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Infrared synchrotron-radiation transmission measurements on YSa2Cu307 g in the gap
and supercurrent regions
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We report infrared synchrotron-radiation transmission measurements on —1-pm-thick films of
high-T, YBaqCu307-s from 40 to 290 cm ' (5 to 36 meV). The films were deposited onto MgO
substrates and showed resistive superconducting transitions with an onset at 83 K. Spectra below

T, show superconducting behavior, including the characteristic 1/tv supercurrent dependence for
frequencies below 100 cm '. The entire spectrum can be fit when a Mattis-Bardeen-type con-
ductivity is included identifying increasing absorption beginning at a photon energy of 23 meV.
However, a substantial residual absorption persists to the lowest measured frequencies. In addi-

tion, the appearance of phonons, some attributable to c-axis vibrations, suggests we are sampling
a mixture of both a-b-plane and c-axis properties.

We report infrared transmission measurements made
on a partially oriented, high-T, YBazCu30&-s (Y-Ba-
Cu-0) film in the region where superconducting effects
should appear. Other experimental techniques used to
date (tunneling, infrared refiectivity, Raman scattering,
and photoemission) are highly surface sensitive. How-
ever, the surfaces of these materials are prone to oxygen
depletion and degradation, and so may not represent bulk
properties. In contrast, a transmission measurement
probes the entire film thickness, and is potentially more
sensitive to small changes in absorption. Our transmission
measurements were made possible by a new high-intensity
infrared beam line operating at the National Synchrotron
Light Source at Brookhaven National Laboratory, '
combined with experimental and analytical techniques
developed at Emory University for thin superconducting
films. 3" A main purpose here is to show the value of in-
frared transmission spectroscopy, as opposed to the widely
used reflection method, for superconductor analysis.

The interpretation of far-infrared reflectivity spectra '

for the high-T, materials is complicated by their high
reflectance and sensitivity to dispersive as well as absorp-
tive effects. As a result, it is difficult to identify a super-
conducting absorption edge, even with Kramers-Kronig
analysis. To illustrate the problems, although the work
of Thomas et al. shows for the first time a low-frequency
reflectivity consistent with superconductivity (i.e., R 1

for to(tos, the gap frequency), the change in R upon
entering the superconducting state is still no greater than
the measurement accuracy. Nevertheless our data will be
seen to be consistent with the results of reflectance mea-
surements.

Other techniques for detecting an energy gap have not
conclusively proved its existence. Raman studies show re-
duced scattering intensity for frequency shifts less than

-3.5kaT„consistent with the transformation of normal
carriers into superconducting ones. 9'o Anisotropy effects
have also been discussed. High-resolution photoemission
by Imer and co-workers" yields an energy gap in Bi-Sr-
Ca-Cu-0 single crystals of 2d/kttT, ~8, suggesting very
strong coupling. Onellion et al. ' reported similar results
on the same materials, although at lower resolution. Tun-
neling measurements have provided the widest range of
gap values, illustrating the sensitivity of this technique to
surface preparation, contamination, and possibly anisotro-

py
Infrared transmission spectroscopy potentially over-

comes many of these problems. Transmitted radiation
probes the entire sample, not only the surface, and is often
more sensitive to absorptive processes, changing by large
factors between the superconducting and normal states.
The difficulty is that the transmission coefficients are
small and the flux available from conventional blackbody
sources is low at the frequencies where superconducting
behavior is expected. This problem, as well as limitations
due to small sample size, was solved by utilizing synchro-
tron radiation as a source.

Transmission measurements through high-T, films are
also hampered by the lack of infrared transmitting sub-
strates which are suitable for film growth. Commonly
used lattice-matched materials such as SrTi03, LaGa03,
and LaA103 used for depositing epitaxial films, transmit
poorly. Highly transmitting A1203 or Si substrates are
unsuitable because of the heating needed for further pro-
cessing generates undesirable reactions. We deposited our
films onto MgO substrates which transmit reasonably well

up to 300 cm ' at low temperatures, but with spectral
complications which we discuss later.

