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Far-infrared transmission studies on a superconducting BaPb12xBixO3 thin film:
Effects of a carrier scattering rate
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We measured transmission spectra of a BaPb12xBixO3 (x;0.25) thin film in the frequency region between
5 and 130 cm21. At low temperature, there is a BCS-like peak in the transmission spectrum near 21 cm21,
corresponding to 2D(0)/kBTc53.260.3, and a suppression at lower frequencies. The transmission measure-
ment in superconducting state covering the frequency region up to 13D was found to be useful in probing the
scattering rate of carriers. The value of scattering rate, 1/t, was estimated to be about 280 cm21. This suggests
that BaPb12xBixO3 belongs to the moderately dirty regime (1/t;1432D) rather than the extremely dirty
regime of the Mattis-Bardeen theory.@S0163-1829~99!00613-X#
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I. INTRODUCTION

Cubic perovskite bismuthates, including BaPb12xBixO3

~BPBO! and Ba12xKxBiO3 ~BKBO!, have attracted much
attention due to their interesting physical properties.1–7 In
spite of their three-dimensional structures, these bismuth
have much in common with two-dimensional hig
temperature superconductors. They include a high ratio
superconducting transition temperatureTc to density of
states at the Fermi level,1,8 existence of collective states i
their insulating parent materials,1 and significant spectra
weights in the midinfrared~IR! region.1–3 Moreover, due to
their structural simplicity and absence ofd electrons, it has
been believed that understanding on the bismuthates
provide some insights into the superconducting mechan
of the cuprates.

Tunneling, far-IR reflectivity, and far-IR transmissio
measurements have been used to investigate supercondu
energy gapD of the bismuthates.2–5,9–11These methods hav
their own merits and demerits. Tunneling spectroscopy
provide a detailed information on the superconducting c
densate, but it usually requires a sample with a high qua
junction. Far-IR spectroscopy tools are less sensitive to
surface~or interface! qualities, since they probe an avera
response in a skin depth region, which is about one mic
Reflectivity measurements can be performed with a b
sample, but its reflectivity change aroundTc is very small
~typically less than a few percent!. Although transmission
measurements require a high quality thin film, its transm
sion change aroundTc is very large~typically more than a
hundred percent!. Moreover, a transmission spectrum in
superconducting state usually shows a peak near 2D, so
temperature-dependent optical energy gap, 2D(T), can be
easily determined.

There have been several far-IR spectroscopic meas
ments on BKBO,2–4,10and its 2D value is rather well estab
lished @i.e., 2D(0)54.260.3kBTc]. Compared with BKBO,
optical investigations on superconducting states of BPBO
PRB 590163-1829/99/59~13!/8869~6!/$15.00
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quite rare. This is probably due to the fact that its 2D(0)
value is about 20 cm21, which cannot be easily covered b
conventional spectrophotometers. As far as we know,
only far-IR spectroscopic work on the superconducting sta
of BPBO was done by Schlesingeret al.5 They measured the
reflectivity of polycrystalline BPBO samples, and found th
2D>3.2kBTc , roughly in agreement with the weak-couplin
BCS theory.

We reported optical properties of epitaxial BPBO film
which were grown on MgO substrates by pulsed la
deposition.6,7 Through reflectivity and transmission measur
ments in the frequency region of 0.4;2.7 eV, we found that
they have indirect optical gaps.7

From doping dependence of the indirect gap, we fou
that the metal-semiconductor transition in BPBO should
of a band-crossing type. Recently, we were able to buil
lamellar grating far-IR spectrophotometer, which can co
the frequency region of 5;50 cm21. This new equipment
made it possible for us to look into the superconduct
states of BPBO. Especially, using a high quality BPBO th
film, we were able to perform transmission measurements
BPBO.

