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The optical reflectance of thin superconducting Bi&Sr2CaCu20„(Bi 2:2:1:2)films has been studied

in the frequency range 80-48000 cm ' and the temperature range 5 K & T (300 K. Since the film

thickness d is less than the optical skin depth 5, the reflectance from the film-substrate (SrTi03) in-

terface must be considered in the interpretation of the experimental results. The dielectric function

of the superconductor is calculated with use of the model of Leplae, which takes into account the

effect of the quasiparticle lifetime. Structure in the reflectivity spectra is identified with Bi 2:2:1:2
phonons, SrTi03 substrate phonons, and for T & T„evidence for a superconducting gap is ob-

served. The gap at T =5 K was found to be 2d =35+5 meV =6k& T„ in good agreement with pre-
vious tunneling studies.

I. INTRODUCTION

It is expected that the most important electronics ap-
plications of high-T, materials wi11 come from thin-film

devices and interconnects. Thus, it is important to be
able to characterize the properties of thin-film high-T,
materials and, in particular, to determine a value for the
superconducting gap 2b, . Optical and tunneling experi-
ments' can both, in principle, determine values for 2h,
but each has much different probe depths. Superconduct-
ing gap values in the high-T, materials obtained from
tunneling measurements range from 20 to 120 meV, '

while the optical experiments yield 2h values in the range
8-60 meV. ' Some controversy exists however, as to
whether structure in the data has been properly identified
with 2h. From tunneling experiments on single-crystal
Bi,Sr2CaCu~O~, Miyakawa et al. ' estimated 2h to be
44 meV, and a value of 50 meV was reported by Lee
et al. also on the basis of tunneling data.

The far-infrared probe depth (or skin depth) in high-T,
materials is suSciently deep that it can easily exceed the
film thickness. When this is the case, the boundary (or
interface) between the film and substrate must be includ-
ed in the data analysis, if quantitative results are to be ob-
tained from the spectra. For the BizSr2CaCu20„(Bi
2:2:1:2)films studied here, we estimate that a film thick-
ness d ) 1 pm is necessary to justify neglect of the sub-

strate dielectric function in the data analysis. This 1 pm
thickness might be a factor of 5-10 larger than the desir-
able film thickness, depending on the application. To our
knowledge, this is the first study to estimate 26 from the
near-normal incidence reflectance measurements of high-

T, superconducting thin films deposited on a planar sub-

strate. Recently, Hughes et al. reported far-infrared
transmission measurements of Bi (2:2:1:2)films on MgO
substrates.

In this paper we present the results of optical
reflectance studies on thin (d & 0.25 pm) films of
Bi2SrzCaCu20„extending from the far-infrared to the ul-

traviolet (80 cm ' & co & 48000 cm ') and in the temper-
ature range 5 K & T (300 K. The dielectric function of
the film in the superconducting state is calculated accord-
ing to the model of Leplae which extends the calculation
of Mattis and Bardeen' to include effects of the quasipar-
ticle lifetime ~ on the optical response.

II. EXPERIMENT

A. Samples

Thin films of BizSr2CaCu20s on [100] SrTi03 sub-

strates were prepared at the MIT Center for Materials
Science and Engineering, by reactive, magnetically
enhanced, triode sputtering using three separate metal