Our Y-Ba-Cu-0 films (thickness 0.1-1 pm) were de-
posited on (100) MgO by thermal coevaporation of Y,
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Cu, and BaF, and then annealed at 1020 K for 30 min
each in wet oxygen and dry oxygen. The low annealing
temperature minimized the strong reaction of MgO with
Y-Ba-Cu-0 above 1175 K. The resulting polycrystalline
films were mainly composed of regions with their c axis
perpendicular to the substrate, as shown by x-ray
diffraction. All the films showed resistive transitions such
as that shown in the inset to Fig. 1, which plots resistance
versus temperature for the film described here, with
T, (onset)-83 K. Similar methods were used to deposit
DyBaCuO films on A1203. These had broader resistive
transitions and much higher room-temperature resistivi-
ties than the Y-Ba-Cu-0 films.

Transmission spectra were measured at the 750-MeV
electron storage ring located at the National Synchrotron
Light Source, where a new infrared beam line' provides
radiation 100-1000 times brighter than that from a con-
ventional blackbody mercury arc source over 10-1000
cm '. The synchrotron light was collimated and ana-
lyzed with a modified commercial rapid-scan Michelson
interferometer. After passing through the sample, mount-
ed on a liquid-helium cold finger within an f/3. 5 sample
cell equipped with polyethylene windows, the radiation
was detected by a liquid-helium-cooled silicon bolometer
(Noise equivalent power 1.3&10 ' W/Hz 5) with suit-
able filters. Because of the 1ow sample transmissivities,
special care was taken to keep stray light away from the
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FIG. 1. Measured and fitted transmission coefficients T, and

T, at 10 and 90 K, respectively, for 0.65-pm-thick sample of Y-
Ba-Cu-0 evaporated on MgO. Data from synchrotron measure-
ments. At 90 K, the solid fitted curve includes contributions
from normal-state carriers, Y-Ba-Cu-0 phonons, and the MgO
substrate. At 10 K, the solid fitted curve includes the same
types of contributions and an added BCS-based Mattis-Bardeen
superconducting term with co~ 186 cm '. The dashed curve
omits the superconducting term, showing that superconductivity
is responsible for a 20% increase in the transmission (over the
90-K value) near the gap. For other details see text. Inset:
Resistance (normalized to its value at 224 Kl vs temperature for
the same sample, showing the superconducting transition T,
(midpoint) 78 K.

detector. We found that the light leakage never exceeded
1% of our measured radiation.

To test the entire system, we measured the supercon-
ducting and normal transmissions T, and T„ through a
100-nm-thick Nb3Ge film on A1203. This yielded results
identical to those obtained for the same film by Cook and
Perkowitz, who used a mercury arc source and a Michel-
son interferometer. The Nb3Ge data help to interpret our
high-T, result.

We could measure a full spectrum in 3 min with run-
to-run discrepancies (1% despite transmission coe5-
cients as low as 0.1%. This rapid turnaround time was
crucial, allowing us to scan many samples. We report
here on the Y-Ba-Cu-0 film exhibiting the largest change
in transmission upon entering the superconducting state.
Other Y-Ba-Cu-0 films showed similar spectra and will
be described elsewhere. The DyBaCuO films on Alz03
did not show a substantial decrease in absorption associat-
ed with superconductivity.

Figure 1 shows T, (at 10 K) and T„(at 90 K) vs ru for
a 0.65-pm-thick Y-Ba-Cu-0 film. T, and T„are each ab-
solute transmission coefficients, defined as intensity
transmitted through sample/intensity transmitted with
sample removed. These curves illustrate the complexity of
the effects. The dips near 150 and 200 cm ' are phonon
modes in the film, which are well known from early in-
frared work in Y-Ba-Cu-0 and other rare-earth supercon-
ductors. ' We note that these phonons are associated
with unscreened modes along the c axis, indicating that we
are not sensing solely a-b-plane response (a-b-plane pho-
nons' near 110 and 220 cm ' are reasonably well
screened by free carriers and therefore less visible). The
impact of this on the analysis is addressed later. Other
structure, and some of the roll off above 150 cm ', comes
from the complex MgO spectrum. However, two features
in T, suggest the presence of superconductivity: its rapid
approach to zero as co which approaches zero, which indi-
cates supercurrent screening; and the increased transmis-
sion above 150 cm relative to T„, which is similar to
what is seen in films of Nb3Ge and other metallic super-
conductors in which an energy gap forms in the excitation
spectrum.

