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Polycrystalline samples of YBa2Cu3O7-5 with a variety of surface treatments show differences
in absolute reflectance and width of phonon lines. Samples that are not polished and are mea-
sured immediately after annealing have largely grains with the ¢ axis normal to the surface. Such
oriented samples show a gaplike depression of conductivity in the far infrared that sets in below

the superconducting transition temperature but no true gap. Phonon lines at 195 cm

~! and at

155 cm ! narrow in the superconducting state, in analogy with the effect of the electron-phonon

interaction in Bardeen-Cooper-Schrieffer superconductors.

In the normal state the background

conductivity is Drude-like with a plasma frequency of 0.75 eV and a relaxation rate of 200 cm .
The extrapolated far-infrared conductivity agrees with the measured dc conductivity.

INTRODUCTION

In the following paper, we report on recent improve-
ments in the measurement of the far-infrared optical
properties of polycrystalline YBa,Cu3O7-5 In the con-
text of ordinary Bardeen-Cooper-Schrieffer (BCS) super-
conductivity this spectral region includes the energy gap
as well as the excitations responsible for superconductive
pairing. Theories of nonconventional superconductivity
are characterized by zeroes in the gap function (d-state
pairing) or by no gap at all (Bose condensation of preex-
isting pairs). Initial attempts at measuring the energy gap
of superconducting YBa;Cu3O7—; in the far infrared re-
vealed a complex reflectance spectrum with very strong
optically active phonons.!™> A study of oriented samples
is useful in deciphering the unusual behavior of this ma-
terial in the far infrared and demonstrates some of the
difficulties in interpreting reflectance measurements.

EXPERIMENTS

Three different samples were used in the study. All had
the bulk composition of YBa;Cu307—; and were prepared
in the usual way.l The surface treatments, however, were
different. Sample A, the polished sample, was used in the
results reported in Ref. 1 and was polished with pm-grit
alumina in benzene before making the reflectance mea-
surements. Samples B and C were not polished, but, sam-
ple B was exposed to air for several days before the mea-
surements were made, whereas sample C was annealed at
900°C in oxygen, then cooled in an oxygen atmosphere
and measured immediately.

Figure 1 shows the x-ray powder diffraction pattern of
the surface of sample C compared with the corresponding
pattern of a truly random powder sample. Note the
significant enhancement of the (00/) reflections relative to
the reflections of the type (hk0), (hO!), and (Ok/).
Clearly this indicates that the sample surface is comprised
predominantly of crystallites which are oriented with the ¢
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axis normal to the surface. As the x-ray penetration is of
the order of 100 um while that of the far-infrared photons
is of the order of 1 to 10 um the reflectivity experiment
obviously probes the highly oriented surface region. From
an examination of the relative intensities the fraction of
crystallites with c-axis orientation normal to the surface is
estimated at about 80%.

The high degree of surface orientation is evident in the
scanning electron microscope picture shown in Fig. 2.
The surface grains are platelike and appear to have grown
together in many places to form a continuous surface with
few gaps and pits. The average grain size is about 10 um.
An elemental analysis shows that the large grains have the
1:2:3 composition. In some sections of the sample there
are smaller micron-size particles that contain platinum as
well as CuO needles. These minor constituents of the sur-
face occupy an area that is less than 1%.

Great care has been taken to determine the absolute
value of the reflectance of each sample. Initially, the sam-
ple reflectance is measured against a stainless-steel refer-
ence mirror. Then a lead film is deposited on the sample
in situ at low temperature and the reflectance of the lead-
coated sample is measured against the reference mirror.
Dividing the initial sample reflectance by the lead-coated
sample reflectance corrects for any light that is in-
coherently scattered from the rough sample surface. This
correction is particularly important for freshly annealed
surfaces which tend to be rougher than polished surfaces.
The ratio gives the reflectance of the sample divided by
that of lead, so that a final correction is made for the
reflectance of lead. Since lead is a superconductor its ab-
solute, reflectance at 20 cm ~! can be determined. We
checked our calibrations by studying the temperature-
dependent reflectance of stainless steel which, we found,
followed Drude theory quite accurately. The dc conduc-
tivity agreed with the conductivity determined from the
optical measurements. Our procedure gives an absolute
value with an error of about =+ 0.5%.

