenciesw, and the generalized Drude modehy).

IS

X 0 0.25 0.5 1

[

m*/mq (deduced fromw) 3.9 3.7 35 3.3
m, (generalized Drude analy$is 3.5 3.2 3.1 2.7

=

=

and the generalized Drude analysis,} appear in Table I. It

is expected that we should observe, near the Mott transition,
a critical enhancement of the effective mass of tldec8n-
duction electrons. If we substitute the Caon for the Sf*

ion in the Ca_,SrVO; system, the 8 bandwidth succes- 0
sively decreases. Then, the valuerof/m, is expected to

increase drastically reflecting the change of th&V ratio.

But we have observed that such a large mass enhancementy . 10, Optical conductivity spectra of the £gSrVO5 single
does not actually take place in this system. This is consisten{ystals =0, 0.25, 0.50, L at room temperature obtained by the
with the result shown in the preceding papér. Kramers-Kronig transformation of the reflectivity data.

Optical Conductivity ( 10° Q’lcm'l)
=)

Photon Energy (¢V)

C. Spectral weight redistribution of 3d band sponding schematic picture of the optical conductivity is

The density of state€DOS) of orthorhombic Cav@and  Shown in the bottom part of Fig. 9. As seen in the picture, the
cubic SrVQ, calculated using the full-potential augmented charge-transfer contribution is expected to appear above
plane-wave method with the local-density approximation™4 €V, and the absorption edge of the charge-transfer tran-
(LDA) are shown in the top part of Fig. 9. The band calcu-Sition in SrVG;is con3|dergd to shift §I|ghtly to lower energy
lation shows that the DOS near the Fermi leglis domi-  than that of Cav@ reflecting the shift of the O 2 band.
nated by the V 8 electrons. The V @ band crosses the Based on this picture, let us now look at the experimental
Fermi level, and the DOS below 4 eV is mainly the @ 2 results; Fig. 10 shows the real part of the optical conductiv-
band. ity, o(w), of the Ca_,SrVO; single crystals X=0, 0.25,

In the metallic statesg(w) is expected to consist of two 0.50, 1) The optica_l cqnductiyity spectra are different from
basic components: intraband transitions within thed/cdn- ~ OUr naive schematic picturgig. 9 bottom; they show the
duction band, i.e., the Drude part extending franx 0, and  Presence of two anomalpus features in yhe mtrabanq transi-
interband transitions appearing at much higher energy. ThOn part below 4 eV besides the Drude-like absorptidis-
latter is regarded from the calculated DOS as the charge:ussed abovea small peak that appears &tl.7 eV and a
transfer contributior(an excitation from the O 2 band to large peak at-3.5 eV. It must be noted that the two peaklike

the unoccupied part of the VdBband aboveEg). A corre-  Structures below 4 eV have no naive origin as far as we can
infer from the calculated DO$Fig. 9). This large spectral

weight redistribution is generally believed to be a manifesta-

tion of the strong electron correlation in this system.

. Figure 11 shows a comparison of the optical conductivity

spectra of CaV@ to those of other perovskite oxides,

Sty 9d-a0,0sTIO; (lightly doped 3°% meta),?® and YTiO;

s (3d*! insulatoy reported by Okimotcet al® In the optical

conductivity of Sggd.agsliO5, the most prominent low-

] energy feature, that distinctly rises around 4 eV, can be in-
terpreted as originating in a transition from the @ Band to

the Ti 3d band, which corresponds to the optical gap of the

parent insulator SrTiQ?* The doped 8 electrons contribute

to o(w) with a small spectral weight extending from= 0.

On the other hand, YTiQis considered to be a Mott-

Drude-part Hubbard insulator. Two electronic gaplike features are ob-

10 T T T T

¥ _cavo, V3
SO, ’

.0 4.0 2.0 0.0 -2.0
Binding Energy (eV)

\

DOS (states/eV/t.)

