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Electronic Raman scattering in filling-controlled metals: Sri La TiOs
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Electronic Raman scattering has been investigated for metallic Srq La Ti03 in which the 3d
band filling (z) can be systematically changed from z = 0 (a band insulator) to z = 1 (a Mott-
Hubbard insulator). The symmetry dependence of the scattering intensity can be accounted for in
terms of the neutral carrier density Suctuation model. However, a systematic change of the spectral
shape with the carrier density ( z) is observed. All the spectra can be reproduced by a relaxational
function with an ur-dependent scattering rate (I'). The u dependence of I' gets stronger with z, which
is in accord with the z-dependent enhancement of the effective mass, due to the electron correlation
effect.

Electronic Raman scattering has been experimentally
and theoretically studied in various kinds of doped
semiconductors. Theoretically, Raman scattering of a
free electron gas relates to the density-density correlation
function and the spectrum consists of two components: a
single-particle excitation with a cutoff at ur qvF (where

q is a difference between an incident and scattered light
momentum and vp is a Fermi velocity), and a collec-
tive excitation of tbe plasma. In the electronic Raman-
scattering process of real doped semiconductors, however,
the band structure and/or spin-orbit coupling play an im-

portant role and cause a variety of features, depending
on the details of the band structure and carrier concen-
tration (n). On the other hand, experimental studies of
electronic Raman scattering of metals (n 1022/cms)
were mainly concentrated on superconductors and their
gap spectra, while there have been very few studies on
spectra in the normal state. In recent years, the elec-
tronic Raman scattering of high-T, cuprate superconduc-
tors has been extensively studied, 2 especially on their
anomalously flat spectra in the normal state. s Some in-

terpretations based on the strong correlation effect of 3d
electrons have been presented to account for the observed
unconventional features in the electronic Raman spectra
in cuprates. 4'

In order to clarify the electron correlation effect on the
electronic Raman scattering of metals, a broader perspec-
tive would be needed that may be achieved by system-
atically varying the band filling or the bandwidth in a
specific metal. We propose here the mixed crystal sys-
tem Srq La Ti03 as one of the most suitable systems
for such an investigation. Recently, the electronic proper-
ties of Sr& La TiO~ have been extensively studied: ' In
this system, the lattice structure is pseudo simple cubic
and the number of 3d electrons per Ti site can be con-
trolled Rom 0 to 1 by substituting Sr with La. Except
near both end compounds, i.e., SrTiOs (z = 0) which is
a band insulator and LaTiOs (z = 1) which is a Mott
insulator with antiferromagnetic ordering below 150 K,
the mixed crystal system shows metallic properties. The
most striking feature in the metallic phase is the increase
of the carrier efFective mass as z (the band filling) in-
creases and approaches 1. This has been assigned to

the correlation of 3d electrons with a narrow bandwidth,
which also results in enhancements of Pauli paramag-
netic susceptibility and the T coefficient of resistivity.
In this sense, a wide range of metallic state can be re-
alized in the titanate system, kom the weakly to highly
correlated metal, or &om the doped band insulator to
doped Mott insulator. Therefore, the system is suitable
for the systematic study of electronic Raman scattering
in metals by changing the effective strength of the elec-
tron correlation. In this paper, we report on the elec-
tronic Raman scattering of Sr& La Ti03 with varying
polarization and temperature for various filling levels x.

Samples used in this study were polycrystals that
were melt grown by the Boating-zone method and de-

tails about these samples were described elsewhere. 6'~ A

single crystal of the x = 0.1 sample was also prepared
by the same method but with a slower feed speed (12
mm/h). The samples with z=0.1—0.9 show metallic be-
havior, and the Hall coefficient (Rs) is negative and the
number of carriers per Ti site deduced from (eRlt)
approximately equals z (within a relative error of 10%),
indicating that z is a good measure for the actual car-
rier density (n z).s All the samples were mechanically
polished with alumina powder. The orientation of the
single crystal was determined by x-ray back-Laue diffrac-
tion measurements and the (110) surface was used for
the Raman-scattering measurements. A 514.5 nm line
&om an argon ion laser was used as an incident light and
the nearly backward scattered light was collected and
dispersed by a triple monochromator equipped with an
intensified-diode-array detector. The absorption coeffi-
cients at 514.5 nm (2.41 eV) in these samples are rela-

