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Terahertx transmission of a Bat „K„BiO3film probed by coherent time-domain spectroscopy

F. Gao, ' J. F. %'hitaker, Y. Liu, and C. Uher~
Center for Ultrafast Optical Science, University ofMichigan, Ann Arbor, Michigan 48109

C. E. Platt and M. V. Klein~
Science and Technology Center for Superconductivity, University of Illinois at Urbana Cha-mpaign, Urbana, Illinois 61801

(Received 14 July 1994; revised manuscript received 29 December 1994)

The complex transmission coeScient for millimeter and submillimeter waves incident on a
Bao 6KO 48i03 thin film (82 nm) has been measured over a frequency range of 200—1200 GHz at tempera-
tures above and below T, using coherent time-domain spectroscopy. We observe a dramatic change in
both the magnitude and phase of the terahertz transmission in the superconducting state caused by a
rapid carrier condensation. Both the real (o.&) and imaginary (o 2) parts of the complex conductivity are
determined directly from the amplitude and phase of the transmitted electric field without the need for a
Kramers-Kronig analysis. By 6tting o2 in the framework of BCS theory, a superconducting gap
24(0)=6.9 meV=3. 8k&T, is obtained. Below T„ the o& is rapidly enhanced for co/2m &500 GHz,
which is attributed to the BCS coherence effects. However, the conductivity exhibits monotonic temper-
ature dependence and no clear o &(T) peak is observed throughout the frequency range measured. The
high-frequency penetration depth (-600 nm) is also extracted and discussed. Our results are consistent
with a picture of BCS moderate coupling superconductivity in an intermediate to dirty limit.

I. INTRODUCTION

The Ba, „K„Bi03(BKBO) compound is a copper-free
cubic oxide which is of interest as an intermediate-
temperature superconductor. It is attractive for potential
device applications because it has a lower microwave loss
than copper, ' an isotropic structure, and a moderately
long coherence length (-60 A). These properties pro-
vide BKBO with some advantages in applications com-
pared to high-T, cuprates that have a highly anisotropic
structure and an extremely short coherence 1'ength

( —3A). The superconducting transition temperature of
BKBO ( -30 K in bulk forms) is, although not high com-
pared with cuprates, higher than all conventional low-T,
superconductors (LTS's), despite its low density of states
near the Fermi energy in the normal state. Technologi-
cally, this material has exhibited excellent BCS-like
quasip article tunneling characteristics in BKBO/Au
junctions ' and hysteretic Josephson tunneling behavior
in BKBO/BKBO contacts. Such results are difficult
to observe in copper-oxide-based high-T, superconduc-
tors (HTS's) because of their extremely short coherence
lengths and two-dimensional characteristics. From a
scientific perspective, the BKBO exhibits many BCS-like
and HTS-like characteristics, and for this reason it is fre-
quently stated that this material bridges the gap between
the conventional and high-temperature superconductors.

The high-frequency properties of superconductors are
important for their intrinsic nature as well as for device
applications. Measurements of the temperature and fre-
quency dependence of the complex conductivity
(cr =tr&+toz) provide a powerful probe of electron dy-
namics. The o

&
characterizes the excitation of unpaired

quasiparticles by absorption of photons of energy A'co,

while the o.
2 describes the nondissipative supercurrent

and the condensation of the superconducting electrons.
Other important parameters such as the surface im-
pedance, magnetic penetration depth, superAuid density,
superconducting energy gap, and quasiparticle scattering
time can also be extracted from cr.

