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Effect of conduction electrons on the polarized Raman spectra of copper oxide superconductors
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The line shape, laser-wavelength dependence, coupling to phonons, and doping dependence of the Ra-
man continua in YBa,Cu;0; single crystals differ for photons polarized parallel and perpendicular (ZZ
geometry) to the Cu-O planes. The ZZ continuum in YBa,Cu3;0, can be accurately fit to a formula that
describes scattering by a “dirty” free electron gas with frequency-independent damping. The doping
dependence of the ZZ continuum appears to be consistent with electronic scattering. We have found
evidence against scattering by conduction electrons being the origin of the plane-polarized continua in
copper oxides: in YBa,Cu;0; and in Sm,CuQO, materials the a-axis-polarized continuum does not
change much with doping (a continuum in the insulating phases is just as strong as in the superconduc-
tors), whereas ir reflectivity measurements show that the density of the electronic states is strongly

affected by doping.

I. INTRODUCTION

The Raman-scattering continuum observed in high-
temperature superconductors is one of the anomalous
properties of the normal state of these materials, and has
been the focus of theoretical and experimental
research.! 8 Several theories have been proposed recent-
ly to explain the properties of the continuum.’”8 We
performed a detailed study of the doping, polarization,
and laser frequency dependence of the continuum in
YBa,Cu;0,_;5 at room temperature and compared these
results to theoretical predictions. Raman cross sections
in the insulating YBa,Cu;0¢; and Sm,CuO, were also
compared.

II. EXPERIMENT

The sample preparation is described in detail else-
where.’ The single crystals of YBa,Cu;0,_s (T, =90, 66,
and 0 K) were grown by a flux method using yttriam sta-
bilized zirconia crucibles. Microanalysis of our crystals
shows less than 12 ppm of Zr impurities. No other im-
purities were found. The transition widths of the T, =90
K and T,= 66 K crystals in the magnetization data are
~1and ~2 K, respectively.

The Raman-scattering measurements were made at 300
K with the sample in air. A lens focused a 15-mW laser
beam on the sample to a circular spot of ~40 um in di-
ameter. Optics consisting of a collimating lens (an f /1.5
85-mm camera lens) and a focusing lens (300-mm
achromat) focused scattered light onto the entrance slit of
a Spex “Triplemate” Raman spectrometer equipped with
a multichannel, nitrogen-cooled, 516 X516 CCD camera
detector. The spectra were corrected for the frequency-
dependent efficiency of the spectrometer and detector.
Chromatic aberration did not cause intensity loss in our
spectra from defocusing at large frequency shifts because
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we underfilled the entrance slit of the spectrometer with
the laser spot image.

The spectra were corrected for optical absorption,
transmission and refraction at the sample-air interface by
multiplying them by the sum of the absorption
coefficients and the square of the index of refraction, and
dividing by the product of the transmission coefficients.
The optical constants were obtained from polarized ir
reflectivity and ellipsometry measurements.'°

We neglected to make a correction for the sample and
polarization dependence of the index of refraction in our
previous publications.!""!> This is the reason for the
differences between the spectra presented in this paper
and those previously published. However, these
differences do not change the qualitative picture dis-
cussed in our previous work.

In all the figures the intensity is proportional to the en-
ergy cross section (do /dw) per unit volume.

II1. ZZ vs PLANE-POLARIZED CONTINUA

The laser wavelength dependences of the XX, YY, and
ZZ continua of YBa,Cu;0; are shown in Fig. 1. [Nota-
tion: XY means that incident photons are polarized along
X and scattered along Y; X is the a axis, Y is the b axis
(Cu-O chain), and Z is the ¢ axis.] Assignments of the
phonon peaks below 800 cm™! have been made else-
where.!> We assign the peak at 1000 cm ™! and a small
bump at 1500 cm ™' in ZZ geometry to second- and
third-order scatterings from the 4, O(4) mode, respec-
tively. .