In this paper, we report far-IR transmission spectra of
BPBO thin film. At a low temperature, a peak was fou
around 21 cm21, which corresponds to 2D(0)/kBTc>3.2.
As temperature increased towardTc , the peak position
moved to a lower frequency with a reduced peak height
was found that the Mattis-Bardeen~MB! theory,12 which as-
sumed that scattering rate 1/t is much larger than 2D ~i.e.,
the so-called ‘‘extreme dirty limit’’!, could not explain our
transmission spectra. To get a better agreement, we sh
introduce a finite scattering rate. It was found that the sc
tering rate of carriers in BPBO should be about 280 cm21.

II. EXPERIMENTAL

High quality BaPb0.75Bi0.25O3 films were grown on MgO
substrates by pulsed laser deposition.6 X-ray-diffraction mea-
8869 ©1999 The American Physical Society
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8870 PRB 59JUNG, KONG, PARK, NOH, AND CHOI
surements showed that the films were grown epitaxially w
their c axes normal to the substrates. To obtain informat
on film thicknesses, cross-sectional scanning electron mi
scope pictures were taken and Rutherford-backscatte
spectroscopy~RBS! measurements were performed. T
thickness of the BaPb0.75Bi0.25O3 film used in this far-IR
study was 570630 nm. The RBS measurements also show
that the stoichiometry of the film was very close to that
target material.

Figure 1 shows the temperature-dependent resisti
r(T) of the BaPb0.75Bi0.25O3 film. The film shows a super
conducting transition around 9 K. ThisTc value is somewha
lower than the reported value of 12 K for bulk samples.1 The
lower Tc value of the film seemed to originate from thic
ness effects. Another BPBO film which was about 1.5mm
thick had aTc value of about 11 K. However, this thicke
film resulted in a very weak transmission in far-IR region,
it could not be used in our study. AboveTc , r(T) seems to
decrease slowly with increasingT. This semiconductorlike
behavior was observed in bulk BPBO and BKBO sampl
indicating that the superconducting transitions are loca
near the metal-semiconductor transition boundary in the
ovskite bismuthates.1,13

Far-IR spectroscopy is known to be quite difficult, sin
there are no good detectors and light sources in this
quency region. A conventional Michelson-type far-IR spe
trophotometer uses a mylar beam splitter, which limits
interferometric modulation efficiency below 0.5. In the
limit ~i.e., v→0), this efficiency actually approaches zero14

Therefore, the Michelson-type spectrophotometer canno
used to measure spectra in a very low frequency region, t
cally below 20 cm21. In order to overcome such difficulties
we recently built a lamellar grating spectrophotomet
whose modulation efficiency was nearly one in themmwave
region.14 And, we put a Hg arc lamp at one of the foc
points in an elliptical mirror, so we could increase the lig
intensity significantly. With a composite bolometer operati
at 1.4 K, we were able to measure far-infrared spectra r
ably in the frequency region of 5;50 cm21. Details of our
new spectrophotometer will be reported elsewhere.15

The far-IR transmission spectraT(v) of our BPBO film
were measured using two kinds of Fourier-transform sp
trophotometers. In the frequency region of 5;35 cm21, the
lamellar grating spectrophotometer, described earlier,
used. In the frequency region of 20;130 cm21, a
Michelson-type spectrophotometer was used with a Si

FIG. 1. Resistivity vs. temperature of BPBO thin film.
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lometer working at 4.2 K. For most far-IR transmission me
surements on a thin film sample, Fabry-Perot interfere
fringes coming from coherent multiple reflections inside t
substrate can cause serious problems.16 To avoid such diffi-
culties, we used a thick substrate~a thickness of about 2 mm!
and performed low resolution measurements. The resolu
of our measurements was 1.5 cm21. With such a low reso-
lution, our experimental spectra did not show any interf
ence fringes. So, our spectra should be understood in te
of incoherent addition of the multiple reflections inside t
substrate.