42 193 Qc 1990 The American Physical Society



194 A. M. RAO et al. 42

sources (Sr, Ca, and Cu-Bi). The sputtering system con-
sisted of an 18 inch diameter stainless steel chamber with
three triode sputter guns installed in a triangular arrange-
ment with each gun pointed at the substrate holder. The
distance between the sputtering guns and the substrate
was 25 cm, and oxygen gas (99.995% pure) was intro-
duced near the growing films via a gas inlet near the sub-
strate holder. A rotating substrate was installed to
achieve a uniform composition to within 1% over a 3.5
inch diameter area. Due to the reactivity of Ca and Sr
with air, these sources were stored and handled in an in-
ert environment prior to placing them in the vacuum sys-
tem. All three sources were presputtered for at least 45
min before the film deposition, in order to achieve their
equilibrium sputtering rates. After the deposition, the
substrates were quickly transferred to an alumina boat
and inserted into a standard quartz tube furnace for an-
nealing. A thickness monitor placed close to the sub-
strate holder during deposition indicated that the film
thickness was -0.25 pm. The films were annealed in the
furnace with 20% 02/Ar mixture at a flow rate of 1.4
1/min. The temperature was increased linearly
(28'C/min) up to about 870'C and held at that tempera-
ture for about 30 min. The films were then quickly
cooled in oxygen back to room temperature and removed
from the furnace tube.

The resistivity of the two thin-film samples (referred
herein as A and B) was measured by the standard four-

probe method using silver paint contacts. Room-
temperature resistivity measurements yielded —1480
pQ cm for sample A and 2672 pQ cm for sample B The.
ratio of the resistivities at 295 and 110 K was -2 for
sample A and -1.65 for sample B. The midpoint of the
superconducting transition was found to be 67 K and 73
K, with a "zero" resistance temperature of -61 K and
-66 K for sample A and sample B, respectively. X-ray
diffraction scans revealed that the films were predom-
inantly single phase, and oriented such that the crystallo-
graphic tetragonal c axis was normal to the substrate.
Scanning electron microscopy (SEM) micrographs of the
films showed platelike grains, characteristic of the super-
conducting phase. Rutherford backscattering spectrosco-

py (RBS) measurements on the samples showed the com-
position of Biz OSr2. 0Ca

& OCu2, 0„ for sample A and

B12 OS1 2 2Ca
& OCup 50„ for sample B. The samples were

most likely oxygen deficient, i.e., x & 8, though the exact
oxygen stoichiometry was not determined.

cm ' and 50 cm ' &co&4000 cm ', respectively. Data
were taken for co &4000 cm ' in an exchange-gas He cry-
ostat (MD4 Oxford Instruments) operating in the temper-
ature range 5& T &300 K equipped with ZnSe and po-
lyethylene cold windows. The sample and standard were
thermally attached to a cold finger suspended from above
by a stainless steel rod in a He exchange gas. The Au
mirror, or the sample, were centered in the optical beam
by translating the rod parallel to the vertical cryostat
axis, out of the top of the cryostat through a sliding 0-
ring seal. Sample temperatures were monitored by a Si
diode thermometer, heat sunk to the cold finger.

C. Data analysis including substrate

E~(z)= Afe +Bfe for 0&z &d,lkf z lkf (d —2)

ik, (z —d)E (z)=te * for z~d,

where the incident wave propagates along z with unit in-
tensity (i.e., the sample plane is the xy plane). The wave
vector is written as k =con /c, where n is the complex re-
fractive index and the subscripts 0, f, and s refer to the
vacuum, film, and substrate, respectively. Expressions
for r and t can be obtained by applying the usual bound-
ary conditions that E„(z) and dE /dz are continuous at
the boundary z =0 (vacuum film) and z =d (film sub-

nf ns

rEy (z)

The geometry of the thin film on an infinite substrate is
shown in Fig. I. Since the film is optically thin, multiple
internal reflections and absorption within the film have to
be considered in the analysis. An electromagnetic wave,
with its field polarized along the y direction, is normally
incident on the planar structure and propagates along the
z direction, E (z). In the three regions defined in Fig. 1,
we can write

ikpz ik p2
E~(z)=e re for—z & 0,

B. Spectrometers

The reflectance was measured using two spectrometers:
(i) the Perkin-Elmer model 88 prism-based instrument
[2400 cm ' (0.3 eV) &co &48000 cm ' (6 eV)] and (ii) the
modified Digilab FTS 80 Fourier-transform spectrometer
equipped with a triglycine sulfate (TGS) detector
(400—4000 cm ') and a Si bolometer detector (IR Labs,
Arizona) (20—600 cm '). The normal incidence
reflectance was measured relative to an adjacent standard
mirror whose front surface was accurately coplanar with
that of the film. A MgF2 coated Al Inirror and Au mir-
ror were used in the intervals 2400 cm '&~&48000