tively small, especially in the low z region (« 1), and the
optical constants at 2.41 eV derived by Kramers-Kronig
analysis of the re8ectivity data are not so reliable as to
be used for the accurate penetration depth correction of
the spectra. Therefore, we did not correct the Raman
spectra for the optical response of the crystals at the en-

ergy of incident and scattered light, and in consequence
we cannot discuss the relative intensity of each sample.
However, we can discuss the ~ dependence of the spectra
for each x, because the optical constants in the energy
region of the scattered light (2.3—2.4 eV) can be regarded

0163-1829/94/49(6)/4372(4)/$06. 00 49 4372 1994 The American Physical Society



ELECTRONIC RAMAN SCATTERING IN FILLING-. . . 4373

c

05

I-
5
Z
LLI

Z

Sr~ „La„Ti03
x=0.1

Single Crystal

-500
T2g

0
RAMAN SHIFT (cm ')

500

FIG. 1. Raman-scattering spectra of a single crystal
Srq La TiOs (x = 0.1) at room temperature. The spectra
in the negative kequency region correspond to the anti-Stokes
component. The Eg, Tz~, and A.z~ symmetry spectra are de-

rived by combining the spectra mith several polarization con-

Sguratious (see text). The inset shows the imaginary part of
the susceptibility y"(u) obtained for the Eg components by
the relation 2t "(~)= [1 —exp( —hu/kT)]I(u).

as nearly constant in each sample.
In Fig. 1 we show polarized Raman-scattering spectra

of the x = 0.1 single crystal that has a cubic symme-
try at room temperature. %e measured the spectra for
the following polarization configuration: [~(x + y) +
z, ~(x+y) —z] = 4Eg+ 'T2g-, [~(x+y), z] = T2g, and

(where the x, y, z refers to the Ti-0 direction). We ob-
tained the pure symmetry components by combining the
spectra for these con6gurations. The u = 0 centered
continuum was observed in the Raman spectra in the
Eg and Aqg symmetry, whose intensity decreases as ]sr]
increases. By contrast, the T2~ component bears little
intensity. The inset shows the imaginary part of the sus-
ceptibility, g"(u), for the Eg component which relates to
the spectral intensity, y" (u) = [1—exp( —Ru/kT)] xI(~).
The symmetrical shape of y"(u) ensures that this spec-
trum arises from the scattering of 6rst-order process, and
neither from luminescence, Rayleigh scattering, nor scat-
tering of higher-order process.

In this sample (x = 0.1), which has a cubic-perovskite
structure, there should be no Raman-allowed phonon
mode, and the continuum cannot be ascribed to a soft
phonon spectrum. In fact, in the Raman spectrum of
the band insulator SrTi03 (x = 0) there is no continuum
apart from some two-phonon scattering components.
Therefore, we can attribute the continuum observed in
Sro 9Lao 1Ti03 to the single-particle excitations. To ex-
plain the symmetry dependence of the continuum, we

adopt here the neutral carrier density Buctuation model,
which has been applied to the interpretation of the po-
larization dependence of electronic Raman scattering in
heavily doped Si (Ref. 10) and more lately to the case
of the high-T, cuprates. According to this model, when
the effective mass tensors around the Fermi surface are lo-
cally anisotropic, the electronic Raman scattering couples
to the neutral charge density fluctuation and the scatter-

ing intensity in the low-&equency region is not suppressed
by the Coulomb screening effect. Then, the intensity is
g1ven by

