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Abstract: The available far infrared data for polycrystalline
La-(Sr,Ca)-Cu-0 show a reflectance edge with energy near 2.5kBTc. This edge
has been variously interpreted as the onset of absorption due to an energy
gap, and as a low frequency plasma edge caused by strong far infrared
resonances. Our measured temperature dependence of the reflectance edge
closely fits the temperature dependence of the order parameter in a mean field
theory, and hence is consistent with the energy gap hypothesis. In this paper,
we construct a model dielectric function for La, g48r, ,5Cu0, which is
consistent with mean field theory and the hypothesis of a plasma edge. We
find that the temperature dependence of the plasma frequency in this model
also closely fits the measured temperature dependence of the reflectance edge.
Furthermore, both hypotheses accurately predict the experimentally observed
temperature dependence of the absorption at frequencies much less than the
reflectance edge. This observation has significant implications for the
construction éf fast low loss superconducting devices. We conclude that the
electrodynamics of the superconducting transition in La, g58ry ;5Cu0, are well
described by a BCS-like mean field theory. However, given the identical
predictions of the energy gap and plasma edge hypotheses, it is premature to
deduce a precise value for the magnitude of the energy gap from the infrared

data.



Introduction

A vigorous research effort into the electrodynamics of high T/
superconductors has been fueled by the great scientific and technological
importance of this subject. The existence and magnitude of the
superconducting energy gap are crucial scientific issues that have
traditionally been illuminated by far infrared (FIR) spectroscopy. The
possibility of devices that operate with low resistive loss in the 100-1000
GHz frequency range at liquid nitrogen temperature is of technological
importance. In this paper we use experimental and theoretical results on the
temperature dependence of the FIR reflectance of polycrystalline
La, g5(Sr,Ca), ,5Cu0, to address the following questions. First, can one
extract an energy gap from the FIR reflectance of high T, superconductors?
Second, how well do the temperature dependent eiectrodynamics of the BCS
theory fit high T, superconductors? Third, do the ac losses for frequencies
much less than the energy gap predicted by BCS scale with temperature as
predicted by BCS?

Although the meéhanism for superconductivity in high T, superconductors is
not yet clear, experiments have provided important guidelines. Measurements on

Josephson junctions1

indicate that current is carried by pairs of electrons.
However, the absence of an observable isotope shift? in T. in YBa,Cu;05 and
the small size of the oxygen isotope shift® in La, 45Sry ;5Cu0, indicates that
phonons alone probably do not mediate the pairing. It has been suggested that
a BCS-like theory in which excitons or other relatively high energy
excitations mediate electron pairing may apply4. The electrodynamics

predicted by this class of thedries should be close to that of BCS theory. In

particular, a mean field treatment of these theories should predict an energy



gap with a temperature dependence and magnitude identical to that predicted by
BCS. The magnitudes of the energy gap extracted by tunneling for®

Sr Cuo, and® Y]_BaZCuao7 have been 4.5 to 9 and 3.7 to 5.6

La; g55%¢,15
respectively, consistent with a strong coupling pairing theory. In contrast,

9

Anderson’' has suggested that there may be no observable energy gap in high T/

superconductors if they are described by a resonating valence bond model.
We begin with a review of relevant and sometimes conflicting

interpretations of the FIR reflectance of La; g4Sr, ,5Cu0,. Many groups®™!! have

1

observed a reflectance edge near 50 cm™ ~ in the superconducting state of

Lalassr01scu°4° This edge was first assigned to the onset of absorption due

to excitations across a superconducting energy gap. The magnitude of the

10

energy gap extracted by the first such assignmentsa' was from 1.6 to 2.7

kgT., considerably smaller! 1?2 than the BCS prediction of 3.5kgT. and the
tunneling measurements®. Recently, an entirely different mechanism for the 50
=1

cm edge in La; g55ry 15Cu0, has been proposed by Bonn et. ) They have

assigned this edge to a zero-crossing of the real part of the dielectric
function €&;, caused by a strong resonance at 240 cm™! and a weaker resonance

at 500 cm™l.