Ey

f ilrn
of

thickness
d

Substrate

FIG. 1. Geometry of the Bi2Sr,CaCu&O thin film on a
SrTiQ3 substrate. The incident electromagnetic wave is polar-
ized along the y direction and propagates in the z direction.
The film thickness is d and its optical response is characterized
by nf. The substrate is infinitely thick and its optical response
is characterized by n, .
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strate). The result for the reflectance amplitude r is

(nf —1)—I (nf+1)
(nf + 1)—I'(nf —1)

where

(
waif

ii ) (2inf cod/c)r= e
(nf+n, )

(3)

III. RESULTS

A. Normal state

We first describe the data analysis for the film in the
normal state. The dielectric function of the film in the
normal state is described in the usual way by

oo +GphogO~+ 6DrII

S,
e, (ro)=e„+ g 2 z—i N CO /I N

(4)

where there are p (q =0) ir-active modes, E„represents
the electronic contribution to the ir absorption, and Sj,
co, and I are, respectively, the oscillator strength, fre-

quency, and the damping for the jth mode.
Equation (4) is the form usually used for describing the

contribution from the independent or the uncoupled pho-
nons. However, in the case of SrTi03, Barker and
Hopfield have shown that a better fit to the experimental
data is obtained if the lowest and the highest frequency
modes or phonons are coupled. ' To complicate matters
somewhat further, the lowest frequency phonon in
SrTiO~ exhibits a strong softening with decreasing tem-

perature, consistent with a low-temperature ferroelectric
state. ' ' Our dielectric function e, (co) for SrTiOi is thus
calculated according to the coupled mode equations in
Ref. 12 for the parameters given in Table I of Ref. 12.

Thus it is seen that when the film is optically thick
[Im(nf )d »1], then I ~0 and the thick-film result is ob-
tained.

For most high-T, films d & 1 iMm, and therefore Eq. (2)
must be used to calculate the reflectivity R =

~r~ and to
compare with the experimental data. The values of R
and of I' will therefore depend on both the film and sub-
strate dielectric function ef =nf and e, =n, . High-T,
materials are usually prepared on insulating substrates
such as SrTi03, MgO, or Y-stabilized Zr02. One-phonon
infrared absorption dominates the dielectric function of
these substrate materials in the infrared, and this contri-
bution is given by"

where e h,„,„assumes the same functional form as in Eq.
(4), and the term eD,„d, is the free carrier contribution in
the Drude approximation given by

N 2

CO(CO+i /1 )

where co is the plasma frequency and r is the free carrier
scattering time (assumed to be a real constant).

In Fig. 2 we show the reflectance spectra for sample A

in the frequency range 0&co&1500 cm ' for tempera-
tures in the range 5 K & T & 300 K. The midpoint of the
resistive transition for sample A is T, =67 K. The most
prominent structure in the spectra is at -540 cm ' and
is due to a SrTi03 ir phonon at m=544 cm '. ' The
reflectance spectra for sample A were measured with an
instrument resolution of -4 cm ', and therefore the
structure at —170 cm ' of the SrTi03 phonon was not
resolved in the reflectance of sample A. However, the
-170 cm ' feature in SrTiO& was resolved in subsequent
experiments with higher instrument resolution in sample
B and is shown as an inset in Fig. 2. Since no difference
was observed in the reflection spectra of samples A and B
for frequencies above point I', we measured the reflection
of sample B for various temperatures, but only in the fre-
quency range below the point P. The arrows in Fig. 2 (in-
set) indicate the soft mode feature for SrTiO~. For the
reflectance at 300 K, both the data and a least square
smoothing of the data are shown. The noise in the spec-
trum for T =300 K is also typical of the low-temperature
reflectance spectra, and so for clarity, we show only the
smoothed data for T (72 K data.

