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Low-frequency electronic Raman scattering in Laz_;Sr;CuO4 has been investigated over a
wide compositional region, 0 < z < 0.34, covering the insulating, superconducting, and non-
superconducting metallic compounds. We have found that the scattering intensity for the (zy) po-
larization predominates over that of the (z'y’) polarization in the low-doping region below z < 0.15,
but vice versa at higher doping levels. The results indicate that anisotropy in the effective-mass ten-
sor (or k-space dispersion) of the carriers changes systematically with hole doping, in contradiction

with the simple band picture.

Doping-induced change in the charge dynamics of
CuO.-layered compounds has been of considerable in-
terest in light of the mechanism of high-T, superconduc-
tivity as well as the more general problem of the Mott
transition. The purpose of this paper is to present, by
Raman spectroscopy, experimental evidence which indi-
cates a doping-induced anomalous change in the k-space
charge dynamics in Las_,Sr,CuQy.

As one of the unconventional features of normal state
properties in cuprate superconductors, electronic Ra-
man scattering has been under extensive experimental
as well as theoretical investigations.! In most of the
high-T, cuprate compounds with optimized T, a nearly
temperature- (7-) independent flat spectrum has been
observed over a wide range of the scattering frequency
(at least up to ~ 5000 cm~!) above T.. The feature is
quite in contrast with the conventional electronic Raman
scattering spectrum observed in a doped semiconductor
which shows a one-particle excitation continuum with a
cutoff frequency w = qup and a peak in the plasma fre-
quency region with a vanishing intensity near w ~ 0.

Concerning this problem, Cardona? has proposed an
interpretation in terms of the neutral carrier density fluc-
tuation model,>® which was originally devised to ex-
plain the electronic Raman scattering spectra and their
polarization dependence in heavily doped Si. In those
compounds, the effective-mass tensors around the Fermi
surfaces are locally anisotropic and these carriers cause
“neutral carrier density fluctuation” without Coulombic
screening, which can produce a strong scattering inten-
sity. This model can account for the specific selection rule
or the polarization dependence of the scattering intensity
in heavily doped n-Si (Ref. 3) and p-Si.* Moreover, their
spectral shape can be well reproduced by postulating the
relaxational function wl'/(w? + I'?). In fact, the same
functional form has been used for analysis of the elec-
tronic Raman spectra in layered cuprate compounds® as-
suming that the inverse relaxation time I' is a function
of both temperature (T') and frequency (w). The nearly
w- and T-independent spectrum as observed in high-T,
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cuprates could be explained by a strongly w- and T-
dependent T' in a specific manner which should reflect
the unconventional feature of the quasiparticle dynamics
near the Fermi level.

In this paper, we report on the electronic Raman scat-
tering spectra of Laj_,Sr,CuO,4 over a wide composi-
tional region, 0 < z < 0.34. In particular, we will focus
on a doping-induced change of the polarization (sym-
metry) dependence of the depolarized scattering inten-
sity, which has enabled us to investigate a change in
anisotropy of the effective-mass tensor of the charge car-
riers.

Single crystals of Las_,Sr,CuQ4 used in the present
study were the same specimens as used in previous op-
tical studies,” and details of the sample preparation and
characterization were all described in Ref. 7. The sam-
ples with z = 0.10,0.15, and 0.20 show superconducting
transitions at 7.=18, 27, and 22 K, respectively, while
the overdoped samples with z = 0.26 and = = 0.34 show
metallic but not superconducting behavior. The direc-
tions of the crystallographic axes were determined by
Laue back reflection and all the samples were mechani-
cally polished with 0.3 um alumina. For measurements of
polarized Raman spectra, a 514.5-nm light beam from an
argon jon laser (30 mW) was focused into a 0.1-mm-diam
spot and the nearly backward scattered light was col-
lected and dispersed by a triple monochromator equipped
with an intensified-diode-array detector. The spectral
resolution was set to 15 cm™?! in this experiment. The
Raman spectra were measured for the two depolarized
geometries (z'y’) = (¢ + ¥,z — y) and (zy). The nota-
tion x (or y) represents the polarization of the incident
or scattered light along the in-plane Cu-O-Cu direction.
In the tetragonal setting for the crystal structure, the
scattering geometries (z'y’) and (zy) correspond to the
symmetries B1g and Bjg, respectively. The spectral in-
tensities were calibrated to the instrumental sensitivity
as well as the penetration depth of the incident and scat-
tered light which was derived from optical conductivity
data of the same crystals.” The temperature of the sam-