I (x es. —— — ei,

where eL, and eg are the polarization vectors of an inci-

dent and scattered light, I is the effective-mass tensor,
and & . . & represents the average over the Fermi sur-
face. With the definition that p;~ = e; (—) ez, the pure

symmetry components are given by the relations

and

T2g (@12) (@23) (031) . (4)

%e can easily evaluate the above values based on the
tight-binding model on the simple cubic lattice where
transfer integrals exist only between nearest-neighbor
sites, that is the simplest approximation for the con-
duction band in the present titanate system. The re-
sults are that the T2~ component is exactly zero and that
the E~ component has a finite value that is larger than
that of A1~ components. The elaborate band calculation
was carried out for SrTi03 (Ref. 13) in which the struc-
ture of the conduction band resembles the simple tight-
binding band as far as the anisotropy of Fermi surface is
concerned. Thus, the neutral carrier density Quctuation
model predicts that the E~ component is much stronger
than the T2~ component. This is consistent with our ex-
perimental result, indicating that the electronic Raman
scattering in this system is dominated by the mechanism
of the neutral carrier density Huctuation.

In Fig. 1 we also show the depolarized spectrum (in
which the polarization of the incident light is taken to
be perpendicular to that of the scattered light) of the
polycrystal with the same La concentration (x = 0.1).
The depolarized con6guration should include both the
E~ and T2~ components but not the A1~ ones. The spec-
trum, if multiplied by an appropriate constant, coincides
with E~ spectrum of the single crystal, as can be seen
in Fig. 1. Therefore, it is sufI1cient to measure the de-
polarized spectra of the polycrystalline samples as far as
we discuss the spectral shape of the electronic Raman
scattering in Sr1 La Ti03.

Figure 2 shows x-dependent features of the depolarized
electronic Raman-scattering spectra, which are perhaps
dominated by the E~ component, in the polycrystals at
room temperature. (Note that the La concentration x
represents the carrier density. ) As described above, we

cannot discuss the relative intensity of each spectrum.
Thus, the scale of the ordinate is in arbitrary units and
the scattering intensities for the respective spectra are

Alg — 3 p11 + p22 + p33 @11+ p22 + p33 ~
2

Eg = .2 @11 @22

1
- 2

(—PZX
—@22+ 2@33).2 3
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PIG. 2. Raman-scattering spectra of polycrystals
Srq La Ti03 with various band 611ing x at room temper-
ature for the depolarized configuration (in which the polar-
izations of incident and scattered light are perpendicular to
each other). Dashed lines represent the results of the fitting,
with Eqs. (5) and (6).

normalized at 250 crn . In this figure, we clearly see a
systematic change of the spectral shape with the band
filling z: When x is small, the spectral shape resembles
the simple relaxational form which was typically observed
in heavily doped n-sype Si, and when x is large, the
spectral shape is nearly Bat which is qualitatively similar
to those observed in high-T, cuprate superconductors. s

We also measured the spectra for z = 0.7 in the higher
energy region and found that the fiat continuum is seen
up to 6000 cm as in the cuprate superconductors.

We tried to reproduce these spectra with a simple re-
laxational form which was previously applied to the case
of heavily doped n-type Si. This formula is given with
u independent' I' as

I(&u) = B(uI'

1 —exp( —fur/kT) u2 + I'2 '

However, the results of this fitting were unsatisfactory,
because the simple relaxational formula can hardly re-
produce such nearly Bat spectra as observed at large x
in Srq La Ti03. Ia turn, we tried to fit all the spectra
with the "extended" relaxational formula, which is given
as Eq. (5) with o/ dependent I',