Figure 2 showsT(v) of our BPBO film measured at sev
eral temperatures between 1.5 K andTc . These spectra show
characteristics of superconducting thin films, including
peak structure near 21 cm21 and a superfluid screening a
the low frequency.@For a typical superconducting film,T(v)
approaches zero due to the superfluid screening asv ap-
proaches zero.17# Note that, in the frequency region of 2
;35 cm21, the overlaps ofT(v) measured by two spectro
photometers are quite good.

III. DATA ANALYSIS AND DISCUSSION

A. A comparison with the Mattis-Bardeen theory

Figure 3 showsT(v) of our BPBO thin film at 4.2 K,
where the temperature stability of our measurements wa
maximum. The experimentalT(v), shown as the solid
circles, displayed a peak near 21 cm21. This peak should be
closely related to 2D. The low-frequency behavior is domi
nated by the superfluid screening, which leads to a reduc
of transmission below the gap. The prominence of the g

FIG. 2. Transmission spectrum of BPBO thin film at seve
temperatures belowTc . Peak position moves to a lower frequenc
as temperature increases. In the inset the symbols represent the
position of the transmission and the line represents BCS gap f
tion with 2D(0)/kBTc53.3. Inset shows that temperature depe
dence of the peak position is qualitatively consistent with that
BCS gap function.
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related features implies that its superconducting electro
namics should be in the dirty limit (D,1/t). Note that, in
the clean limit (D.1/t), the gap-related features should
weak, since there are little oscillator strength changes n
2D.17 Since BPBO seemed to belong to the dirty limit, w
decided to compareT(v) with predictions of the MB
theory,12 which explains electrodynamic responses of a BC
type superconductor in the extremely dirty limit (D!1/t).

In the thin-film approximation (l@lp@d, wherel is the
radiation wavelength,lp is the penetration depth, andd is
the film thickness!, an approximate form ofT is well
known.16 Taking into account of incoherent addition of th
multiple reflections inside the substrate,T can be approxi-
mated as4,18

T5
4n

u11N1yu2F Ts exp~2ax!

12RsRf exp~22ax!G , ~1!

whereN(5n1 ik), a(54pvk) and x are the complex re-
fractive index, the absorption coefficient, and the thickn
of the MgO substrate, respectively.Ts54n/u11Nu2 andRs
5u12Nu2/u11Nu2 are the transmission and the reflectivi
of the substrate-vacuum boundary, andRf5uN211yu2/uN
111yu2 is the reflectivity of the substrate-film boundar
with y5(4psd/c), where s is the frequency-dependen
complex ac conductivity of the film.

It was found that the MB theory cannot explain our e
perimental data. The solid line in Fig. 3 shows the predict
of the MB theory. For this calculation, the optical indices
the MgO substrate were taken from the literature.4,19 The
normal-state dc conductivitysN was 3.531014 sec21.20 The
T(v) peak is located around 21 cm21, which corresponds to
2D(0)/kBTc>3.2. Earlier, Schlesingeret al. reported that
2D(0)/kBTc>3.2 using far-IR reflectivity measurements5

and Sharifiet al. reported that 2D(0)/kBTc>3.560.3 using
electron-tunneling measurements.9 The value of 2D(0) sug-
gests that BPBO should be a weak-coupled BCS super
ductor. However, note that the theoretical value of theT(v)
peak near the superconducting gap are less than the ex
mental value by about 20 percent. This difference might
due to a finite scattering rate of carriers inside BPBO, wh
was neglected in the MB theory.