BKBO may follow the conventional BCS pairing
mechanism as evidenced by a BCS-like isotope effect, a
BCS-like tunneling gap, ' and an s-wave-like (ex-
ponential temperature dependence) microwave penetra-
tion depth. ' Early infrared reflectance measurements
have also showed features identified as a weak-coupling
superconducting gap of 2b, /k+T, =3.5+0.5." On the
other hand, these bismuthates share many similar proper-
ties with cuprates and have their own unusual charac-
teristics that are not yet well understood. However, in
contrast to high-T, cuprates such as YBa2Cu307
(YBCO), BKBO has received considerably less research
attention, particularly in optical studies. Recently, a
number of groups have investigated this material in hope
of elucidating its doping' ' and temperature' depen-
dencies using optical power reflectance measurements.
Others have aimed to determine the penetration depth of
BKBO through microwave surface-resistance measure-
ments. ' These studies were made either over a frequen-
cy range above the superconducting gap [50—10000
cm ', i.e., 1.5 —300 THz (Refs. 12—14)] or with regard to
a single frequency (6 GHz) much below the gap energy. '

Most recently, Dunmore et al. ' observed a pronounced
BCS-like peak near 50 cm ' (1.5 THz) in the power
transmittance for two BKBO films (T, =18 and 14 K)
and suggested that the materials were in the strong-
coupling dirty limit. One well-known drawback in deter-
mining the low-frequency conductivities using power
reAectance or transmittance spectroscopy involves the use
of a Kramers-Kronig analysis. ' Measurements over a
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suIIiciently large frequency range —which are not feasible
for transmittance due to substrate e6'ects —and an
artificial extrapolation to zero frequency are then re-
quired. In addition, the accuracy at low frequencies
su6'ers significantly, especially when the reAectance is
close to unity, ' ' as is the case in the superconducting
state. As alternatives, one can obtain the frequency-
dependent conductivities of thin films without the need
for the Kramers-Kronig transform by measuring, in any
finite frequency range of interest, both the power
transmittance and reAectance ' ' or both the amplitude
and phase of the transmitted field.

In this paper we present complex ter ahertz field-
transmission (amplitude and phase) data for a BKBO film
above and below T, using a coherent time-domain spec-
troscopy technique. As a bridge between the microwave
and infrared spectra previously studied, our millimeter-
and submillimeter-wave spectra cover a range (0.2—1.2
THz) which until now has not been investigated. This
range is near and below the superconducting gap frequen-
cy, thus providing a picture of the low-energy excitations
and the superconducting dynamics in this material. Our
results, including a superconducting gap inferred from o 2

and the absorption observed in o.
&

below the gap, are con-
sistent with existing infrared and microwave stud-
ies' ""' and support the BCS model for bismuthate
materials, in contrast to the high-T, cuprates.

II. EXPERIMENT

The experimental setup of our terahertz spectrometer
has been described earlier and is similar to the one
demonstrated by van Exter and Grischkowsky. An ul-
trafast, self-mode-locked Ti:sapphire laser ( —100-fs dura-
tion pulses with 90-MHz repetition rate) is used as an op-
tical source for exciting transmitter and receiver photo-
conductive antennas. These elements are Hertzian dipole
antennas consisting of coplanar-strip transmission
lines with 20-pm width and separation fabricated
on ultashort-lifetime, low-temperature-grown GaAs
wafers. The transmitter, biased with a dc voltage and
triggered by pump-laser pulses, emits a short electromag-
netic burst with a broad dipole radiation spectrum. The
radiation is directly incident on the unpatterned sample
under study, and the transmitted signal is focused on the
receiver. The latter element contains a photoconductive
sampling gate with a temporal resolution that limits the
system response to about 2 THz. The induced transient
current from the receiver sampling gate is proportional to
the electric field induced by the radiated transient on the
receiving antenna. The photocurrent from the receiver
corresponding to the radiated wave form in the time
domain is obtained using probe (i.e., gating) laser pulses
that are synchronized and variably delayed with respect
to the pump, or excitation, pulses.

