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We have made a study of infrared reflectivity from an epitaxial film of Y;Ba;Cu3O7-, in which the ¢
axis is primarily oriented perpendicular to the film surface and from bulk polycrystalline samples with no
orientation. In the oriented film the region of enhanced reflectivity associated with the superconducting
energy gap extends to 400 cm ~! (50 meV) compared with only 200 cm ~! in the bulk material. We esti-
mate the energy gap for the film to be 2A=(4.7 = 1.2)kT,, a value which is consistent with recent tun-
neling measurements and with strong-coupling superconductivity.

PACS numbers: 74.30.Gn, 74.70.Ya, 78.20.Ci

The recent discoveries of layered superconducting ox-
ides with critical temperatures (7,) of approximately 40
K ' and 90 K,? have generated a great deal of interest in
these materials. Since the crystal structures of these
compounds are highly anisotropic, their electronic and
superconducting properties may be expected to depend
on crystal orientation. Fundamental questions regarding
these anisotropies and their relationship to the mecha-
nism of high-temperature superconductivity make it
desirable to study oriented samples.

In this Letter we report a comparison of infrared-
reflectivity measurements made on an epitaxial film and
on polycrystalline bulk samples of the =90 K supercon-
ductor Y Ba,Cu3zO7;—-,. The individual crystallites mak-
ing up the film were primarily oriented with their ¢ axis
perpendicular to the film surface. As a result, infrared
measurements on the film are expected to be more sensi-
tive to the properties of the a-b (Cu-O) plane than mea-
surements on polycrystalline samples. The reflectivity
from the film is found to be in good agreement with the
dc conductivity. The region of enhanced reflectivity
associated with the superconducting energy gap extends
to nearly 400 cm ~! yielding an estimate for the gap
[(4.7 £ 1.2)kT,] in reasonable agreement with tunneling
results and strong-coupling BCS superconductivity. In
contrast, the estimated gap in the unoriented bulk sam-
ples is nearly a factor of 2 smaller. Also, the low-
frequency, normal-state reflectivity from the bulk sam-
ples is considerably smaller than for the film. Anisotro-
pies in the dc conductivity and in the superconducting
gap may be responsible for the differences between the
unoriented bulk samples and epitaxial film.

The thin-film samples were grown on SrTiO; sub-
strates with a 1-2-3 ratio of Y-Ba-Cu, as described else-
where.? The films were approximately 1 um thick and
were composed of individual crystallites with character-
istic lateral dimensions of approximately 10 um. X-ray
and TEM studies indicated that the films were single
phase with the ¢ axis of the individual crystallites orient-

ed primarily perpendicular to the film surface. The films
exhibited sharp resistive and diamagnetic transitions at
90 K with transition widths of =1.5 K. One multiphase
and two single-phase polycrystalline bulk samples were
studied. The preparation of these samples has also been
previously discussed.* The single-phase samples were
prepared with the 1-2-3 composition and exhibited sharp
superconducting transitions at =90 K. In the multi-
phase sample the onset of the resistive transition oc-
curred at 90 K, but the transition was not complete until
approximately 60 K.

Infrared-reflectivity measurements were made for fre-
quencies from 50-4000 cm ~! with a scanning inter-
ferometer. The infrared radiation was incident on the
sample at approximately 45° and was nominally unpo-
larized. Scattering from the rough surfaces of the bulk
samples caused a rapid decrease in the reflectivity with
increasing frequency. Absolute reflectivities for these
samples were obtained by first measuring the sample
reflectivity and then evaporating Au onto the sample sur-
face and again measuring the reflectivity to obtain a
reference.

Figure 1 gives the room-temperature reflectivity from
the thin film and from one of the single-phase polycrys-
talline bulk samples. We obtain a good fit (solid line) to
the epitaxial-film reflectivity with a classical Drude mod-
el with a resistivity p=1.0 m Q cm, which is approxi-
mately the measured room-temperature dc resistivity for
the film (carrier concentration » =3.0x 10?' cm 73, mass
m* =1, and €.=4). For the polycrystalline bulk sam-
ple, the Drude model does not provide a good fit to the
reflectivity, and the reflectivity is much smaller than for
the film, although the measured dc conductivities for the
film and bulk are nearly the same. Structure associated
with infrared active phonons is visible in the spectrum at
approximately 150, 300, and 570 cm ~!. Some structure
at 300 cm ~' is also visible in the epitaxial-film spectrum.