FIG. 3. Transmission spectrum of BPBO thin film atT
54.2 K. The symbols represent the experimental data. The lin
calculated with Mattis-Bardeen conductivity with 2D(0)/kBTc
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B. Effects of finite scattering rate

One of important physical quantities in oxide superco
ductors is the ratio between 1/t and 2D(0). Formost metal
superconductors, such as Al and Pb, a typical value of 1/t is
about 500 cm21, so (1/t)/2D(0)*100. For such BCS su
perconductors in the extremely dirty limit, their optical r
sponses can be explained by the MB theory. However
high-Tc superconductors, their 2D(0) values are much large
than those of metal superconductors. Although there h
been disputes about their electrodynamic responses,21 many
workers nowadays believe that high-Tc superconductors be
long to the clean limit, where (1/t)/2D(0)&1.22 Inspired by
the electrodynamic responses of the high-Tc superconduct-
ors, Zimmermannet al. investigated effects of a finite sca
tering rate of carriers on an optical conductivity of a BC
superconductor.23 They found that optical responses of a s
perconductor with (1/t)/2D(0);10 could be quite different
from those with (1/t)/2D(0);100, even though both case
belong to the dirty limit. And, such a difference could b
seen clearly in the frequency region higher than 2D.

To explain the discrepancy ofT(v) in Fig. 3 , we in-
cluded the 1/t effects following the formalism developed b
Zimmermannet al.23 Figure 4~a! showsT(v) calculated for
three values of the scattering rate, i.e., 1/t5160, 280, and
4000 cm21. In these calculations, 2D(0) andsN were as-
sumed to be 20 cm21 and 3.531014 sec21, respectively.
The calculated transmission spectrum for 1/t54000 cm21 is
almost the same as that of the MB theory~i.e., 1/t5`). As
1/t decreases, the peak height at 2D increases and the slop
of T(v) above 4D also increases. It was also found that t
calculatedT(v) depends strongly on 1/t in the regime of
(1/t)/2D(0);10. Both the peak height and the higher fr
quency behavior up tov5130 cm21 could be fitted reason
ably well with 1/t5280 cm21.

The frequency dependence ofT(v) can be understood
from optical conductivity,s(v)5s1(v)1 is2(v). Figures
4~b! and~c! displays1(v)/sN ands2(v)/sN , respectively.
The dotted and the solid lines represent cases of a no
state~i.e., T.Tc) and a superconducting state (T54.2 K)
with 1/t5280 cm21, respectively. In the normal state
s1(v) decreases very slowly up to 130 cm21, since the cor-
responding spectral region is lower than 1/t. And, s2(v)
increases linearly withv. In the superconducting state, th
spectral weight ofs1(v) near 2D is reduced, and the de
creased amount should move to a zero-frequency delta f
tion, representing a superconducting condensate.~The sharp
peak at zero frequency is broadened due to finite temp
ture.! And, s2(v) becomes inversely proportional tov at
the low frequency. In this region, the divergence ofs2(v)
makesT(v) in the superconducting state approach to zero
v→0. From Eq.~1!, T(v)}v2. In the high-frequency region
of v@2D, s~v! in the superconducting state approaches
that in the normal state, since a photon with such a h
frequency cannot tell the difference in these two stat
Therefore,T(v) in the superconducting state is nearly t
same as that in the normal state, which is nearly flat in
frequency region ofv,1/t. The peak inT(v) should be
located near 2D, wheres1(v) is nearly zero ands2(v) is
drastically decreasing, resulting in a minimum value of a
solute magnitude ofs(v).

is
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The scattering rate dependence ofT(v) can be also un-
derstood from the behaviors ofs1(v) and s2(v). The
dashed, solid, and dashed-dotted lines in Figs. 4~b! and ~c!
represent the superconducting cases of 1/t5160, 280, and
4000 cm21, respectively.@As we mentioned above,s1(v)
and s2(v) of the normal-state will be nearly the same
those of the superconducting state in the frequency regio
v@2D. For clarity, we omitted the normal state responses
1/t5160 and 4000 cm21.] Neglecting the correction facto
due to multiple reflections and absorption in the substr
~i.e., the term in the square brackets! from Eq. ~1!, T(v)
}4n/uN111yu2}y22}s22 since uNu,uyu and N is only
weakly dependent onv.19 Therefore, the behaviors inT(v)
will depend on the magnitude and the change ofs(v). Near
2D, where the peak inT(v) is located,s1(v)!s2(v) and