The Ba& K BiO3 film was grown with a nominal
doping of x =0.4 on a 0.54-mm-thick magnesium oxide
(MgO) substrate by in situ pulsed laser deposition. It
was deposited from a Ba0 55K0 45BiO3 target made at Ar-
gonne National Laboratory by a melt quench process.
The substrate was attached to a resistive heater block

with silver paste, and the heater temperature was moni-
tored by a thermocouple mounted inside the block. The
chamber was pumped to 10 Torr while the substrate
was hot, then the film deposition was carried out at a
block temperature of 600'C in pure argon at a pressure of
1 Torr and with a laser power of 260 mJ/pulse. The film
growth rate was 70 nm/min. After deposition, the film
was quickly cooled (35'C/min) to 400'C and oxygenated
in a 10-min soak, then cooled to room temperature. The
film thickness was 82+5 nm measured by step
profilometry, and the transition temperature was -21 K
with AT, =3 K, determined by measuring the magnetic
susceptibility using a super conducting-quantum-
interference-device (SQUID) magnetometer. We note
that MgO is ideal as a thin-film substrate for transmission
studies because it is quite transparent and virtually
dispersionless and lossless across the entire bandwidth
of our terahertz radiation system in the temperature
range presented here. The incident electric field was po-
larized parallel to the sample surface. The transmitter,
the receiver, and the sample under study were housed in-
side a vacuum chamber. The sample was mounted to a
cold finger and was cooled by continuous helium How so
that the temperature could be varied between 5 and 300
K. A blank substrate identical to the one supporting the
thin film was used as a reference. By doing the fast
Fourier transform (FFT) of the temporal response data,
we obtained simultaneously both the field amplitude and
the phase transmitted through the thin-film/substrate
composite in the frequency domain. The experimental
data usually exhibit a high signal-to-noise ratio; thus data
smoothing is unnecessary for analysis.

When the film thickness, d, is much smaller than the
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FIG. 1. Time-domain spectroscopy comparing transmission
of ultrashort radiating pulses through vacuum and a BKBO film
on MgO at selected temperatures just above and at about half of
T, (-21 K). A remarkable change in line shape is seen for
1 & T, . The -3.8-ps time delay with the sample in position is
caused by the underlying 0.54-mm MgO substrate. Note, for
clarity, the curves for the BKBO/MgO have been shifted up-
ward by one vertical unit.
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penetration depth and the wavelength, as is the case here,
the measured complex field-transmission coe%cient, t, is
related to the complex conductivity of the film, o., by

film /substrate

vacuum

2 i(X—1)(co/c )s

N+1+Z0do. N+1

Here E„,uu and Efil &s„»t„„are the induced electric
fields on the receiver after the terahertz beam passes
through vacuum (blank hole) and the thin film on sub-
strate, respectively. Z0=377 0 is the impedance of free
space, and N and s are the complex refractive index and
thickness, respectively, of the underlying substrate. In
this experiment, N =n +i v was determined by measuring
a blank MgO reference. It was found that
n =3.10+0.02, with only very little dispersion, and
x/n «1% throughout the frequency range measured.
Note Eq. (1) neglects the multiple internal reflections in-
side the underlying substrate. For a 0.5-mm-thick MgO,
the round-trip time would be —10 ps, which is much
larger than the primary pulse width ( -2 ps) as illustrated
in Fig. 1. Thus we can easily separate out the internal
rejections before doing the FFT. On the other hand, it
should be pointed out that Eq. (1) takes into account mul-
tiple internal rejections from within the thin film.

III. RESULTS AND DISCUSSION
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FICz. 2. Frequency-dependent transmission of the BKBO-
on-MgO sample in the normal and superconducting states.
(Transmissions above 24 K are only weakly temperature depen-
dent and thus, for clarity, are not shown in the figure. )

Figure 1 demonstrates the time-domain spectra ob-
tained for radiation through vacuum and with a BKBO-
on-MgO sample between the antennas. The MgO sub-
strate causes a time delay relative to vacuum by
b, t=(n —1)sic. Above T„ the transmitted terahertz
pulse is almost undispersed, as shown by the data taken
at 24 K, and the reduction in the transmitted signal is
primarily due to reAection from the film, as well to some
metallic absorption. Upon entering the superconducting
state, besides a further decrease in amplitude, there is a

radical change in pulse shape, implying a dramatic phase
shift —or, equivalently, a rapid decrease in the real part
of the refractive index of the film —in response to the
presence of superconducting carriers.