Because of the complex behavior, we analyzed these
data with no optical approximations. Our computer pro-
gram calculates the infrared transmission of an absorbing
film on an absorbing substrate, including multiple internal
reflections and without any assumptions about layer thick-
ness. The routine can simultaneously optimize many
fitting parameters in the highly nonlinear optical expres-
sion to give the best least-squares fit to data.

To model the MgO layer, we carefully measured the
substrate transmission versus temperature and frequency.
We noted that from 90 to 10 K and below 100 cm
MgO has negligible absorption and a constant refractive
index of n 2.8. Above 100 cm ', the transmission
dropped with ru and showed peak structure. We modeled
this to within —1% by using known phonon oscillators.
Further details on these fits are forthcoming.

We first fitted T„at 90 K, with the MgO parameters
fixed at the values from our independent analysis. The
film dielectric function e was calculated assuming Drude-
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like free carriers and Lorentzian phonon oscillators. We
allowed the Y-Ba-Cu-0 phonon parameters to vary, but
these did not change much from values in earlier analyses
except for an oscillator at 135 cm ' which may be due to
incomplete reaction of some of the starting materials.
Thus our excellent best fit, shown in Fig. 1, comes mainly
from free variation in normal-state carrier density and
mobility only. The best-fit values also give a sheet resis-
tance of 18 II/sq, which agrees with the measured dc re-
sult of 16 0/sq within the experimental error. This corre-
sponds to a conductivity of approximately 1000 Qcm
about an order of magnitude below the a-b-plane conduc-
tivity value observed in good quality films and crystals,
but still larger than the c-axis conductivity if one assumes
an anisotropy ratio between 50 and 100. We speculate
that the short duration, low-temperature anneal left re-
gions of the film with reduced oxygen content, granulari-
ty, or incomplete a-b-plane orientation. This accounts for
the somewhat suppressed and broadened resistive transi-
tion, and also its dirty-limit character.

To fit T, at 10 K, we again set the MgO parameters to
their appropriate values. The film phonon parameters
were allowed to vary, but did not change much from the
values for 90 K. The additional superconducting contri-
bution to e was found from the BCS-based Mattis-
Bardeen' frequency-dependent conductivity o, at 0 K.
This is described by the gap energy mg, which we allowed
to vary freely in the fitting.

Extensive analysis showed that we could not fit T,
without including both superconducting and normal (ab-
sorbing) carriers. The incomplete conversion of normal to
superconducting carriers, even far below T„has been en-
countered before in sintered high-T, material. 6 The final
best fit (Fig. 1) gives cog 186 cm ' (2h 23 meV),
while approximately 70% of the conductivity which exist-
ed above 90 K remains normal below T,. Therefore, we
caution against overinterpretation of the 23-meV value,
considering the sizable residual absorption and the likeli-
hood that we are sampling a mixture of both a-b-plane
and c-axis responses.

Another approach to analyzing the spectra uses the fact
that MgO absorbs negligibly below 100 cm '. Then our
data could be described by Tinkham's result' for the
transmission of a film into a nonabsorbing substrate of re-
fractive index n

4n

(n+ I +y1)2+y22

where y~+iy2 is the film's complex surface admittance
4x/e(od), with o the complex film conductivity cr~+io2
and d the film thickness. Equation (I) is a good approxi-
mation when d « b' (penetration depth), the case here.

A striking feature of superconducting electrodynamics
is that o, takes on the same form (a~ 0 and o2 A/co,
where A is a constant) both in the London and the
Mattis-Bardeen theories for m « mg.

