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The far-infrared transmission spectra for high-conductivity Bi,SroCaCu,Os films with the radia-
tion polarized in the ab plane have been measured for temperatures above and below 7.. The
normal-state properties show a Drude-like response. The transmission spectrum can be used to
derive both the dc conductivity (90 uQcm at T.) and the relaxation rate (165 cm ~! at T.). If
an energy gap at 3.5kT. or higher is assumed then the film is in the clean limit. In the supercon-
ducting state the transmission drops at low frequency but remains finite.

Far-infrared transmission experiments on thin films are
a well-established and informative method of probing su-
perconducting materials.! ”3 Up to now, the optical work
on the high-7,. compounds has been dominated by re-
flectance measurements, while transmission experiments
have remained an essentially unexplored field due to the
stringent restrictions imposed on the samples. The films
have to be thin, of the order of a few hundred A in thick-
ness, and deposited upon substrates that are transparent
to infrared radiation but at the same time suitable for ep-
itaxial growth. Such films deposited on MgO have recent-
ly become available.* The work presented here shows the
temperature-dependent transmission spectra for sputtered
films of the Bi,Sr,CaCu,;Og compound.

200-A thick Bi,Sr,CaCu,0s films were deposited on 0.5
mm thick MgO by rf magnetron sputtering.* The films
were oriented with their c-axes perpendicular to the un-
derlying substrate. They exhibited an onset temperature
of 85 K with a transition width of 5 K. The samples were
mounted on a brass shim over a hole, 2-4 mm in diameter.
The radiation was allowed to pass through the supercon-
ducting film and then through the substrate. The MgO
substrate introduces complications as well as limitations
to the experiment. First of all, interference effects be-
tween light reflected off the front and back surfaces of the
MgO layer are clearly visible. The removal of these
effects limits the spectral resolution. The reststrahlen
band of MgO is at 350 cm ' and restricts measurements
to frequencies below 300 cm ~'. In addition, the substrate
properties are slightly temperature dependent. Most of
these effects can be removed by referencing the sample
spectrum to an identical MgO substrate. It should be em-
phasized that the spectra obtained in this manner are
qualitatively similar, but not equivalent to that of a free-
standing Bi>Sr,CaCu,0s film due to the Bi,Sr;Ca-
Cu,03/MgO interface. To obtain quantitative informa-
tion from these data the optical properties of the substrate
must also be measured. To this end, a temperature-
dependent transmission experiment was performed on the
substrate material by referencing it to a circular aperture.
The real and imaginary parts of the index of refracton of
MgO derived from these data showed good agreement
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with those of Jasperse et al. >

Figure 1 shows the transmission spectra of two Biy-
Sr,CaCu,0s films (samples 4 and B) with the radiation
polarized in the ab plane for temperatures above and
below the superconducting transition. The spectra have
been referenced to a MgO substrate. The transmission in-
creases monotonically with frequency. The onset of su-
perconductivity is characterized by a sharp drop below T
in transmittance at low frequencies and a less dramatic
rise in the transmittance at higher frequencies. The cross-
over where the normal and superconducting states have
equal transmission occurs near 180 cm ~'. Both samples
show very little temperature dependence below 60 K.
Samples 4 and B show behavior which is qualitatively
similar, but sample B is far more transmissive. We mea-
sured several additional samples all of which showed qual-
itatively similar behavior.

None of the samples have the behavior expected for a
conventional superconductor: zero transmission when ex-
trapolated to zero frequency. It is felt that this discrepan-
cy arises from the presence of nonsuperconducting materi-
al within the sample. It is not clear what the form of the
nonsuperconducting portion is but one possibility, con-
sistent with the nonzero transmission observed in both
samples, is finite areas, larger than the wavelength, of in-
sulating or poorly conducting metallic material that would
provide a parallel path for the radiation. The fact that
sample B is more transmissive is an indication that it is of
lower quality. This nonideal behavior is also observed in
microwave-loss experiments on high-7, materials at low
temperature where the loss exceeds what is expected from
BCS theory by several orders of magnitude. We found
that this residual transmission in the superconducting
state was highly sample dependent and could often be re-
duced by an oxygen anneal.

