
VOLUME 76, NUMBER 25 P H Y S I C A L R E V I E W L E T T E R S 17 JUNE 1996

, Japan

llic
n
the

iled
ions
e

Low Frequency Spectroscopy of the Correlated Metallic System CaxSr12xVO3
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We study the photoemission and optical conductivity response of the strongly correlated meta
system CaxSr12xVO3. We find that the basic features of the transfer of spectral weight in photoemissio
experiments and the unusual line shape of the optical response can be understood by modeling
system with a one-band Hubbard model close to the Mott-Hubbard transition. We present a deta
comparison between the low frequency experimental data and the corresponding theoretical predict
obtained within the local impurity self-consistent approximation that is exact in the limit of large lattic
connectivity. [S0031-9007(96)00327-4]
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The understanding of the redistributions of the spec
weight that occurs in strongly correlated systems is
fascinating problem of condensed matter physics [1–3

Most transition-metal oxides have narrow conducti
bands originated in partially filled3d orbitals where cor-
relation effects are significantly relevant. One of the cl
sical examples is the V2O3 compound and its derivative
which exhibit a Mott transition, that is, a metal-insulat
transition (MIT) driven by electronic correlations in th
absence of magnetic ordering [4,5]. In a recent pa
Fujimori et al. [6] examined the photoemission spect
of several transition-metal oxides, demonstrating the d
matic redistribution of spectral weight as a conseque
of electronic correlations in those compounds.

Here, we consider another correlated syste
CaxSr12xVO3, which displays a notable transfer of weig
as a function ofx in its photoemission spectra [7,8
and very unusual features in the distribution of its lo
frequency optical response. This system is particula
interesting as it allows fora systematic studyof the evo-
lution of the spectral line shapes withx. We shall argue
that the basic features observed in a recent photoemis
study [7,8], and in the new optical conductivity resu
that are reported here, can be explained in terms of
solution of a single-band Hubbard model close to the M
We shall present a detailed comparison between the
perimental data and the theoretical predictions of the mo
treated within the local impurity self-consistent appro
imation (LISA) which is exact in the limit of large con
nectivity, or, equivalently, large dimensionality [9–11].

The CaxSr12xVO3 compound has a perovskite-typ
structure where the nominal valency of vanadium ions
41, which leaves only one3d electron per vanadium ion
in the conduction band. Thus, in a first approximatio
we shall assume that the system can be modeled b
half-filled single-band Hubbard Hamiltonian. The hope
that this simple model may capture the basic features
the low energy physics that is experimentally observed
0031-9007y96y76(25)y4781(4)$10.00
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The Hamiltonian of the Hubbard model reads

H ­ 2
X

,i,j.

stij 1 mdcy
iscjs

1 U
X

i

√
ni" 2

1
2

! √
ni# 2

1
2

!
, (1)

where summation over repeated spin indices is assum
The LISA method [10] is a dynamical mean fiel

theory that is exact in the limitq ! `, where q is the
connectivity of the lattice. Consequently, the hoppin
amplitude is rescaled astij !

t
p

q to obtain a nontrivial
model [9]. The lattice Hamiltonian is then mapped on
an equivalent impurity problem which is supplemented
a self-consistency condition. The detailed derivation
the resulting mean field equations is already given in gr
detail elsewhere [10–12]. We shall assume a semicircu
bare density of statesr0sed ­ s2ypDd

p
1 2 seyDd2, with

t ­
D
2 , which is realized in a Bethe lattice and on a ful

connected, fully frustrated version of the model [13–15
This density of states has the same edge behavior as
obtained from a three-dimensional tight-binding mod
As there is only one3d electron in the CaxSr12xVO3
system, we setm ­ 0 which renders the model hal
filled. We use the second-order perturbative calcu
tion (IPT) to iteratively solve the associated impurit
problem [13]. It has already been shown elsewhere t
this method is in excellent agreement with the exa
solutions that can be obtained using exact diagonali
tion or quantum Monte Carlo techniques [10]. Stil
we use the IPT calculation since the exact metho
either lack the resolution or cannot reach the low tem
erature limit that is relevant for the present discussion.