The normal-state spectra for ( T & 72 K) exhibit a

TABLE I. Fitting parameters for 5-90 K and 300 K reflectance data obtained from sample A. Two
phonons were introduced to 6t the data. The temperature-dependent reflectance of sample A for
T & 72 K (Fig. 2) was fit with a temperature-dependent superconducting gap parameter while the pho-
nons remain essentially constant for the T =90 K spectrum through the T = 5 K spectrum.

Phonon Parameter
This work
T=5—90 K

This work
T=300 K

Reedyk et al. (Ref. 15)
T=100 K

p, (pncm)
pd, (pQcm)

5.2
1 969

740@100 K

5.2
2953
1 480 33

cop (cm ')

co„(cm ')

y„(cm ')

3 630
242
226

2 178
242
202

2 800
412
153

co (cm ')

~„(cm ')

y„(cm ')

4 033
726

1 613

6453
726

1 613

13 800
996

1 180
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FIG. 2. Temperature-dependent reAectivity spectra of sample
A. For the T=300 K spectrum, both the raw data and the
smoothed data are shown. For T&90 K, only the smoothed
data are shown. In the region below the pinning point P the
spectra fan out at low temperatures. The spectra superimpose
between 72 I( ~ T 90 K and between 5 K & T ~ 25 K. In the
inset, the smoothed data of sample B (dashed line) are compared
with those of sample A (solid line). The structure at —170
cm ' in the smoothed data of sample B is due to the SrTi03
substrate which was not resolved in the spectrum of sample A

due to lower instrument resolution. The arrows in the inset in-
dicate the soft mode feature for SrTi03.

significant increase in the overall reflectance when the
sample is cooled from 300 K to 90 K. This rise in R
below 1000 crn ' is due both to an increase in the free
carrier scattering time v., consistent with the temperature
dependence of the resistivity p, as well as to changes in
the substrate dielectric function. ' Between 90 and 72 K
the spectra nearly superimpose. The normal-state
reAectance for sample 8 was identical to that of sample
A, except for better resolution of the SrTi03 phonon
mode near 170 cm

In Figs. 3 and 4 we show the fits to the T =300 K and
90 K data, respectively, calculated according to Eqs.
(2)—(6). The fitting parameters for the Bi (2:2:1:2)film are
listed in Table I. Values for the zero frequency optical
conductivity cro=co~r/4nand the .dc conductivity od,
obtained from transport measurements are listed in Table
I and are in reasonable agreement with each other. The
ratios of the conductivities at 100 and 300 K compare
favorably: oo(100/300)=1. 5 and od, (100/300)=2.
Two Bi (2:2:1:2)phonons at co, =242 cm ' and co&=726
cm ' were introduced to fit the data. These phonon fre-
quencies are lower than the values of ~, =412 crn ' and
co~=996 crn ' reported recently by Reedyk et al. ' for Bi
(2:2:1:2)single-crystal samples and Hughes et al. for the
Bi (2:2:1:2}films on MgO substrates. By correlating the
phonon modes associated with a homologous set of
equivalent atoms in 1:2:3 and 2:2:1:2 compounds, Piro
et al. ' made tentative phonon assignments in their in-

frared reflectance measurements on polycrystalline Bi
(2:2:1:2). They reported three ir-active in-plane phonons
at 275, 360, and 600 crn ', one more than that reported
by Reedyk et al. ' and Hughes et al. A fit incorporat-
ing three oscillators to our data did not improve the fit

appreciably. We believe that the misfit represented by
the shaded region in Fig. 3 is primarily due to an imper-
fect description of the substrate refractive index n, (co}.