16 131 ©1993 The American Physical Society



16 132

ple was estimated by measuring the ratio of the intensity
of the Stokes and anti-Stokes shifts. Raman scattering
measurements were also made by using a 488.0-nm line as
an incident light, but no difference was observed within
experimental accuracy as far as the intensity ratio of the
(z'y’) to (zy) spectrum was concerned.

We show in Fig. 1 the Raman spectra below 600 cm ™1
for the (z'y’) and (zy) polarizations at 100 K with vary-
ing the doping level . The inset shows an overall fea-
ture up to 5000 cm™! for the undoped (z = 0) crys-
tal. A broad and intense peak around 3000 cm~! for the
(z'y’) polarization can be ascribed to the two-magnon
excitation.® Prominent peak structures in the region of
200-1500 cm™! for the £ = 0 spectra correspond to
one-phonon or two-phonon scattering® which perhaps
arises from the leakage of A;4 modes. Apart from those
phonon peaks, however, the spectra of the undoped sam-
ple (z = 0) bear little intensity in the low-frequency re-
gion below 600 cm~?! for both symmetries.

When holes are introduced by Sr doping, the scattering
intensity for the (zy) polarization is notably enhanced as
seen in the z = 0.06 spectrum and dominates over that
for the (z'y’) polarization at low doping levels. As z
increases further, the scattering intensity for the (z'y’)
polarization tends to increase and finally predominates
over that for the (zy) polarization in the overdoped re-
gion. Incidentally, in the case of YBa;CugOy_s with T
of 90 K,° their flat Raman spectra and symmetry depen-
dence in the normal state resembles those observed in the
high-doped region (z > 0.2) of Lay_,Sr,CuOy4 crystals.

The intensity of electronic Raman scattering is related
to the imaginary part of the response function of the
electronic system such as
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FIG. 1. Raman spectra in Laz_,Sr.CuO4 for the (z'y’)
and (zy) polarization at 100 K below 600 cm™!. The scale for
the scattering intensity is common for all the spectra, which
are calibrated to the instrumental sensitivity as well as the
penetration depth of the incident and scattered light. The
inset shows the z = 0 spectra up to 5000 cm™! at 100 K.
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I(w) = [1+n(w)lx"(w) , (1)

where n(w) = [exp(hw/kgT) — 1]~ is the Bose factor.
Figure 2 shows the polarization- and T-dependent x''(w)
derived from the observed spectra (Fig. 1) by the above
equation. At z = 0.10, x”(w) for the (z'y’) polarization
is nearly T independent, but x”(w) for the (zy) polar-
ization varies with temperature. Such a T-dependent
feature of x"(w) in the z = 0.10 sample for the (zy)
polarization is similar to that of YBay;CuzOr_s for the
(z'y") polarization. In fact, the £ = 0.10 Raman spec-
tra for the (zy) polarization can be well reproduced by
assuming a T- and w-dependent relaxation time, as in
the case of YBayCu3zO7_;5.% Dashed lines in the z = 0.10
(zy) spectra indicate the result of the curve fitting by the
functional form of

x"(w) = BuT'/(w* +T?) . (2)

Here, B is a constant [see also Eq. (4)] and inverse of the
relaxation time (I') was assumed to be in the form of®