The solution of the Hubbard model in the limit o
large dimensions has been obtained recently [16]. O
of the basic results is the existence of a MIT at
intermediate value of the interactionUc ø 3D (Uc ­
3.37D within IPT). As the transition is approache
by increasingUyD, one finds that the density of state
© 1996 The American Physical Society 4781



VOLUME 76, NUMBER 25 P H Y S I C A L R E V I E W L E T T E R S 17 JUNE 1996

e
d
tin
e
a

o
1

s
s

r
d
n

l
d

h

i
.
o
a
t

r
T
r
th
o
a
n

e
d
a

n

t
h
o
o
t
e
u
e
io

o

t

of

sity

l

ing

del

ure
erve
the
In

the
sfer
he

to
en

fer
el,
dis-

f the
splits into a characteristic three-peak structure. Ther
a central quasiparticle peak at the Fermi energy of wi
e

p
F that narrows as the transition is approached, indica

the enhancement of the effective mass. This featur
accompanied by the incoherent lower and upper Hubb
bands that emerge at frequencies of the order of6

U
2 , and

which acquire the spectral weight that is transferred fr
the lower frequencies as the central peak narrows [11,

From the theoretical standpoint, the CaxSr12xVO3 com-
pound is extremely interesting, since the chemical sub
tution of a Sr21 ion by Ca21 of the same valence modifie
the V-O-V bond angle from, 180

±

to 160
±

, thus control-
ling the strength of the ratioUyD. Therefore, for con-
centrations ranging fromx ­ 0 to 1, we go from a less
correlated to a strongly correlated metal.

We now turn to the comparison between the expe
mental data and the theoretical predictions of the mo
Hamiltonian. The strategy will be to extract the releva
model parameters, i.e.,U and D, from the experimenta
data, and use them as sole input for the theoretical mo
We emphasize that, following this procedure, there are
free parameters left to adjust in the theoretical fit of t
experimental data.

We first consider the recent experimental photoem
sion data of Inoueet al. [7] which we reproduce in Fig. 1
The low energy photoemission spectra consist of two c
tributions: a broad feature at higher frequencies and
other one, much smaller and narrow, that occurs at
Fermi energy. As we increase the value ofx, i.e., the
correlation strength, we observe a systematic transfe
spectral weight between the two spectral features [7].
line shape of this spectrum is very reminiscent of the
sults for the density of states that are obtained from
large dimensional approach to the Hubbard model cl
to the MIT point (see inset of Fig. 1). Thus, we associ
the higher frequency feature to the lower Hubbard ba
(LHB) and the feature at the Fermi level to the low fr
quency quasiparticle contribution. We extract the mo
parameters noting that (i) the LHB features peak at
proximately 2

U
2 ; (ii) the half-width of the LHB should

approximately correspond toD; and (iii) the ratio of the
quasiparticle peak to the LHB spectral weight is co
trolled by the ratioUyD in our model.

Photoemission experiments probe the occupied par
the density of states. Accordingly, we have multiplied t
theoretical spectrum by the Fermi distribution function
80 K, and then convoluted with a Gaussian function
width 0.3 eV that corresponds to the finite experimen
resolution [7]. In Fig. 1 we display the results for th
theoretical photoemission intensity. The estimated val
for U andD are shown in the figure. We have check
that a good fit can also be obtained by a small variat
of the parameters. Although one expects thatD would
also systematically change with composition, we cho
to set equal to constant1 eV. This choice not only
provides a reasonable fit, but it further allows one
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FIG. 1. Above: Experimental photoemission spectrum
CaxSr12xVO3 at 80 K (from [7] with background from oxygen
2p band subtracted). The inset contains the theoretical den
of statesrsvd obtained from IPT atT ­ 0 for a value of
the interactionU

D
­ 3 close to the MIT. Below: Theoretica

density of statesrsvd for the model parameterU indicated
in the figure andD ­ 1 eV obtained by IPT. The data
correspond to thev , 0 part of rsvd convoluted with the
experimental resolution. The inset shows the correspond
LDA results (from [7]).

clearly appreciate the systematic evolution of the mo
line shape as a function of the interaction.