The changes of the transmitted field can be seen more
clearly in the frequency-domain transmission by perform-
ing a Fourier transform on the time-domain data. The
absolute transmission of the BKBO film at temperatures
above and below T, is shown in Fig. 2. This frequency
regime is of particular interest because it is just below the
BCS superconducting gap for BKBO [2b,(0)=3.5ksT,
= 1.5 THzj, and hence it provides a picture of
low-energy dynamics for the thermally excited quasi-
particles. (The differences between the superconducting
and normal states in response to the electromagnetic ra-
diation for co & 2h would quickly disappear with increas-
ing frequency. )

The sample in the normal state is quite transparent and
the dc conductivity can be estimated from the finite inter-
cept upon extrapolation to zero frequency. As the film is
cooled below T, (-21 K), the low-frequency transmis-
sion abruptly drops and approaches zero as co~0, sug-
gestive of a dominant response of the imaginary part of
the conductivity. The overall transmission level falls
with decreasing temperature as the density of supercon-
ducting carriers (Cooper pairs) increases. It is the
coherent motion of these paired electrons that generates a
surface supercurrent and strongly screens the external
electromagnetic field.

In an ordinary superconducting film, the transmission
increases up to a frequency corresponding to the gap en-
ergy, 2A, followed by a drop at higher frequencies due to
the onset of photon absorption by pair breaking. Cslover
and Tinkham confirmed such a peak in transmission for
lead and tin films. Recently, a similar peak in transmis-
sion' and a gaplike onset in absorptivity have been re-
ported for BKBO films. This behavior is quite di6'erent
from high-T, cuprates, in which identification of the gap
is still controversial and has not been unambiguously
confirmed in infrared spectroscopy. ' For example, pre-
vious YBCO transmission measurements ' ' did not
show any gap feature for co & 350 cm ' = 10.5
THz=5. 6k~ T„nor did measurements in Bi2Sr2CaCu208
up to ~ + 650 cm ' = 11k~ T, . Although Romero
et al. did observe a transmission peak in
Bi2srzCaCuzOs at 12k' T, (700 cm '), a value far above
the predicted BCS gap energy, the feature was interpret-
ed as a consequence either of a midinfrared absorption
together with a collapse in the Drude component or of
4A excitations. On the other hand, there are papers, par-
ticularly from the early infrared reflectance studies,
which suggest that an infrared, gaplike feature is ob-
served in cuprates. This feature is manifested by an ab-
sorption edge in the refIectance, although its temperature
dependence is certainly non-8CS-like in contrast to
BKBO. Whether this feature can be tied with an energy
gap or a midinfrared absorption is an issue which has
generated much controversy. One major di6'erence is
that cuprates are in the clean limit (the coherence length
is much shorter than the mean-free path, g'((/, which
could make the gap structure difficult to observe),
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FIG. 3. Frequency-dependent phase shift of the transmitted
field through a BKBO film relative to the phase at 30 K. Below
T„one observes a dramatic phase change as a result of the rap-
id condensation of the Cooper pairs.

whereas bismuthates are dirty-limit superconductors.
We were, however, unable to identify unambiguously a
peak in the transmission data for our BKBO film because
the expected BCS gap frequency ( —1.5 THz) was above
the limit where a poor signal-to-noise ratio existed in our
spectra. Although we did see a weak plateau near 1.5
THz (not shown), the large error bars in our data around
that frequency prevented us from determining con-
clusively whether a gap was present or not based directly
on the transmission spectra. Alternatively, we will dis-
cuss an indirect measurement of the gap after presenting
the o.