Under this interpretation, neither the existence nor the value
of the energy gap are obvious from far infrared reflectance data.

A priori, one might think that the temperature dependence of the 50 em™1
reflectance edge could be used to distinguish between the hypothesis cf an
energy gap and the hypothesis of a plasmon. We report here measurements of the
Sr

the FIR reflectance of polycrystalline samples of La Cu0, and

1.85770.15

La, gsCay 15Cu0,. We have probed the temperature dependence of the FIR
reflectance of LaLeserchuoq' /At temperatures well below Tc' we find a

reflectance edge whose frequency scales with o in different materials. The



frequency of this edge in a given material scales with temperature as the BCS
gap. We also describe a model to determine the temperature dependence of the
reflectance edge predicted by the plasmon hypothesis. The superconducting
state is modeled using the temperature dependent theory of Mattis and Bardeen,
which should hold for any mean field pairing theory of superconductivity,
independent of the nature of the coupling. We find that the plasmon and the
energy gap hypotheses give nearly identical predictions for the temperature
dependence of the frequency of the reflectance edge. The predictions for the
temperature dependence for both theories agree with experimental results. We
conclude that a mean field, BCS-like theory of the electrodynamics of high T,
superconductors is consistent with the FIR data. However, it seems premature
to deduce an energy gap from FIR data.

The most technologically significant result of this paper is that our
experimentally observed temperature dependence of the absorption in the
superconducting state of polycrystalline La, g55r; 15Cu0, for frequencies well
below the reflectance edge seems well described by the temperature dependent
Mattis-Bardeen theory, or equivalently by a two-fluid model. If this result
holds for Y,BajCuj04, it imposes constraints on the operating temperature of
fast superconducting devices made from this material.

Experiment

The samples used for the meﬁsurements reported here are 1 cm diameter
ceramic pellets of La, ggSry 5Cu0, and La, gsCay ,5Cu0,. At low temperatures
the Sr doped sample showed a large volume exclusion of a magnetic field,
indicating that a large fraction of the sample consisted of a superconducting
phase. The Ca doped sample excluded only 1/5 as much of the magnetic field as

the Sr doped sample. The details of the sample preparation have been



described elsewhere®. The Sr and Ca doped samples showed the onset of

superconductivity at To,o=36K and 17K, respectively, as determined from
magnetic susceptibility (%) measurements. The superconducting phase transition
was also observed direétly from the FIR measurements in the Sr doped sample.
The reflectance near ;5 cm-l began to increase sharply as a function of
decreasing temperature at 37Kt1lK, (see Fig. 5). This temperature is in
agreement with the value of Tco determined from Y (T), and thus we scale all
temperature and material dependent properties to Teo-

FIR reflectance measurements were performed with a Michelson
interferometer, adapted to a helium gas flow cryostat to allow sample
temperature variations from 6K to room temperature. During the experiment,
chopped radiation with a 10° angle of incidence and was detected after a
single reflection off the sample surface by a sensitive composite bolometer
operated at 1.2K. At each sample temperature for which a reflectance spectrum
was recorded, the data were normalized to a polished brass mirror. After all
measurements on La, g4Sr, ,5Cu0, had been performed, we attempted to correct
our results for the effects of surface scattering by evaporating metal onto
the sample surface and using the metallized sample as a reference. The
Vreflectance of the metallized sample was independent of frequency for
frequencies less than 60 cm'l, indicating that our data in this frequency
range is not much affected by the roughness of the sample surface. Above 60
cm—l, however, the reflectance of the metallized sample decreased continuously
with increasing frequency, indicating that our absolute reflectance data in
this frequency range is significantly affected by surface scattering. Small

cracks occurred in the sample surface just before metallization which

prevented an accurate final normalization. However, the conclusions of this



paper are not affected by surface scattering: we are investigating changes in
the reflectance as a function of temperature, and thus are relatively
insensitive to temperature independent losses due to sample geometry.