It is apparent that the theory can successfully capt
the basic features of the experimental data. We obs
the transfer of spectral weight between the LHB and
quasiparticle peak as a function of the interaction.
particular, we note that the theory captures correctly
intermediate frequency range around which the tran
of weight occurs (indicated with a shaded region in t
figure). These results are more remarkable in regard
the complete failure of the LDA method to capture ev
the most basic features of the data (inset Fig. 1) [7].

Although we find that the basic features of the trans
of spectral weight are very well captured by our mod
upon a more detailed comparison one notes that some
crepancies remain, especially in regard to the shape o
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small quasiparticle peak and the lower energy edge of
LHB. The discrepancies in the shape of the quasipa
cle contribution, in particular, the renormalization of th
value of rsvd at the Fermi level, as was pointed out
[7,8], may be due to a basic feature of the large-d ap-
proach, namely, the locality of the self-energy. This
probably connected to the overestimation by a factor
, 4 of the enhancement of the calculated mass renorm
ization compared with that deduced from the measu
electronic specific heat coefficient (gexp ø 9.2 mJ/K2 mol
for CaVO3 [17], this value is about 3 times larger than th
LDA prediction). This issue may possibly be resolved
a better treatment of the spatial fluctuations. Nevert
less, we emphasize that the goal of the present pap
not the description of the line shape in its full detail, b
rather the understanding of some basic features in the
tribution and transfer of spectral weight by the effect
correlations.

We now turn to the comparison of our model resu
for the optical conductivity [18] with the new exper
mental data that we report here. The optical reflectiv
measurement was carried out for CaVO3, which is the
most strongly correlated case. A single crystal sam
was grown by the floating zone method and specula
polished. It was annealed in air at, 470 K for 24 h in
order to make the oxygen concentration become stoic
metric [19]. The reflectivity spectrum was measured
room temperature in energy range from0.03 to 6.5 eV,
using a Fourier transform spectrometer (0.03 2 0.5 eV)
and a grating monochromator (0.5 2 6.5 eV). To obtain
the optical conductivity by Kramers-Kronig analysis, w
supplemented our data with that of Kasuyaet al. [20] ob-
tained in a higher energy region. Also, a high frequen
asymptotic function of the formv24 was used, and we
extrapolated our data to the lowest frequencies using
Hagen-Rubens formula. The result is displayed in Fig
It basically presents three contributions: a low frequen
narrow peak which is the Drude part of the optical co
ductivity, a second small feature that appears at ener
around1.75 eV, and a third large contribution that pea
at 3.5 eV. The Drude part at low frequencies correspon
to the metallic character of the compound. However,
like in normal metals, the Drude contribution is only
fraction of the total optical spectral weight. This is a r
alization of the original arguments of Kohn for the optic
response of systems close to a MIT [21].

We can readily, and rather intuitively, interpret th
higher frequencies peak structure in terms of excitati
between the three features present in the density of s
(cf. upper inset of Fig. 1). The large contribution
the conductivity spectrum atv , 3.5 eV corresponds
to the direct excitations from the lower to the upp
Hubbard bands; therefore, this contribution should pe
at an energy of the order of the Hubbard interactionU.
Accordingly, the position of the peak very approximate
corresponds to twice the energy of the maximum of
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FIG. 2. The experimental optical conductivityssvd in units
of fVcmg21 for CaVO3 at T ­ 300 K (thin line). The mid-
infrared spectra (bold line) obtained after the subtraction of
background contribution [, sv 2 2.5 eV d3y2] and a Lorentzian
fit of Drude part at lower frequencies (thin dashed lines). T
model optical conductivity (bold dashed line) forU

D
­ 3.2 and

D ­ 1 eV obtained by IPT (arbitrary units).

lower Hubbard band in the photoemission spectrum
Fig. 1. Also, we note that the large spectral weight
this feature corresponds to the fact that most of the sin
particle spectral weight is concentrated in the incoher
Hubbard bands. On the other hand, we should also ex
optical excitations from the LHB to the quasiparticle pe
and from this peak to the upper Hubbard band. As
energy for these two types of excitations is approximat
U
2 , they should also contribute to the optical spectru
with a feature at frequenciesv , U

2 ø 1.75 eV from the
estimation made for this parameter in the photoemiss
discussion. This is, in fact, observed in the experimen
results. We can further understand the small spec
weight of this feature from the fact that the quasiparti
peak in thersvd has only a small fraction of the tota
spectral intensity.