8
6
4
21
S

b 0% — V3d served around 1 eV and 4 eV. These features have been,
respectively, interpreted as originating in excitations through
the Mott-Hubbard gap, namely, from the lower-Hubbard
band(LHB) to the upper-Hubbard ban@HB), and as ex-

0 2 . é ;g citations through the charge-transfer gap, i.e., from thepO 2

band to the UHE"?® Recently, Bouarab, Vega, and Khan
have reported interband optical conductivities obtained by
FIG. 9. DOS of CaVvQ and SrvVQ obtained by the LDA band the energy-bands calculation of thé/NO; (M =Ti-Cu) sys-
calculation (top) and a schematic picture of optical conductivity tem with a local spin-density approximatiéhTheir calcu-
expected from the calculated DQBotton). lated results of interband optical conductivity in YL@

Photon Energy (eV)
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FIG. 11. Comparison of the optical conductivity spectra of 0 2mv

CaV0, to those of other perovskite oxides 4 ag ¢sTiO5 (lightly

doped 31° meta) (Ref. 23, and YTiO; (3d* insulato) reported by where N=N¢(x) corresponds to the total number of elec-
Okimoto et al. (Ref. 8. Shaded portions correspond to the inter- trons in the unit formula. That ig\.¢(w) is proportional to
band transition, and remaining white portions correspond solely the number of electrons involved in the optical excitations up
the intraband transitions within the Vd3band. to w. In Fig. 12, we showNg of the Ca_,Sr,VO; system,

_ _ _ _ after subtracting the higher-energy background. Since, in Fig
shown in the bottom of Flg 11 as a shaded portlon. We flnch_z, we have assumeth= mo, where Mg is the bare elec-

out from this comparison that the peak at approximately Sronic mass, the total numbeN= N x(w=)=Ngx(e
eV cannot be explained by the transition between thepO 2 =5 eV) result is smaller than 1, reflecting the difference be-
band and the Ti 8 band alone. tweenm and m, (m>m). If we rather use the valuen

In CaVO;,, photoemission spectroscdpy’ has revealed optained from LDA,m~1.5m, for the V 3d band, we find
that the O D band is located at a binding energy that is N (5 eV)~1. Thus, we conclude that the assumed back-
almost the same as that of metallio&f-ao0sTiO3; hence,  ground(shaded area in Fig. 11s reasonable to deduce the
the absorption edge of the charge-transfer excitation Ojntrinsic contributions of the interband transition.

CavQ; should be approximately equal to that of  The initial steep rise oy is due to the Drude-like con-
Sto.9d-a0,0sT103. Therefore, it is reasonable to consider thattriputions extending fromaw = 0. The Drude-like contribution
the shaded portions of{(w) in Fig. 11 correspond to the can be distinguished below 1.5 eV, whereNg4 exhibits a
charge-transfer type transitions as well as the other interbanght region. ThereforeN; at ~1.5 eV is considered to be a
transitions with much higher energies, on the analogy of the)ood measure for the effective mass of the carries. The val-
band calculation in YTi@?® Accordingly, the remaining yes of m*/m, estimated fromN,(w=1.5 eV) are 3.06),
white portions correspond solely to the intraband transitiorp,.o(g,)' 3.0, 2.7 forx=0, 0.25, 0.50, 1, which are almost
within the V 3d band. equivalent to the values @h*/m, discussed in Sec. Ill B.

In order to focus on the spectral weight of the optical Figure 13 shows the optical conductivity speciia) of
conductivity arising from intra-8-band transitions, we have ne Ca_,Sr\VO; single crystals X=0, 0.25, 0.50, Lin the
subtracted the shaded portion in the middle of Fig. 11 aphoton energy range of 0-5 eV. The high-energy back-
backgrounds, assuming an appropriate function @f ( ground corresponding to the interband transition is sub-
—A)¥% where A has been obtained by fitting the lower- yracted. As discussed above{w) (0<w<5eV) reflects
energy tail of the O p band in photoemission spectroscopy only the intraband transition of the Vd3electrons. In the
spectra of Ca_,SKVOj single crystal$? spectrum, there is a small feature-at.7 eV, which we call

A quantitative measure of the spectral weight has beerrbeakA [Fig. 13a)] and also a large feature at3.5 eV,
obtained by deducing the effective electron number per vaghich we call peakB [Fig. 13b)]. With the increase ok,
nadium ion defined by the following relation: the excitation energy of peak shifts slightly to lower en-

ergy, and its spectral weight decreases; whereas, the excita-
Ne(w)= zl;/ “’U(w,)dw,' tion energy of peald shifts to higher energy, and its spectral
7€ Jo weight increases. In addition, the width of peakbroadens
with the increase ok. Figure 14 shows the excitation en-
wheree is the bare electronic charge amdis the bare band ergy, the full width at half-maximum, and the spectral weight
mass of a noninteracting Bloch electron in the conductiorof peaksA andB as functions of.?°
band.V is the cell volume for one formula unjbne V atom In the valence-band photoemission spectra of the
in this system The significance oNg; will be appreciated Ca_,Sr,VO3; system, two features have been observed: one
by considering the sum rule of the conductivity is a peak at-1.5 eV belowEg and the other is the emission
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; ; ; 15,27
from a broad quasiparticle band that lies Bga. The FWHM), and spectral weight of peaksandB plotted as functions