I I I I I I I
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FIG. 3. Raman-scattering spectra of Sr& La Ti03
(z = 0.3) at various temperatures. Dashed lines represent
the result of the fitting with Eqs. (5) and (6) in text. The in-

set shows a comparison between the calculated resistivity by
Eq. (7) (open and solid circles) and the measured resistivity
(solid lines).
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(0.1 ( z & 0.95) of Sri La TiOs. Therefore, we
take the u dependence of I' as in Eq. (6), which is ex-
pected from the Fermi liquid theory. is The results of the
least square fitting with the three adjustable parameters,
I'p(T), a, and B, are quite satisfactory, and three param-
eters can be determined with little ambiguity at least for
z & 0.5. The fitted spectra are shown by dashed lines
in Fig. 2. In Fig. 3, we also show the temperature de-
pendence of the electronic Raman-scattering spectra of
the z = 0.3 sample and the results of the same fitting
procedure (dashed lines). is I'p(T) in this model should
relate to the electrical resistivity,

5
Sr~ „l a„Ti03

0.6

0.3 0.5
I' = I'p (T) + ao/ (6)

where the simple relaxational form refers to the case
of n = 0. In the case of high-T, cuprates, the nearly
fiat (p/-independent) and temperature (T) -independent
spectra can be reproduced by ass»ming the form of
I' = g(ao/) 2 + (PT)2 (Ref. 5), which is in accord with the
manpina/ Fermi liquid model. For Srq La Ti03 how-
ever, a previous study6 clearly showed that the Fermi
liquid picture holds good in the whole metallic region

FIG. 4. The u2 coefficien (a) of I' with various band fill-

ing x and temperatures obtained by Gtting the Raman spectra
with Eqs. (5) and (6). The temperatures are the following:

50 (filled circles); 90 (open circles); 150 {open squares);
220 (open rhombuses); 300 K {open triangles). A dashed

line is a guide to the eye. The inset shows the enhancement
factor {A) of the effective mass derived by specific-heat mea-

surements in Ref. 6.
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We calculated p(T) using the I'o(T) values obtained by
the above fitting procedure and the plasma &equency u„
(bceuf 0.58 eV at z = 0.1 and 0.95 eV at z = 0.3) es-

timated by the reBectivity measurements. Both the cal-
culated and measured values of the resistivity are shown

in the inset of.Fig. 3. The consistency between the calcu-
lated and measured results is satisfactory, which ensures
the applicability of this model to the present titanates
system.

Figure 4 shows obtained values of the parameter n
(i.e., ur coefficient in I') at various temperatures and
band filling z. Temperature-dependent variation of a
within the same z is relatively small, while the x depen-
dence of n is quite remarkable. The relation between n
and the spectral shape are summarized as follows: the
small o, value produces a steep spectrum [as in heavily

doped n-type Si (Ref. 14)], whereas the large o. value pro-
duces a fiat spectrum (as in high-T, superconductorss).
In the light of Fermi liquid theory, the a value should
be temperature independent and relates to the enhance-
ment of effective mass of carriers. We show in the inset
of Fig. 4 the mass enhancement factor A [which is defined
with effective mass (m') and noninteracting band mass

(rn~) as such that 1+ A = m'/m~] that is derived by
the observed values of the electronic specific heat coeffi-

cient (p).zo We clearly see that A increases as z increases.
Therefore, the increase of the a value with x is consistent

with the electron correlation-induced mass enhancement
in the present system. The value of A for x = 0.1 is rel-
atively high, indicating the importance of the polaronic
effect in the low carrier density region of the quasi ionic
crystal. However, the enhancement of the effective mass
arising from such an electron-lattice interaction seems
not to cause the u dependence of the I' over such a large
energy scale as observed in the electronic Raman scatter-
1ng.

In summary, we have investigated the electronic
Raman-scattering spectra of Sr& La Ti03 as a typi-
cal system of the filling-controllable metals, with chang-
ing polarization symmetry, carrier number, and temper-
ature. The neutral carrier density Huctuation model can
explain the symmetry dependence of the scattering in-
tensity. The profile of the electronic Raman spectr»m
transforms &om a relaxational type to a structureless
Bat shape. All these spectra can be reproduced by the
extended relaxational form with the u-dependent scat-
tering rate; I'(u) = I'o + aurz. The parameter o. is an
indication of the electron correlation effect and increases
as the filling z (or carrier density) increases and as the
Mott insulator (z = 1) is approached.
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