In Fig. 2 ratios of the superconducting (15 K) to nor-
mal (98 K) reflectivities for the three types of samples
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FIG. 1. Absolute reflectivities at room temperature from the
epitaxial film of Y Ba;Cu3O7-, and from a single-phase, poly-
crystalline bulk sample of Y;Ba;Cu3O7-,. The solid line is the
calculated reflectivity for the film with use of a classical Drude
model.

studied are shown. In an ideal BCS superconductor this
ratio should increase to a maximum at 2A, and then ap-
proach unity at higher frequencies. Figure 2(a) gives the
ratio for the multiphase bulk sample. The region of
enhanced reflectivity due to the superconducting gap ap-
pears to extend to about 100 cm ~! although differences
between the superconducting and normal reflectivities
exist up to frequencies of 550 cm ~!. Conclusions about
the properties of the 1-2-3 phase of Y-Ba-Cu-O cannot
be drawn from this sample, because of the possibility
that more than one superconducting phase is present.
Ratios for the two single-phase bulk samples are given in
Fig. 2(b). The increased reflectivity due to the supercon-
ducting gap extends to =200 cm ~!. Sharp line struc-
ture is present in the ratio at 150 cm !, between 200
and 350 cm ~!, and at 570 cm ~!. We attribute this
structure to infrared-active phonons, since phonon modes
at approximately these frequencies could be seen in the
absolute reflectivity (Fig. 1). Because of the complicated
nature of the ratio, it is difficult to determine the size of
the gap. A reasonable estimate is 2A=170 cm ~! (21
meV)=2.7kT,. Figure 2(c) shows the superconduct-
ing-to-normal ratio for the epitaxial film. In this ratio,
the enhanced reflectivity due to the gap extends to nearly
400 cm ~! indicating a gap which is nearly twice as large
as obtained from the unaligned bulk samples. In addi-
tion, the phonon modes are smaller relative to the gap
signal than in the bulk samples. The increase in
reflectivity in the gap region is about a factor of 3 small-
er than for the single-phase bulk samples. This is con-
sistent with the larger absolute reflectivity of the film
(Fig. 1) although none of the samples becomes complete-
ly reflecting in the superconducting state, indicating that
there are regions in each sample which do not become
superconducting. We crudely estimate the supercon-
ducting gap for this sample to be 300 =75 cm ™! (37+9
meV)=(4.7 = 1.2)kT,. Recent tunneling measurements
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FIG. 2. Ratio of the superconducting (temperature =15 K)
to normal (temperature =98 K) reflectivities for (a) a multi-
phase polycrystalline bulk sample, (b) two single-phase poly-
crystalline bulk samples, and (c) the oriented film of
Y Ba;Cu3O7-5. The dotted lines correspond to ratios of 1.
Spacings between tics on the verticle axis are 0.1 (correspond-
ing to 10% changes in the ratio).

on single-phase Y ;Ba,Cu3O7-, have given gaps of 2A
=36.0-40.0 meV=4.8kT..>"7 The estimated gap from
the thin film is consistent with this while that obtained
on the unoriented bulk samples is considerably smaller.
The observation of a gap which is consistent with tunnel-
ing is significant, since previous infrared studies of both
Y Ba,Cu307—, >*? and of the related high-T, supercon-
ductor La;—,Sr,CuOy4 '® have typically given gaps near-
ly a factor of 2 smaller than the gaps determined from
tunneling measurements>%7!!

We have also studied the temperature dependence of
the superconducting-to-normal ratios. Surprisingly, no
evidence for a reduction of the gap is observed even quite
close to T, (within 2 K) for either the epitaxial film or
bulk samples. The ratios at different temperatures are
essentially multiples of one another. This apparent lack
of temperature dependence in the gap is not understood.

We have modeled the normal and superconducting
reflectivities in the presence of infrared-active phonons to
determine why the phonons give rise to structure in the
ratios in Fig. 2. This is illustrated in Fig. 3 where the
calculated ratios of the superconducting to normal
reflectivity with (dashed line) and without (dotted line)
phonons are shown along with the measured ratio (solid
line) for one of the single-phase bulk samples. The cal-
culation assumes a Drude conductivity of 5.0 m Q@ cm
(the approximate conductivity which fits the bulk
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FIG. 3. Ratios of superconducting to normal reflectivities.
The solid line is measured. The dotted line is calculated by as-
suming that the zero-temperature Mattis-Bardeen relation ap-
plies in the superconducting state and that the normal state is
described by a Drude conductivity of 5 m @ cm. In the dashed
line phonon modes at 148, 190, 225, 270, and 300 cm ! have
been included in the calculation. (The feature at 160 cm ~!is
an artifact of the beam splitter.) Inset: (a) Measured and (b)
calculated absolute reflectivities in the frequency range of the
148-cm ~! phonon in both the normal (solid line) and super-
conducting (dashed line) states.