I'=+/(aw)? + [To(T)]?, (3)

where the marginal Fermi liquid model*! requires the 7T'-
linear scattering rate I'o(T") = BT. The best-fit param-
eters for the z = 0.10 (zy) spectrum are o = 0.32, Ty
(T' =100 K)=110 cm~?! and I’y (T = 300 K)=330 cm™!
(i-e., 8= 1.1 cm~1!/K). Thus the obtained reasonable fit-
ting guarantees that the low-lying continuum for the (zy)
spectrum of the z = 0.10 sample is due to electronic ex-
citations. By contrast, the rather T-independent x”(w)
for the (z'y’) polarization at z = 0.10 can hardly arise
from excitations of the carriers, but is likely to be the
low-energy tail of the higher-lying excitations, perhaps
the damped two-magnon excitations.!?
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FIG. 2. Polarization and temperature dependence of the
imaginary part of the response function [x”(w)]. The scale
for x"" is common for all the spectra. Dashed lines are the

fitted curves by Eqgs. (2) and (3) in the text. For the values
of the fitting parameters, see the text.
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In the £ = 0.20 crystal, x”(w) is T dependent for both
polarizations and the spectral weight is comparable to
each other, as seen in Fig. 2. This signals that the elec-
tronic Raman scattering process contributes to the low-
frequency spectra for both polarizations at this doping
level. Finally, in the heavily doped (z = 0.34) crystal,
X" (w) for the (z'y’') polarization remains T dependent
and its spectral weight becomes much larger than that
for the (zy) polarization. An appropriate set of param-
eters [@ = 0.45, 'y (T = 100 K)=220 cm™!, and T,
(T = 300 K)=380 cm~!] can reproduce the experimental
data as shown by the dashed lines in Fig. 2, although
T'o(T) rather deviates from the T-linear relation (as also
observed in the case of YBayCu3Or_s crystals®). The
obtained parameter values o and I'¢(T") are comparable
with those for YBa;CuzO7_s system.® These results en-
sure that the T-dependent low-frequency x"(w) spectra
in metallic Lay_,Sr,CuO4 are of an electronic origin rel-
evant to the carrier dynamics, in spite of the anomalous
symmetry and doping dependence of their intensity.

To extract at most the low-lying electronic contribu-
tion and at least the higher-lying magnetic one, we take
the intensity ratio (R) of the (z'y’) to (xy) spectrum at
100 cm~?!, the lowest frequency in the present experi-
ment. Figure 3 shows the result of R as a function of z.
R increases continuously with = from 0.26 for z = 0.06
to 3.15 for x = 0.34 at 100 K. A larger R value was
observed at 300 K in the low-z region than at 100 K,
though a similar crossover behavior was observed. Such
an apparent temperature dependence of R is likely due to
the tail component of the high-energy excitation spectra,
which is not negligible in particular for the (z'y’) polar-
ization at low doping levels and at higher temperature
(300 K). In this context, the R values measured at 100
K reflect better the genuine process of electronic Raman
scattering.

In order to interpret the observed doping-induced
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FIG. 3. The ratio of the Raman scattering intensity for
the (z'y’) polarization to that for the (zy) polarization at 100
cm™!. The small circles show the calculated ratio by the band
model (see text). The inset displays the calculated ratio with
changing t'/t in the tight-binding model.
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change in the symmetry dependence of the scattering in-
tensity, we adopt here the aforementioned neutral carrier
density fluctuation model.?:®> In this model, the scatter-
ing intensity is given such as in Egs. (1) and (2). The
prefactor B in Eq. (2), which determines the scattering
intensity as well as its symmetry dependence, is given by
the relation,?

pe i (e GG =) @

where es and e; are the polarization vectors of inci-
dent and scattered light, m is the effective-mass tensor,
and (- --) represents the average over the Fermi surface.
This model was originally based on the one-electron band
scheme and the well-defined Fermi surface. We assume
that the relation approximately holds even in the strongly
correlated electron system as far as the effective-mass
tensor of the charge carriers can be well defined.