former is assigned to an incoherent emission associated wi
the formation of the lower Hubbard band and the latter cor-
responds to a renormalizedi®and atEg. Inoueet al. re-  row features neaw=U/2, and an “anomalous” part that is
ported that, upon increasing the strength WfW in the  present in the range=0-1 eV, approximately. The contri-
Ca_,Sr VO3 system, the spectral weight is systematicallybution atU corresponds to direct excitations between the
transferred from the quasiparticle band to the incoherenHubbard bands, the featureslt2 correspond to excitations
part™ In the inverse-photoemission spectra of Cav@hd  from the LHB to the empty part of the quasiparticle band and
SrvV0O;, Morikawa et al. have found a prominent peak at from the filled part of the quasiparticle band to the UHB, and
2.5-3 eV aboveE; and a shoulder within around 1 eV of finally, the anomalous part corresponds to excitations from
Er .%" These features have been also assigned to the incohehe filled to the empty part of the quasiparticle band. In our
ent and coherent parts of the spectral function of thedv 3 previous papet® we analyzed the spectrum of Cay® the
electron. These results lead us into consideration that the twWiaght of these predictions. The parametétsand W, which
featureqpeaksA andB) observed in the optical conductivity were used in the model calculation, were taken from the
spectra should originate in possible combinations of the trankesults of photoemission spectroscapylthough it was ex-
sitions among the incoherent and coherent features ofl V 3 pected that the paramet®y would systematically change
electron around the Fermi level. with composition, we chose to vaty for the sake of sim-
The experimental results of the optical conductivity canplicity, given that fits of equivalent quality could be obtained
be compared to the theoretical prediction obtained by théor the photoemission spectra. In Cay@vhich has the nar-
self-consistent local-impurity approximation of the infinite- rowest 3 band in the Ca_,Sr, VO3 system, peaké andB
dimension Hubbard modéf. The theory seems to give us a have been well described by the feature&J& andU, re-
clue to understand the origin of the two features: pefalsid  spectively, so that the infinite-dimensional Hubbard model
B. According to the prediction, the optical response is comseems to reproduce the experimentally obtained optical con-
posed of basically three contributions except for the Drudeductivity reasonably weff°
part: a broad part centered at a frequeacy U, a few nar- We find that our experiment gives results as summarized
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FIG. 15. Calculated optical conductivity by IPT for the param-
etersU=3 eV andW indicated in the figure.
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FIG. 16. Theoretical spectral density of states obtained by IPT at
T=0 for the parameterd =3 eV andW indicated in the figure.

in Fig. 14: with the increase of, the peak energy of pedk  sponse by controlling the value W are in better qualitative
shifts slightly to the lower-energy side and its spectral weightagreement with the experimental data of Fig. 14 than the
gradually increases. The spectral weight of p@aikicreases previous calculation where we changed the valu& oOne
with x. PeakA, however, shifts slightly to higher energy. of the most notable improvements consists of the fact that
We would now like to emphasize an important point. Ourthe unexpected systematic evolution of the featur&) &,
present systematic study of the CaSr,VO; compound which shifts upward with increasindy, is captured very well
gives conclusive evidence that we can tune the bandwidth ajualitatively. This peculiar effect can be interpreted as a
the system by controlling. The position of pealB gives a  “band repulsion” between the Hubbard band and the quasi-
direct measure of the value bf, and the fact that it remains particle band. As we incread#, the latter becomes broader
almost a constant is clear evidence that the r&tidV is  and “pushes” the Hubbard band further out.
controlled by a change of the bandwidth This situation is However, there are still some discrepancies. Such a large
in sharp contrast to our previous analySisased on photo- spectral weight redistribution is predicted to be concomitant
emission data, which did not allow us to resolve which pa-with a large effective mass in the mean-field treatment of the
rameter was actually controlling thg/W ratio. A crucial Hubbard modet?33 This is, however, inconsistent with the
ingredient that makes the study of the optical response sobserved effective mass in this system. Moreover, in the op-
valuable for this analysis is that, unlike photoemission, ittical conductivity spectra, there is apparently a notable dis-
probes also the unoccupied part of the spectra; therefore, it epancy with respect to the relative spectral weight of peak
sensitive to the relative position of the Hubbard bands. A to peakB. It is remarkably suppressed in the experimental