FIG. 4. Calculated transmission of BPBO: moderately di
limit vs extremely dirty limit. 2D(0)/kBTc53.2, T54.2 K, and
Tc59.0 K. ~a! Transmission data~filled circles! in comparison
with the calculated transmission~lines! with ac conductivity with
various scattering rate. Best-fit parameters are 1/t5280 cm21, sN

53.531014 sec21. ~b! Real part of conductivity in the supercon
ducting state normalized bysN . 1/t5160, 280,4000 cm21, each
corresponding to 1/2Dt58, 14, 200 with 2D520 cm21. Dotted
line represents real part of normal-state Drude conductivity w
1/t5280 cm21. ~c! Imaginary part of conductivity in the supercon
ducting state. Dotted line represents imaginary part of normal-s
Drude conductivity with 1/t5280 cm21.
of
f

te

most changes occurs ins2(v). As 1/t increases,s2(v) in-
creases, resulting in the decrease of the peak height. Fo
frequency above 4D, boths1(v) ands2(v) change. How-
ever, sinces1(v).s2(v), theT(v) behavior will be domi-
nated by changes ins1(v). As 1/t increases,s1(v) in-
creases, soT(v) decreases.24

As we demonstrated in Fig. 4, measurements ofT(v) in
superconducting films can be useful in determining values
1/t quite accurately. Tajimaet al.measured reflectivity spec
tra R(v) of BaPb12xBixO3 for various values ofx.1 Their
reflectivity spectra forx'0.2 showed a feature similar to
plasma edge around 1 eV. Although there were some de
tions of R(v) from the simple free-carrier respons
Schlesingeret al. assumed the Drude model. Using the re
tion such that 1/t5vD

2 /4psN , wherevD is the plasma fre-
quency, they estimated that 1/t;8000 cm21.5 Note that this
value from the reflectivity measurements is very differe
from the value of 1/t (;280 cm21) determined from our
transmission measurements. The large difference in 1/t sug-
gests that the interpretation based on the simple Drude m
could not be applied for BPBO.

A similar problem in estimating a value of 1/t can be also
found in the BKBO system. Dunmoreet al. measured trans
mission spectra of a BKBO film.4 Using the simple Drude
model, they estimated that 1/t;10032D(0);4000 cm21.
Later, Puchkovet al. measured reflectivity spectra of
BKBO single crystal.2,3 Based on the ‘‘two-componen
model,’’ which assumes coexistence of a sharp Drude p
and a very broad mid-IR peak, they estimated 1/t for the
Drude carrier to be about 250 cm21.25 And they found that
the mean-free-pathl for the Drude component and for th
mid-IR component will be about 230 and 7 Å, respective

To get more insights on BPBO, we estimated values
electrodynamic parameters for its free carriers. From the
lier specific heat measurements,26,27 the effective mass of the
carriers was estimated to be about 1.5 times the mass of
electron ~i.e., m* /me;1.5). Based on the free-electro
model, values of numerous transport quantities were
tained from our experimental values of sN
>400 V21 cm21 and 1/t>280 cm21: the average Ferm
velocity vF>1.23107 cm/sec, the mean free pathl
>22 Å , and the carrier densityn>1.131020 cm23. Our es-
timated value ofvF is smaller by a factor of about 2.5 tha
other reported values.27–29 For the mean free path, we est
mated its value from previous transport measurements27–29

and found thatl 56 –14 Å . On the other hand, the scatterin
rate suggested by IR reflectivity measurement~i.e., 1/t
58000 cm21)5 suggestedl >2 Å . Clearly, our value ofl is
somewhat larger than the earlier reported values for BPB
but smaller than the reported value for BKBO by Puchk
et al.