Figure 3 shows the far-infrared reflectance of the three
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FIG. 1. Part of the diffraction pattern sample C (upper curve) compared with a nearly random powdered sample (lower curve) of
YBa;Cu307-5. The (00/) reflections are stronger in the bulk sample indicating a substantial orientation of the surface grains. The
upper curve is displaced slightly to higher angles due to the placement of the pellet surface relative to the center of the goniometer.

samples of YBa;Cu30O7-5 in the normal and supercon-
ducting states. Except for the variation in the overall ab-
solute value and details of the shape of spectral features,
the spectra in the normal state are similar for all three
samples and are in qualitative agreement with measure-
ments made by other groups.2> All normal-state spectra
of this material exhibit an overall Drude-like decreasing
reflectance due to free carriers and a set of sharper
features due to optically active phonons. Of the three
samples the oriented sample C stands out. The reflectance

FIG. 2. Scanning electron microscope image of the surface of
the highly oriented sample. The flat grains are oriented with
their ab planes parallel to the surface.

is much higher and the phonon features are sharper in this
sample than samples which have been polished or exposed
to air for an extended period of time. The reflectance of
sample C is high enough to be in reasonable agreement
with the measured dc resistivity. Below 80 cm ™! the
normal-state reflectance can be fit with the Hagen-
Rubens expression with a resistivity of 0.4 mQ cm while
the measured resistivity of the sample at 100 K was about
0.3 mQ cm.

In the superconducting state there is a qualitative
difference between sample A, the mechanically polished
one and samples B and C. For instance, in sample A there
is a sharp drop in the reflectance above 70 cm ~! whereas
the drop in reflectance does not occur until higher fre-
quency in B and C. All three samples are bulk supercon-
ductors above 90 K and the major changes in reflectance
coincide with the superconducting transition. For in-
stance, measurements of the average reflectance at fre-
quencies below 200 cm ~! show that the reflectance fol-
lows a mean-field-type behavior. That is, the reflectance
abruptly starts to change at about 90 K and exhibits its
most rapid changes between 90 and 60 K. Thus, although
there is a great deal of sample dependence, the
temperature-dependent changes in reflectance of all three
samples are associated with the onset of superconductivi-
ty.

The sample-to-sample variation of the frequency at
which the reflectance sharply drops highlights the danger
of trying to associate features in the reflectance spectrum
with the superconductor’s energy gap. The drop at 70
cm ~!in sample A is due to a zero crossing of the real part
of the dielectric constant, ¢;, similar to that found in
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FIG. 3. Reflectance of YBa;Cu3O7-5 in the normal state
(solid curves) and in the superconducting state (dashed curves).
(a) Sample A: polished surface; (b) sample B: unpolished sur-
face after several days of exposure to air; (c) sample C: unpol-
ished surface immediately after annealing in oxygen.

La;—,Sr,CuO4.° In samples B and C, ¢, takes on larger
negative values and does not exhibit a zero crossing at
such low frequencies; hence, the sharp feature at 80 cm ~!
is not present in these samples. Reflectance measure-
ments have been reported in the superconducting state by
other workers and they are in qualitative agreement with
the spectra of samples B and C.2-% It is evident from
Kramers-Kronig analysis or from fits of reflectance to os-
cillator models that one cannot associate the downturns in
reflectance at 150, 200, and 320 cm ~! with possible ener-
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FIG. 4. Real part of the conductivity of YBa;Cu3O7-; in the
normal state (solid curve) and in the superconducting state
(dashed curve) from Kramers-Kronig analysis of the reflectance
of sample C (unpolished and freshly annealed in oxygen). We
consider the supression of low far-infrared conductivity at the
superconducting transition and the narrowing of low-lying pho-
non lines evidence for the existence of an energy gap.

8y gaps.

It is also misleading to use the temperature dependence
of the reflectance at the superconducting transition to find
the energy gap: The presence of phonon features that
change in width and energy upon cooling into the super-
conducting state confuse any attempt to determine the en-
ergy gap directly from the reflectance. The two reason-
able methods of extracting information from these spectra
are fitting the reflectance to a model of the dielectric prop-
erties of the material or Kramers-Kronig analysis. The
latter technique, which is used to analyze the data
presented here, has the disadvantage that it is strictly
correct for wavelengths long compared to particle size,
typically 10 gm. In this long-wavelength region an
effective dielectric constant of the medium can be defined’
to account for the inhomogeneous nature of these poly-
crystalline samples. The Kramers-Kronig method has the
substantial advantage that one need not assume a particu-
lar model with which to fit the data.