In Fig. 2 we also present the optical spectrum obtain
from the LISA method using the model paramete
determined before (x ­ 1). We find that all the basic
features of our previous qualitative discussion are actu
realized in the solution of the model. For a clear
comparison of the model prediction to the experimen
data, we have subtracted in the latter the high freque
background due to excitations from the oxygen band
the UHB. From a fit to the lower energy tail of the oxyge
band, we estimate this background contribution to star
v ø 2.5 eV. Since our model does not contain disord
the Drude part is ad function at the origin. Thus, also
for the sake of a clear comparison, we have subtrac
the Drude part of the experimental spectra by fitting
Lorentzian function at low frequencies. The remaini
part of the experimental spectra then corresponds
the midinfrared features atU2 and U that we discussed
4783
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above. As the results show, these features are
captured by our model at the precise positions and w
qualitatively correct relative weights. As in the case
the photoemission data, the remaining differences in
line shapes may be possibly due to limitations of the I
or the election of a semicircularr0.

A final quantity that is useful in the interpretation o
optical conductivity data is the ratio of the Drude part
the optical response to the total spectral weight. In an
correlated system, this ratio is 1. The effect of the cor
lations that drive the system close to the MIT is to sp
the contributions tossvd into a d-function-like part at
low frequency that corresponds to the coherent quasip
cle conduction and a regular midinfrared contribution d
scribing the incoherent motion. Within our present me
field theory, this ratio is obtained asR ­ Z

kK0l
kKl , where

Z is the quasiparticle residue andkK0l is the expectation
value of the kinetic energy in the free system (U ­ 0)
[5,22]. From the experiment we find thatRexp ø 0.3,
which is in good agreement with the prediction of the th
ory R ­ 0.25 6 0.03 (the uncertainty comes from the ap
proximate determination of the model parametersU and
D and the rapid variation ofR close to the MIT). We note
that1yR is usually called the optical mass renormalizati
and that in thed ! ` limit mp

m ­ 1yZ. Thus, in our mean
field theory these two quantities are exactly related by
renormalization of the kinetic energy by the interaction

An important observation is that the consistent pictu
that emerges from oursimultaneousdiscussion of pho-
toemission and ac conductivity gives further support
the assumption that a single band model may be used
the study of the CaxSr12xVO3 system. This observation
is rather surprising, as the typical magnitude of crys
fields , 0.1 eV is unlikely to explain how the 3-fold de
generacy of thet2g bands is effectively lifted. A more
plausible explanation may follow from the considerati
of a more realistic degenerate model with interorbital e
change and correlation interaction. The solution of su
a model poses extra technical challenges and work a
this line is currently under way.

Finally, we would like to briefly mention that the
temperature dependence of the dc resistivity follows
r , AT2 behavior which demonstrates that the system
as our model solution, a Fermi liquid.

The satisfactory agreement between the theory and
experimental data demonstrates that the Hubbard m
treated within a mean field theory that becomes exac
the limit of large lattice coordination is indeed a goo
strating point for the study of electronic systems where
competition of localization and itinerancy plays a cruc
role. The LISA solution of the single band model allow
us to understand the basic features that are experimen
observed in the spectroscopy of CaxSr12xVO3. We find
that the transfer of weight observed in photoemiss
data and the unusual distribution of spectral weight
4784
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the optical response are related to the proximity of t
system to a MIT point characterized by the emergence
the small energy scaleep

F [15]. Thus, we obtain withina
single model with essentially no adjustable parameters, a
consistent interpretation of the unusual features obser
in bothexperiments.
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