Note that our calculated free-carrier density was ab
1.131020 cm23, which is one order of magnitude smalle
than reported values by Hall measurments.28,29One possibil-
ity for this difference can be inferred from the reports th
the carrier density of oxygen reduced film can be redu
significantly.28,29 However, since we annealed the BPB
film in the oxygen environment, such a possibility will b
small. The Hall measurements suggested that metallic
carrier and semiconducting carrier might coexist.13,28,29

h

te



ie

n-
ev
h

n
he
on
r

th
ud
s-
s

an

g

e

re
o
at
e

h

C
itio
d
e
.
e
er

th

ta
C

ll
C
te

e

1
a
r

d

ht
s,

as-
r-

ses
n.

ons

far-
ing
y

gh-
g

in

on
ry.

bove

Y.
is
n
No.

ing
the
gh

de-
ent
sent

tly

PRB 59 8873FAR-INFRARED TRANSMISSION STUDIES ONA . . .
Based on the temperature dependence, they suggested
the carrier densities of the free and semiconducting carr
at room temperature might be similar, withn;
131021 cm23. And, at low temperature, most of semico
ducting carriers were supposed to be suppressed. How
we think that seperating the two carrier contributions mig
be difficult in the Hall measurments.30 Most resistvity mea-
surments on BPBO show that resistivity increases eve
low temperature, implying the simple interpretation of t
Hall measurment might not be correct. Further investigati
are required to clearly understand the electrodynamic
sponses of BPBO.

In this paper, we analyzed our far-IR data in terms of
simple Drude model. In numerous conducting oxides, incl
ing high-Tc superconductors21 and colossal magnetoresi
tance manganites31, relatively strong absorption feature
were observed in the frequency region between far IR
mid IR. There have been three different interpretations:~a!
the simple Drude model,~b! the modified Drude model usin
a frequency dependent scattering rate~called the ‘‘one-
component model’’!, and~c! the model using a sharp Drud
peak and a very broad mid-IR peak~called, the ‘‘two-
component model’’!. Even though the latter two models a
different in their interpretations, it is often quite difficult t
distinguish between them experimentally. More accur
measurements, especially using transmission measurem
in the far-IR region, would be desirable to determine t
electrodynamic responses.

C. Temperature dependence of transmission

From the temperature-dependentT(v), shown in Fig. 2,
we could observe several characteristics consistent with B
predictions. As temperature increases, the peak pos
shifts to a lower-frequency and the peak height becomes
creased. The low-frequency feature of the superfluid scre
ing, that is the decrease ofT(v) asv→0, becomes weaker
These facts imply that the value of 2D decreases and that th
suppression ofs1(v) due to gap opening becomes weak
The inset shows that the temperature dependence of 2D for
the BPBO film agrees with the BCS prediction wi
2D(0)/kBTc53.2.

Figure 5 shows detailed curve fittings of the experimen
T(v) at 4.2 and 7.2 K. The dashed line shows the B
prediction for 4.2 K with 2D(0)520 cm21, 1/t
5280 cm21, andsN53.531014 sec21. In the frequency re-
gion above 20 cm21, the theoretical curve agrees quite we
with the experimental curve. The dotted line shows the B
prediction for 7.2 K with the above-mentioned parame
values. The theoretical curve above 20 cm21 seems to be a
little higher than the experimental data. When we usedsN
53.731014 sec21 and 1/t5210 cm21, the theoretical
curve, shown as the solid line, provided a better agreem
with the experimental data. The new value forsN seems to
be consistent with the semiconducting behavior in Fig.
Note that the change ofsN by about 5.5% can provide
noticeable change inT(v), demonstrating sensitivity of ou
transmission measurements.

As shown in Fig. 5, the behavior of experimentalT(v) in
the frequency region below the peak shows a significant
that
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viation from the theoretical curve. This deviation mig
come from the inhomogeneity of the film: for example
some part of the film might have a lowerTc value than other
part. To take account of such inhomogeneity effects, we
sumed a distribution ofTc values and considered three ave
aging methods: averages ofs(v),18 1/s(v),32 and T(v).
However, it was found that none of such average proces
could improve the deviations at the low-frequency regio
Further investigations are required to explain the deviati
better.