Figure 4 shows the real part of the conductivity of sam-
ple C as obtained by Kramers-Kronig analysis of the
reflectance. In the normal state the conductivity is com-
posed of a set of sharp absorption features superimposed
on a smooth background conductivity which decreases
with increasing frequency. At the low-frequency end the
conductivity is about 2100 (@ cm) ~!, which is in reason-
able agreement with the measured dc conductivity of 3300
(@ cm) ~L. The leveling off of the conductivity above 600
cm ! is caused by the low-frequency tail of the large ab-
sorption feature seen at 3000 cm ~' by Kamaris et al.® A
good fit of normal-state background conductivity is ob-
tained if one simply uses the Drude expression for conduc-
tivity due to free electrons, 47o(w) = 02t/(1+0?7?),
plus a correction for the tail of the feature at 3000 cm ~ 1.
Although the free-electron parameters obtained in this
way are sensitive to the shape assumed for the high-
frequency structure, one can give a reasonable range for
them by trying a variety of fits with tails of different
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shapes. The value of the scattering rate obtained by this
analysis is in the range of 200 to 400 cm ~!, which can be
seen as the characteristic frequency over which the
normal-state conductivity is decreasing. The plasma fre-
quency is in the range of 4000 to 8000 cm ~!. For the
subsequent discussion we will adopt a plasma frequency of
60001 cm~! (0.75 eV) and a scattering rate 1/7=300
cm .
Below the superconducting transition temperature, the
overall conductivity becomes depressed in the far infrared
and the sharp absorption features exhibit a variety of
chan%es. The rapid rise in the conductivity below 130
cm ' in the superconducting state may be an artifact of
the Kramers-Kronig analysis. The problem in this region
is that the reflectance of sample C is very close to unity.
For a superconductor with a fully developed energy gap
the reflectance is 1.0 for frequencies below the gap and the
resulting Kramers-Kronig analysis would show a region of
zero conductivity below the gap. If the reflectance is just
slightly below 1.0, as is the case here, Kramers-Kronig
analysis can give very large conductivities. The deviation
from perfect reflectance in sample C is greater than the
estimated error; however, if the sample is inhomogeneous
the small deviation from 1.0 might simply be caused by a
small amount of normal material in the sample. Although
this has a small effect on the reflectance, the effect on the
calculated conductivity can be enormous. Thus, the be-
havior of the conductivity below 130 cm ! in the super-
conducting state is not certain at this point.

At higher frequencies the reflectance is much further
from unity and the resulting conductivity is much more
reliable. As was reported previously,! the background
conductivity of sample A in the superconducting state ex-
hibits a sharp upturn at around 200 cm ~! and actually
exceeds the normal-state conductivity above 350 cm .
Although the conductivity never goes to zero at low fre-
quencies, as one would expect in a material with a well-
developed energy gap, the behavior of this polished sample
might be interpreted as a hint of the onset of absorption
above a gap of the order of 200 cm ™.

This rapid upturn in the conductivity seen in the
mechanically polished sample is not present in any of the
other samples that have been studied thus far. In sample
C the conductivity rises more gradually to the normal-
state values, with no sign of a dramatic upturn. This slow
increase is quite different from the behavior of an isotropic
BCS superconductor, as discussed by Mattis and Bar-
deen.’

The sharp features in the conductivity also display in-
teresting temperature dependences. Table I summarizes
the results of fitting the peaks in the conductivity of sam-
ple C to classical oscillators:

(Swto)w’y
(0to— 0+ (wy)?

Only those features which have been observed in all of the
samples studies here are included. The general trend is
for the peaks to soften and sharpen when the sample is
cooled into the superconducting state. The apparent
broadening of the feature at 279 cm ~! is not reliable as
the fit to a classical oscillator for this feature was poor.

Relo(w)] =
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TABLE 1. Parameters used to fit the phonon lines in the con-
ductivity of YBa;Cu3O7-5 (sample C) with a Lorentzian line
shape.

T=100 K T=2 K

wTto oT0

(cm ™) y (cm ™Y S (cm™Y) y (cm™Y) S
155 3.1 31 155 2.4 31
195 9.6 3 194 2.7 2
279 18 6 277 21 10
314 11 10 311 9 12
532 57 2 534 50 3
569 16 2 567 17 2

The structures at the high-frequency end of the spectra
shown here tend to have complicated, sample-dependent
shapes. The feature at 569 cm ™! is reproducible from
sample to sample, but the other features at about 530 and
610 cm ~! are very sample dependent.

DISCUSSION

The normal incidence reflectance of a polycrystalline
anisotropic sample can be considered as a weighted aver-
age of the optical properties of a composite consisting of a
portion of grains oriented with their highly conducting ab
planes parallel to the surface and a background of less
conducting material of grains with the ¢ axes parallel to
the surface. At low frequencies a weighted average con-
ductivity of the components of the two individual materi-
als is obtained. In our sample C the orientation is largely
uniform with the sample surface coinciding with the ab
plane.