I.OO

1 ~-/

R 075— ll

8 i 2:2:I:2 T = 300K
2h = oev

~ * 0 (hrev)

Data---- Fit

0.50
0

I

750
cu(crn ')

I500

FIG. 3. Fits to the T =300 K data calculated according to
Eqs. (2)-(6) are shown. The parameters for the Bi (2:2:1:2)film
are listed in Table I. In (a) v=1%/eV while in (b) v-(h6/eV.
The arrows indicate the positions of the in-plane phonons ac-
cording to Piro et al. (Ref. 16) Structures at co=90, 170, and
540 crn ' are due to the SrTi03 substrate (see text).

B. Supereonducting state

The optical response of the film for T & T, was calcu-
lated in the effective medium approximation (EMA) to

As shown in Figs. 3 and 4, the normal-state spectra at
both 300 and 90 K could be fit well with either ~=0 or
r= 1 (fi/eV). This implies that the normal-state spectra
can be fit well with a frequency-dependent r (for
0&v~ lirt/eV), unlike the results of Collins et al. ' To
obtain convergence in the actual fits, we have taken
v=10 (A/eV) to represent r=0. A scattering rate 1/r
of 650 cm ' (or r-12%/eV) at 100 cm ' and a 1/r-300
cm ' (or r-2. 7A'/eV) at 2500 cm ' was used in their
analysis of the normal-state conductivity of YBazCu307.
Reedyk et al. ' observed that if their normal-state optical
conductivity was analyzed with a frequency-dependent
scattering rate, then 1/r was found to increase from 200
cm ' (or r-40fi/eV) at low frequency to 1500 cm ' (or
r-5'/eV) at 700 cm

The separation of the substrate and film structure in
the reflectance is best shown in Fig. 5, where we plot the
calculated reflectance of a Bi (2:2:1:2)film on SrTi03 at 5
K with the film thickness as a parameter. The structure
at co=90, 170, and 540 cm ' due to the SrTi03 phonons
gradually disappears as the film thickness increases from
d =0.25 pm to d =1.0 pm. The calculated differences in
R for d ) 1 pm are too small to be seen in Fig. 5.
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FIG. 4. Fits to the T =90 K data calculated according to
Eqs. (2)-(6) are shown. The parameters for the Bi (2:2:1:2)film

are listed in Table I. In (a) ~= 1A/eV while in (b) ~-(Hi/eV.

9used the description formulated by Leplae and
parametrized by a gap 2b, =Icos, conductivity oo, and
quasiparticle lifetime v. In the limit ~~0, which is re-
ferred to as the "dirty limit, "Leplae's result was found to
reduce to the earlier result of Mattis and Bardeen. ' This
is shown in the Appendix along with the transformations
of Leplae's results into expressions more suitable for nu-
merical analysis. In Figs. 6(a) and 6(b) we show the effect
of varying the gap 2h and the normal-state fraction q, re-
spectively, on the calculated reflectance R. The curves
are calculated with the best fit T =5 K parameters listed
in Table I. For the low-temperature refiectivity data (90
to 5 K) the refractive index n, of SrTi03 is obtained from
the 300 K parameters as listed in Table I of Ref. 5 with
one change: The lowest frequency mode was softened
from 88 to 40 cm ' consistent with the data of Barker
and Tinkham. ' In the analysis of the reflectance spectra
for T (90 K, we assumed that the lowest frequency

ode in SrTiO does not soften further, as the tempera-
ture of the sample is lowered. As shown in Fig. 6(a), t e
curves are pinned at -450 cm ', near the highest fre-

quency SrTi03 phonon mode and rise with a slope whic
is sensitive to the value of 2b, . The effect of q in Fig. 6(b)
is to lower the overall magnitude of R as a larger
normal-state fraction is added to the composite conduc-
tivity. It is clear from Figs. 6(a) and 6(b) that a large
value for rl reduces the sharp enhancement in the
refiectance of the superconducting sample, thus making it

account for the effect of some fraction g of the film which
might remain normal (or not exhibit a superconducting
gap). ' The film conductivity crf is given in the EMA by