IV. SUMMARY

The experimental data in this paper represent a
infrared transmission spectra of a superconduct
BaPb0.75Bi0.25O3 film. The spectra covered a sufficientl
low-frequency region (v;1/232D) to critically test
whether this material shows BCS-like behaviors and a hi
frequency range (4D,v,12D) to reveal that the scatterin
rate of carriers is not very large. There is a BCS-like peak
the transmission spectrum near 21 cm21, corresponding to
2D(0)/kBTc53.260.3. Detailed shapes of the transmissi
spectra show deviations from predictions of the MB theo
Calculations in the moderately dirty limit, 1/t;1432D,
gave better results for the peak height and the response a
21 cm21.
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FIG. 5. Fitting of transmission considering the temperature
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calculated transmission at 4.2 and 7.2 K with same value ofsN .
Solid line represents calculated transmission at 7.2 K with sligh
different vaue ofsN .



-

n,

.

H

ys

J.

s.

tiv
i

J.

P.

.
J.

K

on
fil
od
a
.

e
dc
e

o,

P.

y
that
ive

s on
me
ent
ther
del
IR

S.
S.

n-

a-

ore

ity
f

es

te,
wer

8874 PRB 59JUNG, KONG, PARK, NOH, AND CHOI
*Electronic address : twnoh@phya.snu.ac.kr
1S. Uchida, K. Kitazawa, and S. Tanaka, Phase Transit.8, 95

~1987!; S. Tajima, S. Uchida, A. Masaki, H. Takagi, K. Ki
tazawa, S. Tanaka, and A. Katsui, Phys. Rev. B32, 6302~1985!.

2A. V. Puchkov, T. Timusk, W. D. Mosley, and R. N. Shelto
Phys. Rev. B50, 4144~1994!.

3A. V. Puchkov, T. Timusk, M. A. Karlow, S. L. Cooper, P. D
Han, and D. A. Payne, Phys. Rev. B54, 6686~1996!.

4F. J. Dunmore, H. D. Drew, E. J. Nicol, E. S. Hellman, and E.
Hartford, Phys. Rev. B50, 643 ~1994!.

5Z. Schlesinger, R. T. Collins, B. A. Scott, and J. A. Calise, Ph
Rev. B38, 9284~1988!.

6Kyoung Ha Kim, C. U. Jung, T. W. Noh, and S. C. Kim,
Korean Phys. Soc.29, 515 ~1996!.

7Kyoung Ha Kim, C. U. Jung, T. W. Noh, and S. C. Kim, Phy
Rev. B55, 15 393~1997!.

8B. Batlogg, inMechanisms of High Temperature Superconduc
ity, edited by H. Kamimure and A. Oshiyama, Springer Series
Material Science, Vol. 11~Springer, New York, 1989!, p. 342.

9F. Sharifi, A. Pargellis, R. C. Dynes, B. Miller, E. S. Hellman,
Rosamilia, and E. H. Hartford, Jr., Phys. Rev. B44, 12 521
~1991!; A. Kussmaul, E. S. Hellman, E. H. Hartford, Jr., and
M. Tedrow, Appl. Phys. Lett.63, 2824~1993!.

10Z. Schlesinger, R. T. Collins, J. A. Calise, D. G. Hinks, A. W
Mitchell, Y. Zheng, B. Dabrowski, N. E. Bickers, and D.
Scalpaino, Phys. Rev. B40, 6862~1989!.

11H. Sato, T. Ido, S. Uchida, S. Tajima, M. Yoshida, K. Tanabe,
Tatsuhara, and N. Miura, Phys. Rev. B48, 6617~1993!.