In order to gain some further insight into the qualitative data, compared with the theoretical data.
behavior of the systematic evolution of our experimental Other discrepancies between some experimental results
data, we have used our initial estimatesttbandW as input  and the prediction of the mean-field approach for the electron
parameters in a calculation of the optical response of theorrelation were also reported in the photoemission spectros-
Hubbard model and changed the valueWdfinstead ofU.  copy measurements in this systéhi/ In the mean-field
We shall consider the model within the dynamical mean-Fermi liquid approach, the renormalized quasiparticle band
field theory, which becomes exact in the limit of large latticeat Ex should be narrowed with increasing the value of
connectivity (or large dimensionality For convenience we U/W,*?33but, in those experiments, the quasiparticle band-
have computed the optical response using the iterated pertwvdth remains broad, even if the system approaches to the
bation theory(IPT) method, which allows for a simple evalu- Mott transition. Since peak has been assigned to the tran-
ation of this quantity aff=0 and near the Mott-Hubbard sitions associated with the quasiparticle band, the conspicu-
transition3132 ous suppression in spectral intensity of peakeflects the

In Fig. 15 we show the theoretical prediction using thebroadness of the quasiparticle band. The broad quasiparticle
value of U=3 eV for the local repulsion and for the half- band also accounts for the lack of the strong mass enhance-
bandwidthW/2=1.05 and 0.95 eV for SrvV9and CaVQ, ment in this system.
respectively. Note that the spectra do not display the Drude As discussed in the preceding paptthe momentum-
contribution as it corresponds to&function ato=0 since  dependent self-energy becomes significant near the Mott
our model does not contain disorder and the calculation it¢ransition, resulting in a reduction of the mass enhancement.
performed aff =0. The particular line shape that we obtain Although our measurement cannot clarify the validity of in-
is originated in the behavior of the spectral density of state¢roducing a momentum-dependent self-energy, we conclude
that is obtained within the IPT method as shown in Fig. 16.that there must be other interactions not present in the mean-
We should point out that while the details of the line shapefield treatment of the electron correlation in the metallic re-
may not be correctly given by this method, the main distri-gime close to the Mott transition.
bution of the spectral weight of the various contributions and  Finally, the presence of the anomalous contribution at low
their systematic evolution are very reliably captutéd. frequencies that extends downde= 0 in the theoretical data

We observe that the theoretical results for the systematisheds a different light for the interpretation of the Drude-like
dependence of the various contributions to the optical reresponse discussed in Sec. Il B. It may be possible to say
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that the deviation from the simple Drude model would belarge energy dependence. Howevgiy) is proportional taw
partly due to this anomalous contribution. The origin of thisrather than that of the electron-electron scattetirig

effect is again traced to the presence of the incoherent con- The effective mass of the VdBelectron has been evalu-
tribution coming from the low energy tails of the Hubbard ated from the plasma frequency. The valuendf/m, gradu-
bands that is observed in the theoretical density of stateally increases with decreasing bandwidth However, no
However, it is experimentally very difficult to disentangle symptom of the critical mass enhancement has been ob-
unambiguously the contribution of the coherent optical reserved, even though the system is close to the Mott transi-
sponse of carriers and that of the incoherent process in optiion.

cal conductivity, so this issue remains an open question. We observed two anomalous peaks in the optical conduc-
tivity spectra around 1.7 eV and 3.5 eV. These features can
IV. CONCLUSIONS be assigned to the possible combinations of transitions be-

. ) S ) tween the incoherent and coherent bands of quasiparticles

This study has aimed at elucidating the electronic strucyoynd the Fermi level. This large spectral weight redistribu-
ture of the correlated metallic vanadate by means of opticaipn supstantiates the strong electron correlation in this sys-
spectroscopy measurements. We have synthesized t , which is, however, not concomitant with a large
Ca _,Sr VO3 system to control solely the @ bandwidth  offective-mass enhancement.
without varying the band filling.

We have found that the low-energy contribution to the
optical conductivity spectra cannot be reproduced by the
simple Drude model with the energy-independent scattering We would like to thank the staff of the Photon Factory for
rate and effective mass. The energy-dependém) deter- its technical support. We also thank Y. Nishihara and F. Iga
mined by the generalized Drude model shows relativelyfor their helpful suggestions and experimental support.
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