Fig. la shows the ratio Rs/Rn of the superconducting to the normal state

reflectance for La, g48r,; ;sCu0,. Here, Ry and R, are the reflectances measured

s
at 6K and 52K, respectively well below and well above T.,. RS/Rn is greater

than one for frequencies less than 60 cm"1(=2.4kBTco(Sr)). As the frequency

1 1

increases past 60 cm -, R./R. drops below unity, reaches a minimum at 70 cm -,
s

and then approaches unity from below. This behavior is consistent with that

9-11,13 ' pig. 1b shows the first published reflectance

reported by many groups
data for La, g;Ca; ;5Cu0,. We have expanded the frequency scale of Fig. lb
relative to la by the ratio of the transition temperatures of the two
materials T,,(Sr)/T,,(Ca)=36/17. The behavior of Rg/R, is similar to that for
the Sr doped material, with characteristic frequencies scaled by T,,. Below
30 em™ 1, Rg/R, is greater than one. Between 30 cm"l(=2.4kBTco(Ca)) and 40
em™t (=3.2kgT ,(Ca)), Rg/R, drops below unity. The deviations of Rs/Rn from
unity are smaller for the Ca than for the Sr doped sample. These differences
may arise from the fact that, based on magnetic measurements, a smaller
fraction of the Ca doped sample Qas of a superconducting phase.

Fig. 2 shows a series of normalized reflectance spectra of La; 44Sr, ,5 CuQ,

for frequencies 10 to 90 cm™ !

at selected temperatures above and below
Too=36K. 1In the low-temperature regimes well below Teor the reflectance
follows a consistent behavior. At low frequencies, R 1s near unity and
decreases only slightly with increasing frequency. At higher frequencies, R

drops sharply at a characteristic frequency f; and begins to flatten out once

again at an even higher characteristic frequency f;. At 6K, f; and £, are
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clearly identified at 50 and 66 cm'l, respectively. Both f, and £, decrease

with increasing temperature above 6K. Above 36K, fo and £, are no longer
clearly identifiable. At 52K, the reflectance R decreases smoothly with

increasing ftequency. Above 50K, the reflectance curve was found to be

rather insensitive to temperature.

If one assumes (as is done in refs. 8-12) that the real part of the
dielectric function is negative throughout the FIR, then a general
interpretation of the spectra in Figs. 1 and 2 is straightforward. The
reflectance feature windowed by f, and f; can be identified as the onset of
photon absorption at the superconducting energy gap 2A. A similar
interpretation is possible for the La, g4Ca, ,sCu0, data shown in Fig. 1b. The
fact that the frequency of these features in the two materials at temperatures
much less than T_,, scales with T,, is consistent with the energy gap
hypothesis. As we shall see below, the temperature dependence of the
reflectance edge is also coﬁsistent with the hypothesis of a BCS-like energy
gap.

Model for the Reflectance Edge

In the remainder of this paper we construct a model to investigate the
temperature dependence of the reflectance predicted by the plasmon hypothesis,
and we compare its predictions to those of the energy gap hypothesis. We note
that the temperature dependence of the plasmon hypothesis has not been
investigated previously. Finally, we investigate the scaling of the

=1 (500 GHz) with temperature for

reflectance of La, ggSry ,5Cu0, near 16 cm
both the energy gap and plasmon hypotheses.
The interpretation of the normal state reflectance of polycrystalline

samples of La, g4Sr, ,sCu0, is complicated by the fact that the crystal



structure of this material is highly anisotropic. The conduction elecrons are
thought to be mostly confined to sheets parallel to the a-b plane, with a
relativgly low conductivity perpendicular to the a-b plane. Two approaches
have been taken to account for the effect of anisotropy on FIR spectra of
polycrystalline samples, and these approaches yield different assignments for
the observed features in the reflectance spectra. Thomas et. al.® nave
argued that since the size of typical crystallites is much smaller than a
wavelength at FIR frequencies, a long wavelength effective medium theory
should apply. In such a theory, the reflectance is calculated from a
dielectric function which is an average over all crystallite orientations.
Under this interpretation, the 240 em™! resonance first reported by Bonn et.
al. must have an extremely large oscillator strength and must have components
both in the a-b plane and perpendicular to the a-b planels. Furthermore, if