0'f o's" +(l —q) =0,
o'f +20 ~ of +2(xs

where oz and os refer to the optical conductivity of the
normal and superconducting components, respectively.
The fitting parameters used above for o~ were identical
to the T =90 K parameters in Table I, whereas for o s we
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- 2h=O. OI eV
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I I0.50
0
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eV
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I I I

T=5K
Bi 2:2:I:2
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I.OO I

T=5K
Bi 2:2:I:2

R 0.75 R 0.75

O. 500

d = 0.250]g,m
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0.50 '

0

(b)
I

750
au (cm )

I 500

FIG. 5. Plots of calculated reflectance of a Bi (2:2:1:2)film on

SrTi03 at 5 K for different film thicknesses d. The structure at
co=90, 170, and 540 crn ' due to the SrTiO, phonons gradually

disappears as the film thickness increases from d =0.25 to
d =1.0 pm.

FIG. 6. (a) Plots of calculated reflectance for different gap en-

ergies 2A with the 5 K fitting parameters listed in Table I and
r= 1A/eV. (b) Plots of calculated reflectance for different

normal-state fractions q obtained with w=1A'/eV and the 5 K
fitting parameters listed in Table I.
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FIG. 7. The smoothed reflectance data for sample A at T = 5

K and the dashed curve obtained from the fitting parameters
listed in Table I and 26=35 meV, with ~-(Hi/eV in (a), while
~=1%/eV in (b).
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hard to quantitatively determine the superconducting
gap. Also, the short coherence length of the supercon-
ducting phase may be partly responsible for the smearing
of the superconducting gap. The sudden increase in the
reflectance of our Bi (2:2:1:2)film for frequencies below
point P (see Fig. 2), which is the superconducting gap re-
gion, suggests that r) for our film is small (-0.1). This
probably indicates that some of the grains in our Bi
(2:2:1:2) film have a stoichiometry which is not
sufticiently close to that needed to superconduct.

In Fig. 7 we display the fit to the T =5 K spectrum of
sample A. The solid and dashed lines represent the ex-
perimental and calculated results, respectively, and a

1.4

1.2—

1.0

I I I I

o YpgSmpgBapCup07-S
~ Dy Baz Cu&07- p

x SipSrpCaCup08
&

(this work, saeple 4 j-
& BipSrpCaCup 08.

&
(tunneling j

—0.8O
CI

I—0.6a BCS

comparison of these curves shows the degree of agree-
ment achieved. The Bi (2:2:1:2)phonon parameters are
the same as found for the T =72 K (normal-state) spec-
tra. The 5 K data along with the calculated curves corre-
sponding to 7.=0, 1, and 10Iri/eV are indicated in Fig. 8.
The calculated curves share the same value for the gap
26=35 meV and the normal-state fraction g=0. 1. The
fit obtained with r= 1(Hi/eV is broader than that obtained
for r= lfileV in the region around the SrTi03 phonon at
540 cm '. At higher co, the fit obtained with r= 1(Hi/eV
yields lower reflectance values than those obtained with
r= lfi/eV. We also find that the superconducting-state
spectra can be fit equally well with v=0 and r= 1 fi/eV,
but a poor fit is obtained for r=1(Hi/eV. The corre-
sponding range of values for co ~ obtained from our fits to
the 5 K data is 0~ Ng7 ~0.035. These data suggest that
the sample is well described in the dirty-limit (mgr « 1)
rather than in the clean-limit (co r&)1) approximation.
For comparison co~~=0.09 in NbN films as reported by
Karecki et al. ' ' and co v=0. 2 in Pb (see the Appendix
in Ref. 19).