The XX and YY continua are nearly flat at the 4579-A
incident laser wavelength, and decrease with Raman shift
at the longer laser wavelengths. The continuum intensity
shows a weak resonant enhancement towards the ultra-
violet (a factor of ~2 from 1.9 to 2.7 eV). The ZZ con-
tinuum decreases rapidly with frequency shift above 1000
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FIG. 1. Raman continuum in YBa,Cu;0, in ZZ, XX, and YY
geometry at different laser wavelengths. Resolution ~50 cm™ I
Intensity units for XX and YY are the same, but are different for

ZZ.

cm ™!, and its intensity shows a strong resonant enhance-
ment towards the ultraviolet (a factor of ~7 from 1.9 to
2.7eV).

The line shape of the 155-cm ™! mode is asymmetric in
XX and YY geometries and symmetric in ZZ
geometry.'?”'* The two continua must therefore be cou-
pled differently to phonons in the two geometries.

It is difficult to identify the microscopic states respon-
sible for the continuum because the scattering vertex is
not known. But different resonant behavior, shape, in-
teraction with phonons, temperature dependence,'* and
doping dependence (see the following sections) of the ZZ
and plane-polarized continua point to a different micro-
scopic origin of the continuum scattering in the two
geometries. !?

IV. ZZ CONTINUUM

We have used a ‘“dirty” free-electron model, with
frequency-independent damping (possibly due to impuri-
ties or phonons) for the electronic polarizability to ana-
lyze the scattering spectrum in ZZ geometry in
YBa,Cu;0,."° A calculation of Raman susceptibility,
taking into account the electron self-energy as well as the

REZNIK, KLEIN, LEE, GINSBERG, AND CHEONG 46

vertex corrections within the ladder approximation, gives
the following expression'®

/T
Im(y)= —22 (1)

(1R

Figure 2 shows the ZZ continuum taken with laser
wavelengths of 4579 and 5145-A and fitted to Eq. (1) with
two fitting parameters, p, (amplitude) and 1/7 (assuming
constant scattering rate—the same for the two curves).
Above 1000 cm ! the fit to the 4579-A spectrum is very
accurate, and the fit to the 5145-A spectrum is less accu-
rate, although still in quite good agreement with Eq. (1).
Below 1000 cm ™! the same fit does not agree with the
data because in this spectral shape the continuum is
modified by the interaction with the 500-cm ' phonon.'®
The agreement of the spectra with the model is excellent
at both incident laser wavelengths if the electron-phonon
interaction is included (see inset). The value for the
scattering rate 1/7 (700 cm ~!) was taken from the fit to
the high-energy region. For the 4579-A spectrum g was
3.59, cos(¢)—0.38 (in the notation of Ref. 16). Uncer-
tainty in the value of 1/7 is around 30% because it is
very sensitive to small changes in the spectral line shape
(within experimental uncertainty). Since all the parame-
ters in the fit to the low-energy part strongly depend on
the value of 1/7, their numerical values are accurate only
to within an order of magnitude.

A good agreement of the experimental results with Eq.
(1), derived for single-component intraband or interband
scattering, suggests that the continuum observed in ZZ
geometry is of electronic origin. We shall give the inter-
pretation of these results within the local-density-
approximation (LDA) picture, which has been used!’ to
account for resonant behavior of phonons. Strong in-

0 1000 2000 3000 4000 5000 6000 7000
wave number (cm'')

FIG. 2. Raman spectra in the ZZ geometry and 4579- and
5145-A laser wavelengths fit to Eq. (1). The 500-cm ™' phonon is
truncated. The theoretical curves are represented by smooth
lines. The inset shows a high-resolution low-energy ZZ spec-
trum, divided by the Bose factor [1+n(w)] to obtain Im(y),
taken with the 4579-A laser wavelength, fit to 500-cm ™' phonon
interacting with the continuum described by Eq. (1). The 115-,
145-, and 410-cm ' phonons were not included in the fit.
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teraction with the O(4) mode is suggestive of the bands
involved in the scattering process. The two chain bands
that Cross the Fermi surface [O4) Z)-
Cu(1)(Z2-Y?)-0(1)(Y) and O@)(Y)-Cu(1)(XY)-O(1)(X)]
interact strongly with the O(4) vibrations and could con-
tribute excitations to the ZZ continuum.'®