At high temperature, above the superconducting transi-
tion, we find that the medium behaves like a classical plas-
ma with a plasma frequency of 0.75 eV and a relaxation
rate of 300 cm ~!. Together these numbers give a dc con-
ductivity that is in good agreement with the observed dc
conductivity of our sample. It is instructive to compare
these numbers with estimates from other experiments.

A bulk measurement of the plasma frequency is ob-
tained from muon spin resonance (uSR):

wp,=c/\ ,

where A is the London penetration depth. Harshman et
al.'® find a A of 1400 A which yields a plasma frequency
of 1.4 eV, considerably higher than the value of 0.75 eV
obtained from the Drude fit above. At this point we feel
that the discrepancy between these two determinations of
the plasma frequency is not significant. The surface layer
that the far-infrared probes may not have the density of
free carriers observed in the uSR experiment. Also,
Wang, Clayhold, and Ong!! have shown by Hall-effect
measurements that sample to sample variation in oxygen
content can affect the carrier concentration without
affecting the transition temperature of the material.

The plasma frequency obtained from low-frequency
measurements such as far infrared or uSR is expected to
be lower than what is found from an analysis of the plas-
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ma edge in the near infrared. At high frequency the elec-
trons respond with their band masses but at low frequen-
cies the mass is renormalized by phonons and other exci-
tations that couple to the electrons. It is found that in
YBa,;Cu307 an edge appears at around 1 eV (Refs. 12 and
13), and is generally fit with a plasma frequency of several
eV, suggesting that mass enhancements are indeed impor-
tant in reducing the low-frequency plasma frequency.

It appears from the 100 K value of 1/7=300 cm ~! that
the response of the free carriers at low frequency in this
oriented sample is not overdamped. However, in compar-
ison to ordinary metals this is still a large scattering rate.
As pointed out by Lee and Read,!* in ordinary metals 1/7
is generally less than kT but here it is approximately
4kpT. It is of interest to note that this value is compara-
ble to the characteristic energy of the gaplike feature ob-
served in the superconducting state. The mean free path
of the electrons at 100 K, assuming a Fermi velocity of
2x107 cm sec ~, is about 30 A.

As the sample is cooled below the superconducting
transition temperature, we observe a rapid depression of
the conductivity at long wavelengths. However, this low
conductivity differs from that expected for an isotropic
BCS superconductor in three ways: first, we always ob-
serve some residual absorption in this gaplike region;
second, except for the polished sample, the absorption
does not have a sharp onset which might be associated
with an energy gap; and third, the low-temperature con-
ductivity starts to rise again below 130 cm ~!.

These deviations may have several causes. First, there
may be some residual normal material in the outer layer
of the sample probed by the far infrared. This could easi-
ly explain the residual absorption and possibly the rising
conductivity below 130 cm ~!. The former would be the
low-frequency tail of the exciton band at 0.37 eV and the
latter the Drude absorption of free carriers with a relaxa-
tion time of the order of 50 cm ™.

If one wishes to stay within the framework of conven-
tional theories of superconductivity, a second possibility is
extreme anisotropy of the energy gap in the ab plane.
This could easily account for the lack of an abrupt onset
of absorption in the superconducting state of the oriented
samples. In a polycrystalline sample one is observing
different gaps from grains oriented in different directions.
Indeed, the gradual rise in the real part of the conductivi-
ty of the unpolished samples at low temperature is similar
to the calculations of Maekawa, Ebisawa, and Iasuia'> for
highly anisotropic superconductors. Anisotropy is con-
sistent with our observations on sample A which does
seem to have an abrupt rise in the absorption at about 200
cm ~!. Anderson'® showed that strong disorder can wash
out anisotropy in the energy gap giving rise to a single,
average gap in all directions. A far-infrared measurement
of a dirty, conventional, anisotropic superconductor re-
veals a sharp energy gap even if the sample is polycrystal-
line. Sample A certainly does seem to be more disordered
than other samples. The much lower, flatter background
conductivity in the normal state suggests a much larger
scattering rate for sample A and the phonon lines are
broader as well. The absence of a region of zero conduc-
tivity at low temperatures suggests that the gap is zero in
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some directions; but, the uSR experiment '° seems to indi-
cate that the anisotropy is not this large. A combination
of moderate anisotropy and the presence of some normal
material may be needed to reconcile these two experi-
ments.

