
PHYSICAL REVIEW B VOLUME 46, NUMBER 17 1 NOVEMBER 1992-I

Optical-conductivity spectra of Sr, „La„Ti03. Filling-dependent efFect of the electron correlation
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Optical-conductivity spectra have been measured on the correlated electron system Sr& „La„Ti03
(0 x ~ 1) in order to determine how the electronic structure depends on the filling of the 3d-electron
conduction band. While metallic resistivity was observed in ail samples with x 0. 1, the optical-
conductivity spectra have revealed a critical change in the electronic structure: The effective carrier
mass, which has been deduced by analysis of the optical-conductivity spectra and the energy-loss func-
tion, is critically enhanced as the x =1 filling case {Ti 3d' configuration) is approached, perhaps due to
electron-correlation effects, in a manner reminiscent of the Mott-Hubbard transition.

Extensive studies on the high-T, superconducting cu-
prates have led to renewed interest in strongly correlated
electron systems, particularly in the drastic change in the
nature of their electronic states with carrier doping.
With increasing or decreasing the formal valence of
copper from 2+, the layered cuprate compounds show a
crossover behavior from an antiferromagnetic insulator
with localized d electrons on Cu sites to a high-T, super-
conductor (or unconventional metal above T, ). Such a
transitional behavior is partly due to the fact that the
Coulomb correlation of 3d electrons loses its effect gradu-
ally with increasing departure from the half-filling case.
A similar change in the electronic structure is expected to
occur in a wide class of transition-metal oxides, in which
electron correlations in a relatively narrow d band must
be taken into account. The purpose of this paper is to re-
port a spectroscopic investigation of the change in elec-
tronic states in titanium oxide compounds with varying
formal Ti valence (3d-electron configuration) from 4+
(3d ) to 3+ (3d').

We study the mixed-crystal system Sr& La„Ti03 with
a perovskite-like structure. ' The end compounds
SrTiO& (x =0) is a closed-shell (i.e., no d electron) oxide
with cubic perovskite structure. The topmost valence
and lowest unoccupied conduction bands in SrTi03 are of
0 2p and Ti 3d character, respectively, and the band gap
is ca. 3.2 eV. The other end compound, LaTi03, is
known to be barely metallic or semiconducting, showing
a magnetic phase transition into the ordered Ti-spin
states (weakly ferromagnetic due to the spin canting)
below the critical temperature 12S—149 K. The forrnal
valence of Ti in this compound is 3+, the number N of
3d electron per Ti site being exactly 1 (3d'
configuration). Hereafter, let us call this situation "in-
teger (N =1) filling. " As in other LTi03 compounds (L
being a rare-earth ion), 9 LaTi03 shows an orthorhombi-
cally distorted perovskite structure or the so-called
GdFe03-type structure, in which the Ti-0-Ti angle
( —157') deviates from 180'. We have prepared a series

of solid solutions, Sr& La„Ti03, with the aim of finely
controlling the filling of the 31 conduction band. To see
a change in the electronic structure as a function of the
filling parameter N (=x), we have obtained optical spec-
tra in these mixed crystals.

The samples were melt grown by the fioating-zone
method in a reducing or inert atmosphere. First, we

prepared sintered bars of ceramics using mixtures of ap-
propriate quantities of La203, Ti203, and SrTi03 at
1500'C in vacuum. Then, the sintered bars were melted
in Ar or Ar (93%) and H2 (7%) atmosphere using the
floating-zone furnace equipped with two halogen incan-
descent lamps and hemielliptic focusing mirrors. X-ray-
diffraction patterns of those samples indicated that all the
samples were single phase and that the diffraction peaks
could be indexed with orthorhombic or cubic lattice
structures. The cubic to orthorhombic structural change
was observed to take place around x -0.6 at room tem-
perature. Upon the structural transition, however, we
have observed distinct changes neither in the lattice pa-
rameters nor in electronic properties (such as resistivi-

ty," magnetic susceptibility, ' and optical conductivity).
It is known ' that the electronic and magnetic proper-