In order to extract quantitative information from the
spectra, substrate effects must be dealt with in a more
rigorous manner. The problem can be described in terms
of a frequency-dependent index of refraction (N =n —ik)
describing both the film and its underlying substrate, here
subscript O refers to vacuum, 1 to the substrate, and 2 to
the film. In this case, the transmission through the two
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FIG. 1. Far-infrared transmittance of two samples of 200-A
Bi,Sr2CaCu,O:s films for temperatures above and below 7.. Top
panel shows sample A’s experimental transmission and a fit with
a Drude model (short-dashed curve). The error bars shown
demonstrate the effect of varying the dc conductivity by % 10%
(low-frequency error bar), and the relaxation rate by =+ 10%
(high-frequency error bar). The long-dashed curve is a calcu-
lated transmission curve for a BCS superconductor in the clean
limit. Sample B, lower panel, is far more transmissive than sam-
ple A over all frequencies.

layers is given by®

T=22)2, ()
ns3
where _
[ = tatntoexpl—i(B+B2)]
(+rrae P+ +re e 7207
rij= xll_,_]]z; s = N,-zf}vj , and B "%{Ldek .

Here A describes the wavelength of the incident radiation
in vacuum and dj is the thickness of layer k. The values
for the optical constants 1, and k, were determined in an
independent experiment on an identical MgO substrate.
Thus, the only unknown variables in Eq. (1) are the opti-
cal constants for the Bi,Sr,CaCu,Os film. Fits to the data
can be performed using a model for N,, the optical
response of the film, and comparing the transmission cal-
culated from Eq. (1) with the experiments.

Reflectance measurements on single-crystal Bi,Sr,Ca-
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Cu;05 (Ref. 7) have shown that its infrared conductivity
can be described with a two-component model: a low-
frequency temperature-dependent Drude portion and a
temperature-independent mid-infrared band that can be
described by broad harmonic oscillators. A similar model
has been used for single-crystal YBa,CuzO;—5%° The
spectral region investigated in this research corresponds to
the regime where the oscillators play a minor role and a
simple Drude model, where 470 =w?2/[C(1+0?/?)],
gives a satisfactory description.

A fit to the 90-K data for sample 4 (shown as a short-
dashed curve in Fig. 1) gives a plasma frequency (w,) of
10500 cm ' and a relaxation rate (I') of 165 cm ~'.
From these parameters, using the Drude formula
4nco=w}/T, the dc resistivity is found to be 90 uQcm.
These results are in good agreement with the dc resistivity
measurements of Bi,Sr,CaCu,0Os films* and crystals'® as
well as optical measurements on Bi,Sr,CaCu,03 crys-
tals.” Reflectance measurements on single crystals gave
®,=11600cm ~'and =69 cm ™.

Since the thin-film transmission experiments provide a
straightforward method for finding the plasma frequency
and the relaxation rate it is of interest to study the tem-
perature dependence of these quantities in the normal
state. We found, in general, the plasma frequency to be
temperature independent for these films. The relaxation
rate was also relatively temperature independent except in
one sample where a linear dependence was observed simi-
lar to what has been seen in ceramic samples.® The dc
conductivity, measured with a four-probe technique, in
general showed a linear temperature dependence. Thus,
in contrast to some Hall-effect measurements where a
temperature-dependent carrier density can be inferred
from the temperature-dependent Hall constant, all the
evidence from the far-infrared response in the normal
state points to a temperature-independent carrier plasma
frequency and carrier concentration.

Theoretical fits to the superconducting state are more
difficult. First of all, a definitive theory describing the ox-
ide superconductors has not emerged. Second, a simple
analysis in terms of the BCS formalism is not valid for
these films due to the regions of normal material responsi-
ble for the lack of true BCS response which is character-
ized by a zero transmission at zero frequency. The long-
dashed curve in the top panel of Fig. 1 shows the expected
transmission for a BCS superconductor with a normal-
state relaxation rate of 10 cm ~!. The fit to the experi-
mental 60-K curve is poor and the task of extracting a gap
from the measurements is very dubious.