' This is very
different from the Drude normal-state conductivity, unless
mr&& 1, where r is the relaxation time. A careful analysis,
using Eq. (1), shows that our measured T, (Fig. 1) does
not arise from oo,„d, (neither the infrared data nor the
temperature-dependent dc resistivity data give a suffi-
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FIG. 2. T,/T„ for Y-Ba-Cu-0 and NbiGe. The solid curve
for Y-Ba-Cu-0 comes only from the fit parameters (Fig. 1),
with the MgO substrate omitted. The structures near 150 and
200 cm ' are Y-Ba-Cu-0 phonons. The dashed line is a pro-
jected peak in T,/T„without the phonons, to be compared to the
peak for Nb3Ge, with T, 21 K and e~ 55 cm '. The much
higher peak frequency for Y-Ba-Cu-0 is consistent with its
much higher T, and gap, although the exact value is not mean-
ingful in this projection. Inset: The imaginary part cd of the
conductivity in the superconducting state (divided by the
normal-state dc conductivity op), from measured T, (Fig. 1)
and Eq. (I). The expected I/ru behavior of the pure inductive
supercurrent response is apparent.

ciently large value of r), but is characteristic of o,. Fig-
ure 2, inset, displays a2 for co & 100 as derived directly
from T, and Eq. (1). The result, at frequencies far from
the Y-Ba-Cu-0 phonons and from substrate effects, close-
ly follows the predicted I/co inductive behavior, evidence
that superconductivity appears in the spectrum. The very
small deviation from the prediction (see figure) may rep-
resent the Drude contribution from the normal carriers
remaining below T,.

In addition to the significant I/co frequency depen-
dence, the value of the constant A is important because it
equals irons/2 in Mattis-Bardeen theory. Our fit value

272 cm ' yields cog 173 cm ', within 7% of the re-
sult (186 cm ') from our full fit.

More insight into the superconducting film is given in
Fig. 2, which shows the approximate ratio T,/T„ that
would be seen if transmission were measured through the
Y-Ba-Cu-0 film only with no distorting substrate. T,/T„
was generated from the fit parameters used in Fig. 1, with
the MgO layer omitted. For comparison, we show the
TJT„curve we measured for NbsGe, with its clear peak
near the gap.

Although the T,/T„ratio for Y-Ba-Cu-0 is affected by
its strong phonon modes, there appears to be an underly-
ing peak structure similar to that predicted and observed
for Nb3Ge and other superconducting films. The curve
added schematically in the figure gives a peak frequency
nearly 3 times that for the Nb3Ge film.

Though our analysis using the Mattis-Bardeen conduc-
tivity provides a value for a superconducting energy gap,
we emphasize that our data do not show a true gap fre-
quency, as our conductivity retains a substantial portion
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of its original value below this frequency. Early data on
sintered ceramic material also displayed residual normal
carriers. Our data do, however, indicate an increasing ab-
sorption between 150 and 200 cm '. We note that
reflectivity studies of a-b-plane Y-Ba-Cu-0 crystals
show an absorption onset at a similar frequency. If, how-

ever, this feature is indeed an energy gap, then our value
will reflect some sort of average over all orientations due
to incomplete a-b-plane crystalline alignment and possi-
ble gap anisotropy of the material.

Infrared transmission measurements through high-T,
films show superconducting behavior below 100 cm '. At
higher frequencies, despite interference from phonons and
remaining normal-state carriers, our modeling shows that
nearly half the observed change in transmission is due to
superconductivity, much larger than the change seen in
reflectivity. Certainly samples which became more com-
pletely superconducting would enhance these effects.
Another future possibility is to make simultaneous
transmission and reflection measurements, as has been
done for metallic superconducting films, to give a more

complete picture.
We have reported what we believe is the first transmis-

sion measurement on high-T, films, and shown how a gap
can be derived from the data. We expect to apply this
technique to a series of well oriented and characterized
films.
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