1 edge in the superconducting state as a plasma

one interprets the 50 cm™
edge, this feature must also have components both in and out of the a-b plane.
Schlesinger et. al.'® nhave analyzed the spectra of their polycrystalline
samples by using a short wavelength approximation and averaging reflectivities
over different crystallite orientations, rather than averaging the dielectric
function. This approach is combined with the assumption that the normal state
reflectance of La, g4Sr; ,5Cu0, should closely resemble that of La,NiO,, a
material of the same crystal structure on which FIR measurements of a single
crystal have been madel’. In LazNiO4, there. is a moderate oscillator strength

1

resonance near 250 cm” - which has components only perpendicular to the a-b

1 resonance to vibrations

plane. Schlesinger et. al. assign the 240 cm~
perpendicular to the a-b plane, and assign the temperature dependent

reflectance edge near 50 cem™! to a plasma oscillation also perpendicular to



the a-b plane. The first infrared data on single crystals and oriented films
of the related Y-Ba-Cu-0 compound show that the phonon peaks in that case are
confined to the c-axis?l.

The analyses of Thomas et. al. and Schlesinger et. al. both assume a low
frequency plasmon. The differences are that the two analyses give different
assignments to the direction of the plasma oscillation, and different

1 mode are needed to fit the normal state

oscillator strengths for the 240 cm”
spectra. In our modeling, since we are concerned with wavelengths larger than
50 microns (much greater than the size of the <10um crystallites) we adopt a
long wavelength approximation in which the reflectance is given by the
standard formula R-l(euz-l)/(€“2+l)|2where R is the reflectance and g=¢g; +ig,
is an average dielectric function.

In order to convincingly model the reflectance in the normal state, it is
necessary to consider the reflectance over a broad frequency range. We have
chosen the best available data in each frequency range. We use our data in
the 10 to 90 cm™! range, those of Bonn et. al.l3 (which are close to our
reported data from 50 to 90 cm'l) from 90 to 1000 cm'l, and those of Orenstein
et. al.l® from 1000 to 24000 cm~l. The most important conclusions of our
modeling will prove to be insensitive to the details of the data abo&e 1000
em™L.

In the normal state, we model the reflectance for frequencies less than
200 cm'l with a Drude term for the free carriers, a Lorentz oscillator for the
240 cm™! mode deduced by Bonn et. al., and a background dielectric constant
for the oscillator strength at much higher frequencies than the FIR. Thus,

£1(@)= —mpz‘tz + o 2w  + e, 1)
(+ 0" (0, 2-w?ye?r,?
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L= oZ+ oXawr) | )
o1+ 0?t?) (0, >-w?rre?r,?

where €| and g, are the real and imaginary parts of the diélectric function, ®is
the incident photon frequency, mpand Tare the plasma frequency and relaxation
time of the free carriers @, ®,, and T4 are the plasma frequency, resonant
frequency and relaxation time of the Lorentz oscillator, andg_ is the
background dielectric constant.