In conventional superconductors, where a division of the
superconducting-transmission spectrum (7s) by the
normal-state spectrum (7) gives rise to a peak at the
energy-gap frequency, transmission experiments provide a
straightforward method of determining the energy gap.
While the ratio T's/Tw for the Bi,Sr,CaCu,0g compound
as derived from Fig. 1 does rise from a low value to a
value in excess of one, as in conventional superconductors,
the exact behavior of this ratio beyond 300 cm ™' is un-
known since the substrate becomes opaque, but it is ex-
pected that it will approach one in the high-frequency lim-
it. Thus, a peak must appear in the ratio Ts/Tn and
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could be interpreted as an energy gap in excess of 300
cm ~ ! or 2A/kT. > 5. However, we feel that this method
of determining the energy gap has severe shortcomings
due to the fundamental differences between the high-T,
materials and their low-7, counterparts.

These differences lead to several complications. First,
the normal-state properties are not known at low tempera-
tures since a magnetic field cannot be used to destroy the
superconductivity in the high-7, compounds due to the
high-critical fields. As a result the ratio Ts/Ty, where Ts
and T are measured at different temperatures, can show
structure which is solely due to the variation of normal-
state properties with temperature. Thus, any gap derived
from the ratio T's/Tn should be met with some skepticism.
A second complication arises from the fact that the relax-
ation rate of 165 cm ~! derived from the Drude fit to the
normal state may place the material in the clean limit
(I' < 2A) as is the case if the gap size is 3.5k T, or larger.
In this limit the gap feature in the conductivity tends to
become unobservable by ordinary optical techniques.

Figure 2 shows the results of model calculations which
demonstrate the difficulty of identifying a gap in the clean
limit. The optical conductivity used to calculate Tn was
assumed to be Drude-like with a plasma frequency of
10500 cm ~! and a relaxation rate of 165 cm ~'. In addi-
tion, the oscillators needed to describe the high-frequency
response were included in this calculation. The parame-
ters used to describe these oscillators were taken from the
work of Reedyk et al. 7 Ts was calculated using the Leplae
formula!! describing the BCS response with an energy
gap of 2A=3.5kT. =210 cm ~!. Below T, it is expected
that the normal-staté relaxation rate will decline in con-
cert with the linear drop in the resistivity. In order to
simulate this effect the superconducting-state properties
were derived for a series of relaxation rates below the
normal-state value. The calculated curves show the same
qualitative features as the spectra of samples 4 and B in
that the superconducting transmittance rises more rapidly
than the normal state and there is a crossover in the
100-200-cm ! region. It is clear, however, that while in
the dirty limit I'>>2A, a distinct feature in the transmis-
sion ratio can be seen at the gap frequency; this feature
weakens as the clean limit of ' <2A is approached. A
false peak appears above the gap frequency. Its position
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FIG. 2. The ratio of superconducting to normal transmit-
tance for a superconductor in the clean limit (I < 2A). The en-
ergy gap was chosen to be 210 cm ~!. Note that the energy-gap
feature disappears in the very clean limit.

depends on the relative strength of the mid-infrared band
and the Drude absorption.

Another potential problem comes from the comparison
of spectra at two different temperatures. It is easy to see
that even the ratio of two normal metal transmittance
curves with different relaxation rates will mimic a T's/7Tn
ratio. The fact that the superconducting transmittance
rises above the normal-state values in the clean limit (the
ratio rises above unity) is not an energy-gap feature, but
instead arises from the fact that two normal-state relaxa-
tion rates are involved in the problem. If the temper-
ature-dependent relaxation rate is not taken into account
this feature could be falsely labeled as an energy gap.

In conclusion, far-infrared transmission spectra for
Bi,Sr,CaCu,0g films show a Drude response in the nor-
mal state for frequencies below 300 cm ~'. The transmit-
tance drops in the superconducting state at low frequen-
cies and gradually rises above the normal-state value as
frequency is increased. There is a residual absorption in
the superconducting state which seems to be a sample-
dependent factor, possibly due to a chemical instability in
the very thin films used for these measurements.
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