2 data below.
The phase of the transmitted broadband signal through

BKBO at di8'erent temperatures with respect to the phase
in the normal state at 30 K is shown versus frequency in
Fig. 3. Above T„ like the amplitude of the transmitted
signal, the phase has only weak dependence on frequency
and temperature. However, in the superconducting state,
it exhibits a rapid, negative phase shift and extrapolates
to a limit of —90' at zero frequency for temperatures
below 17 K. A near —90' phase shift implies that the in-
ductive current is dominant over the conduction current,
namely, o.

2 ))o.„as illustrated next.
Figure 4 plots the imaginary part of the conductivity,

o 2, obtained from the complex transmission by inverting
Eq. (1). This quantity characterizes the supercurrent or
the nondissipative response of the superconducting elec-
trons. The oz in Fig. 4 shows a BCS-like I/co depen-
dence in the superconducting state as predicted by the lo-
cal theory of electromagnetic response for co~((1,

C2
O = CX:

4m'A, co

where A, is the magnetic penetration depth and f, is the
fraction of superconducting carriers.

The o.
2 drops quickly with rising T as the Cooper pairs

are rapidly disassociated and are thermally excited across
the superconducting gap. Above T„ in contrast, the I /co
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FIG. 4. Imaginary conductivity at temperatures below and
above T, . A typical 1/co fit is represented by open circles for a
selected temperature (17 K). Inset: Magnetic penetration depth,
with solid dots being data and the solid line being a power-law
fit as described in the text.

behavior disappears and o.
2 falls to a small level, exhibit-

ing a Drude-like behavior for normal electron response.
The temperature dependence of the magnetic penetra-

tion depth in the superconducting state obtained from o.
2

using Eq. (2) is shown in the inset of Fig. 4 (solid dots). It
does not follow the Gorter-Casimir expression
A, =k(0)/Ql —(T/T', ) —where A(0) is the penetration
depth at T=O—nor an exponential T dependence. In-
stead, it follows quite well the A, =A(0)/+1 —(T/T, )

empirical formula, shown in the inset as a solid line. This
functional formula resembles the behavior observed in
many YBCO films. Uncertainties in the absolute values
of our experimental A, result in part from the uncertainty
in film thickness. Because the transmission is governed
by the complex surface admittance Y= do. , an error in d
gives equal errors in o.

&
and o.2, and consequently an er-

ror of a constant scaling factor in A, . Nevertheless, this
constant factor does not alter the temperature depen-
dence of our A, data. Note that as T approaches T„
larger error bars may exist in the extracted A, because of
the growing inhuence by the thermally excited normal
carriers.

The penetration depth of BKBO is larger than that of
YBCO for two reasons. First, BKBO has lower carrier
concentration, which means a lower conductivity and
thus a longer penetration depth compared with YBCO.
The other important factor that may increase the A, in
BKBO is a large absorption across the gap. In an inter-
mediate or dirty-limit superconductor like BKBO, the
quasiparticle relaxation rate 1/v is comparable to or
larger than the gap 2A. As a result, a large portion of the
spectral weight is removed from the 5 function in o.

&
and

put into the gap transition. This spectral-weight transfer
reduces o.

2 or equivalently the number of superconduct-
ing electrons, thus significantly increasing the penetration
depth.

The k value obtained here agrees well with that
Ik(0)=550 nm] reported by Dunmore et al. '5 for com-
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co 2k' T (3)

where o.„ is the normal-state real conductivity just above
T, . This expression is valid in a dirty limit, l (g, which
is the case for bismuthates. In order to compare our
determination with previous measurements of the energy
gap, "' ' ' we fit the frequency-dependent o.