The band calculation for the high-7, cuprate com-
pounds shows that the Fermi surface extends to the [100]
direction,'® as schematically shown in Fig. 4(a). The
anisotropic feature of the Fermi surface by an elabo-
rate band calculation is essentially unchanged against
the doping levels (i.e., the band filling),!® which should
always result in the predominant (z'y’) scattering inten-
sity over the (zy) one because of the mass anisotropy
with respect to the [100] direction. An appropriate set
of transfer integrals ¢ (nearest neighbor) and t' (next-
nearest neighbor) can be chosen'* to reproduce the Fermi
surface structure in the Las_,Sr,CuQO4 system. We have
applied the neutral carrier density fluctuation model to
the calculation of R with changing the doping levels z, by
using the parameter set (t'/t = —1/6) which reproduces
the Fermi surface of the band calculation. The result is
shown in Fig. 3, which gives R = 7-12 over the whole =
region. Such a simple prediction is consistent (at least
qualitatively) with the experimental result for the over-
doped compounds (z > 0.20) where the band calculation
is believed to work well. However, the observed feature
in the low-doping region that the intensity for the (zy)
polarization is appreciably larger than that for the (z'y’)
polarization cannot be explained by the band model.

The possible structure of the Fermi surface, which can
give rise to a stronger scattering intensity for the (zy)
polarization, is illustrated in Figs. 4(b) and 4(c). The
hole pocket structure at k = (+n/2,+m/2) depicted in
Fig. 4(b) has been conjectured for a lightly hole-doped
correlated insulator.!®:1® These Fermi surfaces, or rigor-
ously what we should call energy contour lines in the
k-space dispersion of the charge carriers, show a large
anisotropy of the mass tensor with respect to the [110]
direction. These situations are to be realized when the
next-nearest neighbor transfer integral (') is compara-
ble to or even more dominant than the nearest neigh-
bor transfer integral (t). At the low-doping levels where
the antiferromagnetic correlation is strong, the carrier
motion between the nearest site causes spin frustration,
and hence the next-nearest neighbor transfer would be
favored. The present observation implies a crossover be-
havior of the carrier dispersion from the feature depicted
in Fig. 4(b) or 4(c) to the one in Fig. 4(a) with an in-
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FIG. 4. Possible types of “Fermi surface”
in Laz_,Sr,CuQOy .
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crease of z. For a test of this idea, the calculated results
for R at half-filling with changing ¢/t ratio are shown in
the inset of Fig. 3. (The small deviation from half-filling
does not cause appreciate change in R values.) The ex-
perimentally observed R, that is, from 0.26 (z = 0.06) to
3.15 (z = 0.34), is to be compared with the calculated
result by changing t'/t from 0.8 to 0.28. [The Fermi sur-
face in the case of ¢/t=0.8 is similar to that shown in
Fig. 4(c).]

Recent numerical calculations for the t-J model'”
have proved the quasiparticlelike behavior of the single-
particle Green’s function even in the presence of a strong
correlation, whose dispersion is similar to that of the non-
interacting system. The above two scenarios [Fig. 4(b)
or 4(c)] are apparently in contradiction with such a nu-
merical result, as far as we assume that the calculated
single-particle spectral function represents the anisotropy

of the effective-mass tensor. It is worth noting that a sim-
ilar inconsistency between the observed charge dynamics
and the predicted “Fermi surface” has also shown up in
the interpretation of the anomalously z-dependent Hall
coefficient (Ry ~ +1/z) in the low-doped region of the
present system.!® Likewise, the present results obviously
reflect an anomalous change of the anisotropic carrier dy-
namics caused by hole doping and hence can be an acid
test for the theories which aim at understanding the nor-
mal state properties in cuprate compounds as a function
of the doping level.
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