The frequency-independent scattering rate 1/7 could
be caused by impurity'® or phonon'® scattering or both.!
To the first approximation, spectral line shapes for
optical-phonon scattering and for the impurity scattering
are both described by Eq. (1) at frequencies much greater
than phonon frequencies,'® and are impossible to distin-
guish from the fit to the spectrum above 1000 cm™!.
Below 1000 cm ™!, where 1/7 is frequency dependent in
the case of the phonon scattering and frequency indepen-
dent in the case of the impurity scattering, Fano antireso-
nance of the 500-cm~' phonon introduces two extra
fitting parameters, making a definitive analysis of the fre-
quency dependence of 1/7 impossible.

If the above picture is correct, the continuum should
vanish in the insulating phase YBa,Cu;Oq 5 (because it
has neither chain bands nor a Fermi surface). For the in-
sulating YBa,Cu;04 5 the continuum is absent in the
ZZ geometry above 500 cm~! and the O(4) phonon
lineshape is symmetric.”’ The ZZ spectrum of the insu-
lating La,CuO, in Ref. 21 (Fig. 1) has no Raman continu-
um. Preliminary results show, however, that some con-
tinuum scattering is present in YBa,Cu;04, 5 below 500
cm™ . This appears to be inconsistent with the intraband
picture.?? Further study of the intensity of the continu-
um in the YBa,Cu;0,_5 and other copper oxide families
at different § in ZZ geometry is necessary to test this
model.

V. PLANE-POLARIZED CONTINUA

Raman spectra of YBa,Cu;0,_5 (YBCO) single crys-
tals in XX, YY, XY, and YX scattering geometries were
taken from ab faces of untwinned single crystals.

Figures 3 and 4 show spectra of an “as grown” insulat-
ing single crystal, an untwinned T,=66 K single crystal
(with reduced oxygen concentration) and an untwinned
T,=90 K single crystal. The results have been confirmed
on other samples.

In agreement with previous work!* we observe a
strong two-magnon scattering peak at ~2700 cm ™! in
the XX spectrum of the insulating sample. Our data do
not confirm a previously reported result that two-magnon
scattering exists in the oxygen reduced, superconducting
T.=66 K, samples.* A broad B, peak around 2500
cm™ !, seen by Lyons et al.,* does not exist in our spec-
tra. However, we have observed the two-magnon scatter-
ing three months after the original measurements. Dur-
ing this time the sample was kept in dry air. Oxygen de-
pletion near the surface probably generated the two-
magnon peak.

In addition to the two-magnon scattering,' a strong
background continuum extending above 10000 cm ™! was
also present in the insulating sample (see Fig. 5). The
two-magnon scattering disappears with doping, but the
continuum in XX geometry remains unchanged. The YY
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continuum is stronger than the XX continuum in the su-
perconducting crystals. The X-Y anistropy is
significantly greater in the oxygen deficient (T, =66 K)
sample than in the fully oxygenated (T, =90 K) sample.

Figure 2 shows a comparison between the continua in
the insulating YBa,Cu;Og ;, annealed in nitrogen for 48 h
at 650°C with a fast quench to 77 K, and in Sm,CuO,.
The continuum is a factor of 2 weaker in Sm,CuO, below
1500 cm ™! and is roughly the same as in YBa,Cu;Oq,
above 6000 cm~!. The YBCO crystal used for Fig. 5 had
a lower oxygen content than the as-grown crystal (Figs. 3
and 4), which resulted in a stronger and narrower two-
magnon peak, but no change in the continuum.