We determine the parameters of our normal state fit as follows. Orenstein
et. al. fitted their high frequency reflectance data to a model in which 94%
of the oscillator strength of the electrons in the conduction band is
associated with a (non-superconducting ) gap at 3600 em™! which contributes a
constant §g; =20 in the FIR. The remaining 6% is associated with a term of the
Drude form. We have parameterized the FIR resonances at 240 em™! and 500 cm™?t
deduced by Bonn et. al. by Lorentz oscillators and have added them to the
Orenstein et. al. model. We adjusted the oscillator strength of the Drude term
so that the sum of the oscillator strengths of the Drude term and the two
resonances adds up to 6% of the total oscillator strength in the conduction
band proposed by Orenstein et. al. In the 0-100 cm-1 range the resonance at
500 cm™! can be modeled by a constant contribution to g of 3.

The parameters of our model are as follows: mp-3350 cm™t, ©,=1860 cm™t,
ml-239 cm'l, 1/11-33 cm'l, and €_ =23. the relaxation time T of the free
carriers is adjusted to fit our normal state data. We find 1/1=2000 cmt gives
an adequate fit to our data and those of Bonn et. al.!3 in the frequency range
10-100 cm™!. Given the inhomogeneous nature of these samples, a detailed fit

to the reflectance is not warranted. We note that our model predicts a
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positive & at zero frequency in the normal state: the ability of heavily
damped‘free carriers to screen electromagnetic radiation is overwhelmed by the
polarizability of the FIR resonances.

Once we fit the normal state reflectance, we calculate the reflectance at
selected temperatures in the superconducting state with no additional
adjustable parameters. To model the reflectance in the superocnducting state,
we assume an energy gap of magnitude and temperature dependence predicted by
weak coupling BCS. The Drude terms in Egs. 1 and 2 are replaced with terms.

calculated from the temperature dependent Mattis-Bardeen!®

expressions for the
frequency dependent conductivity in the superconducting state. We have
integrated numerically these singular integrals using Gaussian and Chebyshev
integration routines?®. The Mattis-Bardeen expressions are valid in the
limits in which the penetration depth of the. electromagnetic radiation is much
larger than or much less than the coherence length. The former limit applies
in the superconducting oxides.

The temperature dependent reflectivity from our plasmon model is shown in
fig. 3. Many qualitative features of the data are apparent. Below T=T., the
calculated reflectance shows systematic trends similar to the data of Fig. 2.
For low frequencies, the reflectance is near unity. At a frequency f, the
reflectance begins to drop and at f; it begins to flatten out. For T< 34K
there is a minimum. The reflectance then approaches the normal state
reflectance from below. The steepness of the reflectance edge increases with

1

decreasing temperature. At T=6K the reflectance edge at 80 cm - is extremely

sharp. The experimentally observed reflectance edge is broader, which is to

be expected if sample inhomogeneity leads to damping mechanisms not included

1

in the model. The assumed energy gap for T=6K is 88 cm - and is marked by an
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arrow in Fig. 3. There is no obvious feature in the calculated reflectance at
this frequency. This shows that if the plasmon hypothesis is correct, it is
impossible to extract a value for the energy gap by simple inspection of the
reflectance.

The derivatives of the reflectance curves in Figs. 2 and 3 show clear

minima at a frequency f  between f; and £; and thus enable an objective

P
comparison of the temperature dependence of the reflectance edge in the model
and the experiment. We have plotted the temperature dependence of fp for both
experiment and model in Fig. 4. We have also plotted the temperature
dependence of the BCS gap. All quantities are normalized to 1 for
temperatures much less than T,,. We see that the temperature dependence of
the reflectance edge in both the model and the experiment closely fits the
temperature dependence of the BCS gap. Thus the predicted temperature
dependences of the reflectance edge in the plasmon hypothesis and the energy
gap hypothesis are virtually indistinguishable. The only difference between
the temperature dependence predictions of the two hypotheses is that fp in the
plasmon hypothesis lies at slightly higher frequencies than the BCS curve for
temperatures Tco/3<T<Tco. This arises in the model from the frequency
dependence of the contribution to €, of the 240 cm"1 resonance.