ties of LaTiO& (x=1) are very sensitive to non-

stoichiometry of the sample. Results of thermogravita-
tion analysis indicate that the average valence of Ti in the
presently synthesized sample was found to be ca. 3.06+,
which is slightly larger than the expected value (3.00).
This is perhaps due to a small amount of La deficiency
(ca. 2%) or oxygen excess (ca. 1%). We have observed an
antiferromagnetic transition around 100 K in our nomi-
nally x = 1 sample, which is slightly lower than the previ-
ously reported values, 125 K (Refs. 4—6 and 8) or 149 K
(Ref. 7), perhaps due to a larger deviation of the Ti
valence from 3.00+. Keeping in mind such a critical
effect of nonstoichiometry in the x =1 sample, we will
denote hereafter the sample composition by the nominal
one.

For Sr-doped samples, including low-Sr-content sam-
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ples with x =0.98 and 0.95, we have not observed any
magnetic phase transition at lower temperatures. For
samples with 0. 1 x 1.0, we have observed a typically
metallic behavior of the resistivity p, which can be ap-
proximately expressed by the relation p —po~ T, typical
of metals with highly correlated electrons. (Here, po is
the residual resistivity, 10—100 pQ cm. ) The lowest resis-
tivity was attained in a sample with x -0.5.

The reflectivity spectra of Sr& La„Ti03 were mea-
sured on specularly polished surfaces of melt-grown sam-
ples at room temperature (295—300 K) in the photon-
energy range 0.05-20 eV. The reflectance was obtained
with use of Fourier-transform spectroscopy in the in-
frared region and, at higher photon energies, was mea-
sured by use of grating spectroscopy. For a light source
in the vacuum ultraviolet region, we utilized synchrotron
radiation at UV-SOR, Institute for Molecular Science
(Okazaki). The absolute refiectivity was determined by
comparison with the known reflectivity of a gold film
measured with the same optical alignment. The optical
conductivity spectra were obtained by Kramers-Kronig
analysis of the reflectivity data. In practice, the
reflectivity data below 0.05 eV were extrapolated toward
zero frequenc by the Hagen-Rubens approximation
[1—R (co) ~ co] for the metallic samples (x & 0. 1). For
the high-frequency extrapolation ()20 eV), we applied
the Drude extrapolation R (ro) ~ co . Thus, calculated
values of the co=0 conductivity were in reasonable agree-
ment with the dc conductivity data by transport measure-
ments on the same samples within a relative error of
40go.

In Fig. 1 we show the spectra of the optical conductivi-

ty o (co) in Sr, „La„TiO& at room temperature in a loga-
rithmic scale of photon energy. The spectral features are
composed of two parts: a Drude-like photoresponse
below 1.5 eV due to the charge carriers and interband
transitions observed above 3 eV. In the insulating x =0
(SrTi03) sample, some optical phonons show up as sharp
peaks in the infrared region of the o(co) spectra, which
seem to persist faintly in the metallic phase with x 0. 1.
The infrared spectral weight due to the charge carriers
increases monotonically with x up to ca. 0.5, reflecting
the increase of carrier density. However, the spectral
weight rather decreases beyond x -0.5 in spite of an ap-
parent increase in the number of d electrons. In particu-
lar, samples with x close to the end (x =1.0) show a
barely metallic photoresponse with a much reduced opti-
cal conductivity, reminiscent of the insulating sample
(see, for example, the spectrum of the insulating x =0
sample).

The relatively lower-lying interband transitions, which
shows up in the cr(co) spectra in the energy region 3—6 eV,
are due to transitions from 0 2p to Ti 3d (t2g-like) states.
The variation of spectral shape is ascribed to the partial
filling of the 3d band (the final state). A detailed discus-
sion on these high-energy excitations will be given else-
where. Here we focus on the filling-dependent variation
of the low-energy ( & 2 eV) spectra.