The spectral line shape of the plane-polarized continua
clearly does not fit a clean?® or dirty!® single-band model
and nothing in the band-structure calculations'® points to
an interband scattering process, which would produce
these spectra. However, the experimental data can be fit
to the Eq. (1) reasonably well, if 1/7 is assumed to vary
linearly with @ (for example see Refs. 3 and 6). Since a
similar frequency dependence of the scattering rate has
also been observed in the ir conductivity, many theories
of the Raman-continuum assume that it is caused by the
scattering by the conduction electrons, observed by in-

200 [ T i T 1

160 - E

120 |
80 |

40 |

160 | ]

120 | ]

40 E 2

. 4 L L L L

0
0 1000200030004000500Q 60007000
wave number (cm™)
FIG. 3. High-resolution spectra of the continuum in the insu-

lating and T, =90 K single crystals. Resolution ~10cm™!. In-
tensity units are the same for all the spectra.
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FIG. 4. The continuum in the insulating, 7. =66 and 90 K
single crystals. Resolution ~50 cm™'. Intensity units are the
same (but different from Fig. 5). The horizontal line in the
T.—0 K graph is a guide for the eye representing the back-

ground continuum.

frared (ir) conductivity measurements.’~ % If so, the dop-
ing and polarization dependence of the continuum and
the ir conductivity should be similar. The experimental
results below 1 eV in YBCO and Sm,CuO, materials can
be summarized as follows (Refs. 10, 11, 13, and 23-26).

(1) The conductivity is an order of magnitude smaller
in the insulating phases than in the metallic phases,'®2%2°
but the Raman continuum in the insulating phases is as
strong as in the metallic ones.

(2) The room-temperature continuum in Ce-doped T
materials,” as well as in La,_ . Sr,CuQ, (Fig. 5 in Ref.
21), does not change much as the two-magnon peak
disappears with increased doping, but the ir conductivity
has a strong doping dependence.?®

(3) The integrated spectral weight of x-polarized con-
ductivity below 1 eV is ~30% greater in the YBCO
T.=90 K samples than in the 7. =66 K samples but the
spectral weight of the XX Raman continuum is the same.

(4) The ‘“chain contribution” to the conductivity in
YBCO (defined as o,, —0,,) is greater in 7, =90 K sam-
ples than in the T, =66 K samples'® but the opposite is
true for the chain contribution to the Raman continuum
(defined as the difference between YY and XX intensities).

So the intensity related properties of the ir conductivity
and the Raman continuum are quite different.

Raman scattering and ir absorption can have different
selection rules, so, they need not couple to the same elec-
tronic states.”’” But even if the Raman spectra reveal an
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FIG. 5. Raman spectra of Sm,CuO, and YBa,Cu;0q ;. In-
tensity units are the same (but different from Fig. 3).

electronic channel of a different symmetry than that of
the ir spectra, we should still see zero scattering below
the charge-transfer gap in the insulators, and an increase
in XX and YY scattering as the carrier concentration in-
creases with doping.

The major portion of the continuum intensity in the su-
perconductors could be due to the scattering by conduc-
tion electrons only if the following were true.

(1) Photons couple to different continua of states in the
insulating and metallic phases (for example localized
states in the insulators and conduction electrons in the
metals?®), though there is no apparent change in the
shape and intensity across the metal-insulator transition.

(2) The effective photon-continuum Raman coupling
constant (the scattering vertex) increases in magnitude
with decreasing carrier concentration in the metallic
phases, resulting in a doping-independent XX continuum
and a chain continuum weaker in the 7.=90 K than in
the T. =66 K YBCO crystals.

These coincidences do not seem very likely, especially
since they have to hold for the YBa,Cu;0,_5 as well as
for the Sm,CuO, (and maybe other) systems.

Although the entire continuum between O and 1 eV is
unlikely to come from conduction electrons, it is possible
that they contribute some intensity below 0.1 eV in the
metallic phases and are responsible for the ‘“gaplike”
redistribution below 7. observed previously. Compar-
ison of the temperature dependences of the continuum
throughout the doping range is necessary to understand
the role of conducting electrons at low energies. This
work is currently under way.
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VI. CONCLUSIONS

We have found strong evidence that the microscopic
origins of the ZZ and plane-polarized continua are
different in YBCO. The ZZ continuum in YBa,Cu;0; is
a resonant Raman process, which can be accurately fit
with single-band or interband models plus impurity
scattering. Doping dependence of the plane polarized
continua in YBa,Cu;0; and Sm,CuO, materials is not
consistent with scattering of light by the conduction elec-
trons, and is quite different from the doping dependence
of the ir conductivity.
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