reflectivity at 100 K) for the normal state, and a zero-
temperature Mattis-Bardeen conductivity!? with 2A
=170 cm ™! in the superconducting state. Phonon
modes were modeled as Lorentz oscillators with frequen-
cies 148, 190, 225, 270, and 300 cm !, strengths of 400,
215, 120, 340, and 360 cm ~!, respectively, and damp-
ings of 12.0 cm ~!. The calculated phonon structure
reproduces the experimentally observed features quite
well. Phonons become visible in the ratio because the
electronic screening of the phonons changes at the super-
conducting transition causing changes in the size and
shape of the phonon features. The inset to Fig. 3 illus-
trates this for the 148-cm ~! phonon mode. Here the (a)
calculated and (b) measured absolute reflectivities in the
frequency range of this phonon are given for both the
normal (solid lines) and superconducting (dashed lines)
states. The measured spectrum exhibits a characteristic
change in the shape of the phonon feature (from an in-
crease in reflectivity on the high-energy side of the pho-
non to a decrease in reflectivity on the low-energy side)
which is reproduced by the calculation. The phonon-
related feature at 570 cm ~! cannot be explained in the
same way. This mode appears to become visible in the
ratio because of a shift in the energy of the phonon at
the superconducting transition, providing some evidence
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for electronic coupling to this mode.

Anisotropies in the electronic and superconducting
properties of Y;Ba,Cu3;O;_, can explain some of the
differences we observe between the epitaxial film and
unoriented bulk samples. The layered natures of Y;Ba,-
Cu307—-, and of La,_,Sr,CuQO,4 are expected to give
rise to a nearly two-dimensional band structure in which
the effective mass, and hence resistivity, along the ¢ axis
is large relative to the mass and resistivity along the a-b
(Cu-O) plane.!> Measurements made on single crystals
of La;—,Sr,CuO4 have given a 20:1 anisotropy for the
conductivity in these two directions.'* An infrared
reflectivity study of a single crystal of the related com-
pound La;NiO4 showed essentially metallic reflectivity
when the radiation was incident along the ¢ axis, but ex-
hibited a lower-conductivity spectrum with large phonon
features when the radiation was polarized along the ¢
axis.'® Anisotropies in the critical currents and fields of
Y Ba,Cu3;0;—, have also been observed.'® In the
present study we would expect reflectivity from the epi-
taxial thin film to be primarily determined by the
higher-conductivity a-b plane since the incident radia-
tion is primarily polarized perpendicular to the ¢ axis,
while the unoriented bulk samples would contain roughly
equivalent contributions from both low- and high-
conductivity directions. This could account for the
overall smaller (and non-Drude-type) reflectivity ob-
served for the bulk material in Fig. 1. Also, electronic
screening of the phonons would be less effective along
the lower-conductivity ¢ axis giving rise to larger phonon
features in the unoriented bulk samples. The structure
due to phonon modes which is observed in the thin film
could actually be due to small unoriented regions present
in the film. Anisotropies in the superconducting gap it-
self may explain the different apparent sizes of the gap in
the unoriented bulk samples and epitaxial films. Further
studies of oriented samples and single crystals should
clarify the degree to which anisotropy is responsible for
the differences between the epitaxial films and bulk sam-
ples.

Bonn et al.® have recently reported reflectivity mea-
surements on polycrystalline bulk samples of Y;Ba,Cu;-
O7-,. The change in reflectivity which they observe
when the sample passes through the superconducting
transition is most consistent with our results for the mul-
tiphase bulk sample. We find it difficult to reconcile
their data with the gap value of 200 cm ™!, which they
obtain from a Kramers-Kronig transform. Thomas et
al.® have also made a reflectivity study of bulk polycrys-
talline samples and obtain reasonable agreement with
the single-phase data presented here [Fig. 2(b)].

In summary, we have made infrared-reflectivity mea-
surements on an oriented thin film of the 90-K supercon-
ductor Y;Ba,;Cu3;07—-, and have compared the results to
measurements on polycrystalline bulk samples of the
same material. The reflectivity from the film is in
reasonable agreement with the dc conductivity, and we
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find a superconducting energy gap for the film [2A
=4.7 +1.2)kT.] which is consistent with recent tunnel-
ing measurements of the superconducting energy gap
and with strong-coupling BCS superconductivity. In
contrast the reflectivity from the bulk samples suggests a
considerably smaller superconducting energy gap.

We acknowledge valuable discussions with D. H. Lee,
R. L. Greene, and P. Chaudhari.
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