2 using
Eq. (3) to extract b,(T), shown in Fig. 5. We find that it
does follow reasonably well the BCS-like temperature
dependence with 25(0)=6.9+0.4 meV=3. 8+0.2 kiTi.
This result is comparable to that obtained by recent tun-
neling ' and infrared' ' ' measurements, and supports
the assignment of the BKBO materials as moderately

1 0 I I I I
f

I I I I I I 1
I

1 I
I

I ~ I

0
CD

E 5

~ 2h, (meV) data

BCS Theory

I I I I I I I I I I I I I I I I I I 4 !0
0 5 10 15 20

Temperature( K)

25

FICs. 5. Temperature dependence of the superconducting gap
for BKBQ extracted from o.2. Experimental data (solid dots)
are compared with the BCS calculation (solid line).

parable film thicknesses (120—140 nm) using far-infrared
techniques in a similar frequency regime, but is greater
than the value [A,(0)=330 nm] of Pambianchi et al. ' for
a much thicker film (360 nm) at 6 GHz using the
parallel-plate-resonator (PPR) microwave technique.
Note that in both experiments cited above, the absolute
values of X were not measured directly but were instead
obtained by model fits to presumed temperature depen-
dencies in A, , whereas the A, reported in this work was de-
rived directly from the experimental data without any as-
sumption about its temperature dependence. Dunmore
et al. ' attributed the discrepancy in A, between their
values and that of Ref. 10 to a greater electronic scatter-
ing in thinner films. It is perhaps also due to a frequency
dependence in A, . One should be aware that the mi-
crowave field in the PPR experiment could see the sub-
strate dielectric so that resonant frequency and the ex-
tracted values of A, would be affected by the substrate if
the film thickness is not larger than the penetration
depth, as is the case in Ref. 10.

Using our measured values for o 2, we may also derive
information about the temperature dependence of the su-
perconducting gap in BKBO. Tinkham has argued
that, in the low-frequency limit (co ((2h), o 2 is related to
the BCS gap by
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FIG. 6. Real part of the conductivity for the BKBO film at
temperatures below and above T, . The upturn in the low-
frequency o.

&
is attributed to coherence effects.

coupled BCS-like superconductors. Errors in b.(T) be-
come increasingly larger at higher temperatures as Eq. (3)
is no longer valid for T near T, in the frequency regime
presented here because the condition 2h &)co is no longer
satisfied. Note that the uncertainty in film thickness does
not aff'ect our estimate of the gap values because b, ( T) de-
pends only on the normalized o 2 as expressed in Eq. (3).

The real (absorptive) part of the terahertz conductivity
is illustrated in Fig. 6. We find that the normal-state o.

i

gradually rises as T is lowered from room temperature
(now shown), then has almost no change between 50 K
and just above T„ implying little temperature depen-
dence in the free-carrier scattering rate. Due to the limit-
ed frequency-range data available, fitting the normal-state
cr t(co) with a Drude model to find the conductivity width
(1/r) may result in a large error. As an alternative, by
extrapolating cr t(co) to zero frequency, one can estimate r
from rr, (r0~0) =co r/4nTaking th. .e plasma frequency
co =5300 cm ' from Ref. 14 at T=60 K, we obtain
1/~=344 cm '=43 meV, which is much greater than
2h; thus the dirty limit is justified.

Upon entering into the superconducting state, two
noteworthy features can be seen. First, the high-
frequency o.

&
falls rapidly to a regime well below the

normal-state value. This resulting "missing-area" effect
is expected as the free carriers responsible for the
normal-state transport rapidly condense into pairs. The
spectral weight under the rr, (ro) curve is removed from
the finite frequencies and shifted to the 5 function 5(co) to
form a superconducting condensate. Second, o.