We show in Fig. 2 the v(co) spectra below 2 eV in a
magnified scale together with the similarly deduced spec-
tra of the energy-loss function, Im( —I/e) (shown by
dashed lines). The peaks of the energy-loss function
represent the k -0 plasmon excitations and approximate-
ly correspond to the plasma edges in the reflectance spec-
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FIG. 1. Optical-conductivity spectra of Sr& „La Ti03 at
room temperature. (The nominally x =1 sample showed an
average Ti valence of ca. 3.06+ and suffered from a slight non-
stoichiometry of the composition. See the text for details. )
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FIG. 2. Low-energy spectra of optical conductivity a(co)
(solid lines) and energy-loss function Im( —1/e) (dashed lines} in

Srl „La„Ti03.
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tra. In accord with the observed variation of the in-
frared spectral weight, the peak of the energy-loss func-
tion increases with x in the region 0 &x & 0.6, but rather
decreases in approaching the end (x = 1) and also shows
an appreciable broadening of the profile. According to
conventional Drude model, the plasmon peak energy
(fico' ) is related to the ratio of electron density (n) to the
efFective mass (m ); co' =4irne /m e . [The high-

frequency dielectric constant e„(-4) is nearly indepen-
dent of x judging from the e& data at the photon energy
(around 2.5 eV) well above the plasma edge but below the
interband transition region. ] The results shown in Fig. 2
indicate that the value of n/rn ' is anomalously
suppressed as N =1 filling is approached. On the basis of
these optical spectra, the Sr& La„Ti03 compound seems
to undergo a continuous phase change to a barely metal-
lic or insulating state with x approaching the N =1 filling

(x =1). Our interpretation for this transitional behavior
is, as will be argued in the following, that the effective d-

electron mass m* near the Fermi level is critically
enhanced as the end point x = 1 is approached because of
the increasing importance of electron correlations (or so-
called Hubbard U term).

To analyze the variation of the low-energy spectra with
filling, we have adopted the extended Drude model, " in
which the frequency dependence of the effective electron
mass m* and scattering rate y* is taken into account.
m * and y* can be deduced from the complex dielectric
constants by the relations

m*=4ire ny" /e2co(co +y* )

and

=co&2/( e ~ &i ) ~'

Here, the electron density n can be taken to be x /v„
where v, is the unit-cell volume (including one Ti site)
with the pseudocubic setting. In other words, we start
with the weak-correlation limit or a simple-band model
that the d-electron conduction band is simply filled by the
chemical doping procedure, but allowed a frequency (en-

ergy) variation in m" and y'. The results for m' are
shown in Fig. 3 for a series of compounds.

As seen in Fig. 3, m * is almost frequency independent
for x ~0.3, representing the fact that the reQectivity
spectra and conductivity spectra are well fitted by the
conventional Drude model. The value of m'/mo (mo
being the bare electron mass) is -2, which is consistent
with the value predicted by the band calculation for
SrTi03. ' With increasing x above 0.3, however, the
enhancement of m* value as well as its frequency depen-
dence gradually becomes more prominent. In particular,
the m* value in the compounds with x close to 1 is
significantly enhanced at lowering frequency (photon en-
«gy).

In the inset of Fig. 3 is plotted a variation of the m*
values estimated at 0.1 eV (with closed circles) by this ex-
tended Drude model. For comparison, we have also plot-
ted (with open squares) the m ' values, which are deduced
from the peak position (irico~ ) of the energy-loss function
(plasmon excitation), assuming the above-mentioned rela-
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FIG. 3. Energy dependence of carrier mass (m *) in

Sr& „I.a„Ti03. Inset shows the x dependence of m* values es-

timated at 0.1 eV (closed circles) by the extended Drude analysis

and deduced from the plasmon peak energy (open squares)

based on the conventional Drude analysis. (See the text for de-

tails. )

tion based on the conventional Drude model. The latter
value for m' corresponds to the high-energy mass, e.g.,
at 0.5—1.0 eV, based on the extended Drude model (Fig.
3). Both the low-energy (0.1 eV) and high-energy
(plasmon energy) masses are observed to increase for
x )0.5 and critically enhanced as N =1 filling is ap-
proached. Clearly, the effect is more conspicuous for the
low-energy mass.