In the model the reflectance edge is caused by a zero-crossing of €,. We
hereafter refer to the frequency of the reflectance edge as the plasma
frequency. A second higher plasma frequency is of course to be expected at
near IR or visible wavelengths. The temperature dependence of the reflectance
may be qualitatively understood as follows. At T=0, the maximum number of

carriers are condensed into the dissipationless superconducting state and the

system can screen electromagnetic radiation effectively for frequencies as
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high as the low tempetature plasma frequency 80 cm™l. as the temperature is-

increased toward T,, the fraction of cairiers in the superconducting state
decreases with the temperature dependence of the order parameter, decreasing
the ability of the.free carriers to screen and lowering the plasma frequency
until it reaches zero for T>T,. The broadening of the reflectance edge with
increasing temperature arises from finite dissipation for ®W<2A(T) due to quasi
particles excited across the superconducting gap.

The plasmon hypothesis as implemented in our model can also account for the
scaling of the frequency of the reflectance edge with Too- We have observed a
clear bump in the reflectance of La; g5Cay ;5Cu0, near 250 cm‘l, indicating at
least one stron§ phonon similar to that observed in the Sr dopéd material. If
we assume that the free carrier density and relaxation times in
La, g5Cajy 15Cu0, and La, 448r, ,5Cu0, are comparable, and that the energy gap
scales with the transition temperature, then the oscillator strength condensed
into the superconducting state should also scale with transition temperature
and so should the frequency of the reflectance edge.

Although the plasma frequency in our model depends critically 6n the
parameters of the norﬁal state fit, the scaling of the plasma frequency with
temperature does not. Given the uncertainties inherent in modeling the normal
state reflectance of polycrystalline La, 445r, ;5Cu0,, we do not attempt to
make more than a rough comparison between the plasma frequencies in the model
and in the experiment, and we are pleased that they agree to within 30%.
Agreement could clearly be impioved by adjusting the model parameters or the
magnitude of the energy gap. However, our conclusions about the scaling of
the plasma frequency with temperature and with T. are robust. These

conclusions depend only on the normal state being characterized by a low free
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carrier density and a resonance that has large enough oscillator strength to
yield a positive g&; for low FIR frequencies. Thus our main results should be
valid for both the long wavelength effective medium characterization of the
normal state which we have adopted, and for the short wavelength approximation

adopted by Schlesinge; et. al.

Low Frequency Reflectance

Finally, we investigate the scaling of the reflectance with temperature at
sub-mm waveiengths. We give the reflectance in a manner that is independent
of the details of the fit to the normal state and independent of small (1-2%)
temperature independent losses due to surface scattering or to a normal
surface layer. In Fig. 5, we have plotted (R(T)-RN)/(RS-RN) averaged over a 2
em™! band about 16 cm™} for our experiment (squares) and our model of the
plasmon hypothesis solid line. Ry and Rg are here the reflectance at T=37K
and at T=24K. The agreement between model and experiment is quite good. A

model dielectric function which does not include the 240 cm'l

phonon
(consistent with the energy gap hypothesis) gives results identical to those
of the plasmon hypothesis. This indicates that the simple Mattis-Bardeen
model of the superconducting state, which is equivalent a two fluid model with
current carried by normal and superconducting carriers, is adequate to
describe the temperature dependence of the reflectance at sub-mm wavelengths.
This temperature dependence cannot be used to distinguish between the plasmon -
and the enérgy gap hypotheses.