&
rises

quickly as frequency is decreased below 500 6Hz and ex-
hibits a divergent co dependence toward zero frequency.
The conductivity tends to pass the normal-state value at
our low-frequency limit. However, it does not show a
maximum at any temperature below T, throughout the
frequency range measured. This is in contrast to the
well-known results of high-T, cuprates, in which a well-
defined peak in o i(T) has been reported at mi-
crowave, ' terahertz, and far-infrared frequencies.
Such a peak in HTS's has been attributed to a rapid col-
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FIG. 7. Temperature-dependent experimental conductivity
for BKBO 61m (solid dots and open triangles) normalized to the
normal-state dc conductivity at two selected frequencies in corn-
parison to calculations (curves) based on the intermediate-limit
BCS theory using parameters of 2b, =7 meV = 1.7 THz,
Iles =0.25, and T, =21 K.

lapse in the quasiparticle scattering rate.
The lack of a maximum in 0.

&
also appears to be con-

trary to the prediction of a peak in o,(T) due to the BCS
case-II coherence factors. It must, however, be pointed
out that such a BCS coherence peak should only occur at
frequencies much below the gap energy of the material.
In dirty-limit BCS superconductors, for co) T, /2 (or
co/2b, ) 15% ), where the photon energy is larger than the
width of the singular density of states near the gap edge,
the o i(T) no longer shows a peak. ' For our film, the
gap 25(0)=7 meV=1. 7 THz, and thus the coherence
peak would occur only below 250 GHz, a regime essen-
tially beyond our detection limit. To investigate the
behavior of o. , in more detail, we plot it as a function of
temperature at two selected frequencies, shown in Fig. 7.
The experimental data exhibit a monotonic dependence
on temperature below T, . As demonstrated in Fig. 7, our
results are in fact in remarkable agreement with the
theoretical curves calculated in the framework of BCS
theory using the Chang-Scalapino formula, a generali-
zation of the Leplae equation in the intermediate limit.
At T && T„ the theory predicts an exponential decay in
o. , with falling temperature because of the vanishing den-
sity of states. A peak would develop only at microwave
frequencies as illustrated in Fig. 7 for 100 and 10 GHz in
the BCS calculation. Indeed, such a tendency of a peak is
manifested in our experimental data (Fig. 6) by a rapid

low-frequency upturn in o. &. Therefore, we attribute this
upturn to the BCS coherence effects.

IV. CONCLUSIONS

In conclusion, we have explored the superconducting
properties of a Ba& K BiO3 film by measuring its
millimeter- and submillimeter-wave complex transmis-
sion over a frequency range which until now has not been
investigated. As the sample enters into superconducting
transition, a strong pulse reshaping in the time-domain
spectra and a dramatic decrease in both the magnitude
and phase of the transmitted electric field in the
frequency-domain spectra are observed. A strong 1/co
dependence is seen in the imaginary conductivity from
which a BCS-like gap 2b, (0)=6.9 meV is inferred. Our
data compare well with the temperature dependence of
an isotropic s-wave-like BCS gap. The penetration depth
extracted directly from the complex transmission gives
k(0)=6000 A. The conductivity and the penetration
depth values suggest that the film is in an intermediate or
dirty limit, as distinguished from the extremely clean-
limit high-T, cuprates. Also, unlike cuprates, in which
the quasiparticle scattering rate, I/r, is linearly tempera-
ture dependent with a zero intercept in the normal state
and collapses rapidly below T, to give a peak in o i( T) at
low frequencies, the bismuthates have an essentially
temperature-independent scattering rate. No o,(T) peak
is observed in the frequency range measured and our data
exhibit a trend suggesting a peak due to BCS coherence
e6'ects may occur for frequencies below 250 GHz. Given
the characteristics stated above together with the existing
studies in the infrared and microwave regimes, ' ""' '

a consistent picture emerges which suggests that BKBO
materials are moderately coupled BCS-like intermediate-
or dirty-limit superconductors. Finally, our experimental
technique can also be extended to study the superAuid
response of high-T, materials to optical radiation by il-
luminating such films with a synchronized laser beam.
Studies on BKBO and YBCO will be presented in future
publications and may shed further light on the issue of
bolometric or nonbolometric response of high-T, super-
conductors.
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