12D. C. Mattis and J. Bardeen, Phys. Rev.111, 412 ~1958!.
13E. S. Hellman and E. H. Hartford, Jr., Phys. Rev. B47, 11 346

~1993!.
14R. J. Bell, inIntroductory Fourier Transform Spectroscopy~Aca-

demic Press, London, 1972!, p. 200.
15C. U. Jung, J. H. Kong, and T. W. Noh~unpublished!.
16An explicit and more rigorous way to add the multiple reflecti

inside the substrate incoherently and to add that inside the
coherently is called the intensity transfer matrix meth
~ITMM !. This method has been effectively applied to optic
studies on numerous thin films.@For example, see H. S. Choi, J
S. Ahn, W. Jo, and T. W. Noh, J. Korean Phys. Soc.28, 636
~1995!.# The Eq.~1! was found to provide predictions which ar
nearly the same as those from the ITMM by varying the
conductivity value by less than 2%. Due to the simplicity, w
used Eq.~1! in our data analysis.

17R. E. Glover and M. Tinkham, Phys. Rev.108, 243 ~1957!.
18E-J. Choi, K. P. Stewart, S. K. Kaplan, H. D. Drew, S. N. Ma

and T. Venkatessan, Phys. Rev. B53, 8859~1996!.
.

.

-
n

.

m

l

19T. R. Yang, Sidney Perkowitz, G. L. Carr, R. C. Budhani, G.
Williams, and C. J. Hirschmugl, Appl. Opt.29, 332 ~1990!

20The measuredsN by four-point probe method was slightl
smaller than this value, shown in Fig. 1. This fact represents
bulk sN probed by the transmission experiment is not sensit
to grain boundaries in film, contrary to thesN value obtained by
the transport measurements.

21In the high-Tc superconductors, there have been some dispute
how to interpret the conductivity spectra below 1.0 eV. So
workers tried to interpret them in terms of the one compon
model using the frequency dependent scattering rate. O
workers explained them in terms of the two component mo
which includes a Drude peak in the far-IR region and a mid-
peak. See D. B. Tanner and T. Timusk, inPhysical Properties of
High Temperature Superconductors III, edited by D. M. Gins-
berg ~World Scientific, Singapore, 1992!, Chap. 5.

22K. Kamarás, S. L. Herr, C. D. Porter, N. Tache, D. B. Tanner,
Etemad, T. Venkatesan, E. Chase, A. Inam, X. D. Wu, M.
Hegde, and B. Dutta, Phys. Rev. Lett.64, 84 ~1990!.

23W. Zimmermann, E. H. Brandt, M. Bauer, E. Seider, and L. Ge
zel, Physica C183, 99 ~1991!.

24The change ofs1(v512D)/s1(v54D) with the change of 1/t
should result in the corresponding change ofT(v512D)/T(v
54D).

25Assuming 1/t5250 cm21 and 2D/kBTc54.0, we could explain
the experimental transmission spectra of a BKBO film, me
sured by Dunmoreet al. ~Ref.4!, quite well. We did not have to
rely on the Eliashberg equation which was used by Dunm
et al.

26T. Itoh, K. Kitazawa, and S. Tanaka, J. Phys. Soc. Jpn.53, 2668
~1984!.

27B. Batlogg, Physica B & C 126, 275 ~1984!.
28M. Suzuki and T. Murakami, Solid State Commun.53, 691

~1985!.
29M. Suzuki, Jpn. J. Appl. Phys., Part 131, 3830~1992!.
30For material with two types of carriers, suppose that conductiv

and mobility of the first carrier~metallic! are larger than those o
the second carrier~nonmetallic!, i.e., n1m1.n2m2 and m1m2 .
Then in the first order, the measurement of Hall effect giv
nH.n112(m2 /m1)n2 andmH.m12(n2 /n1)m2 .

31K. H. Kim, J. H. Jung, and T. W. Noh, Phys. Rev. Lett.81, 1517
~1998!.

32Due to lattice mismatch between BPBO film and MgO substra
the first several layers grown on the substrate may have a lo
Tc . As stress relieves for the upper layers, bulklike higherTc

could be obtained. For this configuration, the average of 1/s(v)
would be proper.