In order to assess the feasibility of using high T_ superconductors for the

construction of electronic devices that operate at sub-mm wavelengths, it is

useful to compare the losses in these materials for frequencies less than



\J

‘La

15

ZABCS/4=0.9kBTC (where our calculations should be valia) to the losses in a
good metai like Copper. The absorption Ay, of copper in the FIR was
célculated using the dc conductivity and the Hagen-Rubens relation. The
absorption for T>T_, of the La, 445r,; ,5Cu0, sample discussed here is typical
for sintered polycrys;alline samplesla and is roughly 200 times that of
Copper, independent of frequency to within 10% for frequencies less than
ZABCS/4;25 cm™L. Assuming no extrinsic surface losses and a temperature
dependence of the absorption in the superconducting state described by BCS,
1.855%g . 15Cu0, would have to be cooled to T/T_,=0.4 (T=14K) before its
absorption equalled that of room temperature Copper for frequéncies less than
25 ecm™l. A recent measurement?! of the reflectance of an epitaxial film of
¥,Ba,Cu,0, (T ~90K) showed a normal state absorption of roughly GOACu for
frequencies less thaﬁ 200 cm™}. If the temperature dependent electrodynamics
of this material for frequencies much less than the energy gap are also
described by BCS, we estimate that this film would have to be cooled to
T/Teo™0.5 (45K) before its absorption equalled that of room temperature Copper .
for frequencies less than 24Agn~g/4=60 em~l. fThus it appears that for existing
materials, devices made from high T, superconducting oxides will have to be
cdoled to temperatures lower than Tc/2 in order to have lower losses than good
metals. Some improvement in tfeh conducﬁivity of single crystals and epitaxial
films can be expected.
Conclusion

The reflectance of the high T, superconductor La; g5Sr, ,sCu0, for

frequencies less than 100 em 1

is well described by BCS electrodynamics. Our
results are therefore consistent with a mean field pairing theory of

superconductivity. We have also shown that the temperature dependence of the
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FIR reflectivity cannot be used to distinguish betweeh the plasmon hypothesis'
and the energy gap hypothesis. The success of our model strengthens the
plasmon hypothesis. However, a definitive understanding of the FIR dielectric
function for La, g4Sr, ,5Cu0, must await a better understanding of the effect
of crystal anisotfopy on the reflectance of polycrystalline samples. Until
this matter is clarified, it is premature to deduce the magnitude of the
energy gapwfor‘this material from the infrared data.
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Figure captions
Fig. 1: The ratio Rg/R, of the superconducting to normal state reflectance as
a function of frequency for La, ggsSr, ;5Cu0, and La, 4.Ca, ,5Cu0,. A solid line
has been drawn to mark Rs/Rn=l. The scale of Figf 1b is expanded relative to
that of Fig. la by the ratio of the superconducting onset temperatures
Tco(Sr)/Tco(Ca)=36K/17K, showiné that the frequency of the characteristic
features of Rg/Rj, scale§ Qith Teo- .
(a) La; g5Sry ;5Cu0,: Ry and R, are reflectances measured at 5K and 52K. The
sélid and dotted lines represent data from different expérimental runs.
(b) La, g5Ca, ;5Cu0,: Ry and R, are reflectances measured at 9K and 24K,

38

respectively.

Fig. 2: Reflectance of La, 455r, ,5sCu0, at selected temperatures above and
below Teo- The temperature dependent reflectance edge has been interpreted as
an energy gap® and as a plasma edgeb. A solid line marks R=1.

a2 pefs. 8-12 Pref. 13

Fig. 3: Reflectance calculated at selected temperatures from a model which
contains free carriers and a strong phonon; and treats the reflectance edge as
a plasma edge. The model qualitatively reproduces the experimental data of
Fig. 2. The position of the energy gap 2A(T=0) used in this calculation is
marked with én arrow. There is no obvious feature in the calculated

reflectance at this frequency.

Fig. 5: Frequency of the reflectance edge vs. reduced temperature for

experiment (triangles) and for the plasmon model (solid line). The BCS gap is



21

also plotted (dashed line). All quantities are normalized to 1 at T=0.

Fig. 5: Excess submillimeter reflectance [R(T)-R,]/([Rg-R,] in the
superconducting state vs. temperature. Here, Ry and R, were measured at 24K
and 37K respectively. In this frequency range, the predictions of the plasmon
model and those of thé simple Mattis-Bardeen expressions are
indistinguishable. Both models (solid line) agree with the e#perimental

results (circles).
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