A third alternative is that the deviations from an isotro-
pic BCS superconductor may be an indication that a new
theory is required. Since a finite-width spectral region
with zero conductivity has not yet been observed in these
materials it has been argued that, at this time, there is no
evidence for a gap in the high-7, materials. Even if there
is no true gap in the density of states (gapless supercon-
ductivity), any new theory must take into account the
depressed conductivity in the far infrared which is ob-
served when the sample is cooled below the superconduct-
ing transition temperature. A detailed calculation of the
optical properties based on new theories of superconduc-
tivity does not exist.

For the YBa;Cu307—; structure group theory predicts
21 infrared-active phonons. The phonons are expected to
fall into two natural groups, those polarized along the
highly conducting ab plane and those polarized along the
¢ axis. In La,NiO4 (Ref. 17) where both single-crystal
and polycrystalline measurements exist it was shown that
both ab plane and c-axis phonons can contribute to the
features seen in reflectance of the polycrystalline samples.
The reflectance spectrum of our highly oriented sample C,
in the normal state, resembles the La,NiO, single-crystal
ab plane spectrum quite closely. Herr er al.'® and
Wang'® have explained the very strong 250 cm ~! feature
in La;—,Sr,O4 in terms of the internal excitations of a
charge transfer complex of ab plane atoms. This process
occurs in the quasi-one-dimensional conductors where
totally symmetric vibrations become electronically en-
hanced. If this picture is correct some of the strongest
phonon lines could be ab plane excitations.

Turning to the assignments of the individual phonon
frequencies we can roughly attribute the spectral features
between 500 and 650 cm ! to copper-oxygen stretching
vibrations in analogy to other well-studied perovskites. In
a structure of the complexity of the orthorhombic
YBa;Cu30; many nearly degenerate vibrations are ex-
pected in this region but we may tentatively assign the
sharp peak at 569 cm ~! to a c-axis Cu—O stretching vi-
bration and the weaker background from 500 to 650
cm ~! to the various ab plane stretching modes, including
modes along the chains. Stavola et al.!° observe an
infrared-active band in powder spectra of the oxygen-
deficient tetragonal YBa;Cu3Og at 520 cm ~! and assign
it to the c-axis motion of the oxygen bridging the chains.
They point out that the ¢ axis shortens in the orthorhom-
bic phase and would lead to an increased frequency for
this mode. Sugai?® finds in a study of the phonon frequen-
cies as a function of oxygen content in YBa,Cu30; that
the mode at 574 cm ~! moves continuously to 535 cm ™!
as the oxygen content is reduced and the ¢ axis lengthens.
While our sample C is chiefly oriented with the ab plane
parallel to the incident field a small contribution from c-
axis polarization can be expected from the residual non-
oriented fraction.

The lower-frequency modes cannot be assigned with
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any confidence at this stage but they exhibit striking
changes when the material becomes superconducting.
There is little change in strength and slight softening on
entry into the superconducting state but what is particu-
larly outstanding is the dramatic narrowing of the two
lowest peaks at low temperature, particularly the broader
one at 195 cm ~!. The narrowing is associated with the
superconducting state, and can be explained in terms of
the existence of an energy gap with 2A= 195 cm ~!. Pho-
nons with energy less than 2A are unable to break pairs
and can propagate without scattering. In this picture we
attribute most of the width of 9.6 cm ~! to the electron-
phonon interaction. This narrowing of the two low-lying
phonons is evidence for the existence of an energy gap:
using this as our only criterion we can place the gap be-
tween the frequency of the phonon that narrows at 195
cm ~! and the lowest one that does not at 314 cm ~! giving
a range of 2.98 < 2A/kp T, < 4.80.

The lowest phonon we observe, at 155 cm ~!, has an
unusually large strength parameter, S =31, much too
strong to be caused by simple, optically active phonons
that have S=2. It resembles the very strong line in
La;—,Sr,CuO4 at 250 cm ™! studied by Rice and
Wang.®

In conclusion, measurements of the far-infrared
reflectance of YBa,Cu307 -5 have been improved by care-
ful sample treatment. The best results are obtained on

oriented samples that are annealed in oxygen at 900°C
and cooled in oxygen and measured immediately. A true
energy gap with zero conductivity below the gap frequen-
cy has not yet been observed; but, the depressed conduc-
tivity observed below 1000 cm ~! in the superconducting
state may be due to an extremely anisotropic gap in the ab
plane. In addition to the gaplike feature in the supercon-
ducting state, a rich spectrum of excitations is observed
which are extremely strong and exhibit temperature-
dependent frequencies and widths.
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FIG. 2. Scanning electron microscope image of the surface of
the highly oriented sample. The flat grains are oriented with
their ab planes parallel to the surface.