To understand the origin of enhancement of m ', it is
useful to note electronic properties in the other LTi03
crystals (L representing a trivalent rare-earth ion). La-
Ti03 and CeTi03 have been known to be barely metallic
around room temperature, but the resistivity in LTi03
with a smaller L + ion shows a thermally activated be-
havior. Typically, YTi03 is an insulator with a localized
half spin on each Ti site and undergoes a ferromagnetic
phase transition at ca. 30 K. Recent optical' and photo-
emission' measurements have indicated the existence of
a fairly large d-band gap ()0.5 eV) and no Drude-like ir
photo-response. Depending on the radius of L + ions or
equivalently on the tolerance factor, the Ti-0-Ti angles in
the orthorhombic LTi03 crystal deviate from 180', for

example, they are 157 and 158' for LaTiO3 and 140 and
144 for YTi03. Such an orthorhombic distortion may
result in a reduction of the hopping interaction or one-
electron bandwidth W of d electrons and hence in a varia-
tion of effective electron correlations as scaled with 8'/U
in the simple Hubbard model. '

Keeping in mind such systematic behavior of LTi03
systems, we may consider some possible origins of the
barely metallic behavior in Sr, La Ti03 systems in the
vicinity of x =1. The following two features should be
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included: (l) x-dependent change of lattice distortion,
which may cause a reduction of the one-electron band
width W with x, and (2) change of the band filling, which
should cause a drastic change in the electronic structure
in the case of strong correlation (small W/U). The form-
er alone might cause a carrier localization (small-polaron
effect) due to electron-lattice interactions, without invok-
ing the electron correlation U. However, such a scenario
can account neither for the filling-dependent behavior of
the whole conductivity spectra over a fairly wide energy
region (Fig. 2) nor for the fairly large charge gap and
magnetically ordered phase observed in other LTi03
compounds, e.g., in YTi03 crystal. ' ' A more plausi-
ble explanation can be given based on the filling-
dependent effect of the d-electron correlation. At X =1
filling, the Coulomb repulsion interaction U may cause an

enhancement of the electron mass. ' However, the effect
of electron correlations depends not only on the 8'/U
value at integer (N = 1) filling but also on the filling itself.
Our interpretation for the transitional behavior for m * is
that Sr& La Ti03 verges on being a Mott-Hubbard in-

sulator as x approaches X =1 filling, in which case the
correlation energy U works most effectively. Such a criti-
cally filling-dependent enhancement of I * has been pre-
dicted by recent theoretical investigations of the Hubbard
model. ' '

The authors are grateful to M. Imada for enlightening
discussions and to K. Kitazawa and Y. Maeno for helpful
advice on sample preparation. This work was supported
by a Grant-in-Aid from the Ministry of Education, Sci-
ence, and Culture, Japan.

'To whom correspondence should be addressed.
Y. Maeno, S. Awaji, H. Matsumoto, and T. Fujita, Physica B

165-166, 1185 (1990).
Y. Fujishima, Y. Tokura, T. Arima, and S. Uchida, Physica C

185-189, 1001 (1991).
M. Cardona, Phys. Rev. 140, A651 (1965).

4J. E. Greedan, J. Less-Common Met. 111,335 (1985).
~D. A. MacLean and J. E. Greedan, Inorg. Chem. 20, 1025

(1981).
J. P. Goral, J. E. Greedan, and D. A. MacLean, J. Solid State

Chem. 43, 244 (1982).
F. Lichtenberg, D. Widmer, J. G. Bednorz, T. Williams, and A.

Reller, Z. Phys. B 82, 211 (1991).
D. A. Crandles, T. Timusk, and J. E. Greedan, Phys. Rev. B

44, 13 250 (1991).
D. A. McLean, Hok-Nam Ng, and J. E. Greedan, J. Solid State

Chem. 30, 35 (1979).
ioY. Taguchi et al. (unpublished).
'B. C. Webb, A. J. Sievers, and T. Mihalisin, Phys. Rev. Lett.

57, 1951 (1986).
L. F. Mattheiss, Phys. Rev. B 6, 4718 (1972).

' W. F. Brinkman and T. M. Rice, Phys. Rev. B 2, 4302 (1970).
A. Fujimori et al. (unpublished).

' T. Usuki, N. Kawakami, and A. Okiji, Phys. Lett. A 135, 476
(1989).

' N. Furukawa and M. Imada, J. Phys. Soc. Jpn. 60, 3604
(1991).