The reflectivity in a BCS metal shows a prominent
edge in the superconducting gap region for ~ (~ above
which the reflectance becomes unity, and then gradually
falls to join the normal-state (metal) value for frequencies
above the superconducting gap. In the ceramic samples
of high-T, superconductors, Bonn et a1. ' and Sherwin
et al. ~z showed that the zero crossing in eI can give rise
to this characteristic edge. They, however, observed that
a positive contribution to e& in La& „Sr„Cu04 could arise
either from the presence of a strong midinfrared band, or
a strong phonon absorption near 250 cm '. Although
there is phonon absorption in the superconducting gap
region, the temperature-dependent reflectance spectra
shown in Fig. 2 can be fit rather well with a temperature-

R 0.75 IO. O (5Zev)
I.O
IO-'

0.2—

0 i I i I I I i I I

0 0.4 0.8 1.2 1.6
T/ T(-

0.50
0

I

750
~ (cm-i)

I500

FIG. 8. Plots of calculated reflectance for di6'erent values of
~ using the T=5 K fitting parameters listed in Table I. The
dashed curve represents the T=5 K data. The ~=0 and
r= 1A/eV results are in the dirty limit [I.e., cogr « 1).

FIG. 9. Temperature dependence of the reduced gap for sam-

ple A as a function of the reduced temperature. Sample B did
not exhibit any temperature dependence of 2h for T (T, . The
solid curve represents the results from the BCS theory. Data
obtained from other high-T, ceramic samples and from tunnel-

ing measurements on a Bi (2:2:1:2)sample are also plotted (see
text).
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FIG. 10. Measured reflectance of sample A from 18 meV to 5
eV. The curve represented by dots is the reflectance spectrum
of a Bi (2:3:3:2)single crystal obtained by Tagaki et a1. (Ref. 26).
The dashed line represents our data when magnified five times.
The hatched line is a Drude fit to the reflectance data with

m~ =1.9 eV and no oscillators were used to fit the mid-ir elec-
tronic or interband absorption.

dependent gap parameter, while the phonon contribu-
tions remain essentially constant as T is lowered from 90
to 5K.

In Fig. 9 we plot our results for the reduced gap ob-
tained from analysis of spectra for sample A below 70 K
versus the reduced temperature. Also shown in the plot
are data for the temperature dependence of the gap for
ceramic Y05Sm058a2Cu307 5 and DyBa2Cu307 &

sam-

ples, obtained from infrared spectroscopy by Wittlin
et al. , and for the single-crystal Bi2SriCaCuzOs „ from
tunneling experiments by Lee et al. The solid curve in
Fig. 9 represents the reduced gap predicted by the BCS
theory. Our data on sample A are consistent with the
temperature dependence of the gap obtained from the op-
tical data of Wittlin et al. 3 Sample 8 did not exhibit any
temperature dependence of the gap for T (T„alt hough

the value of the superconducting gap obtained from the
optical data was the same as in sample A for T && T, .
This suggests that no conclusive temperature dependence
of 2h can be obtained from our study. The ratio 2th. /kT,
for samples A and 8 is -6, which is in good agreement
with 2b, /kT, -5.9—6.7 from tunneling experiments'
and 2b, /kT, —8 from the uv-photoemission study by
Imer et al. on BizSrzCaCuz08 crystals. These high
values of 25/kT, imply that the Bi (2:2:1:2)supercon-
ductor is a strongly coupled superconductor. Schlesinger
et al. reported a value of 2h/kT, -8 from optical stud-
ies on single-crysta1 samples of YBa2Cu307

In Fig. 10 we show the refiectance data of sample A in
the 0-5 eV range. The low-energy reAectance data were
fit to a Drude model and we obtained a plasma frequency
~ = 1.9 eV which is consistent with a 0 and ~ used in the
analysis of the low-temperature data. This value for co is
in good agreement with co =1.4 eV reported by Reedyk
et a!.' for single-crystal Bi (2:2:1:2) and in reasonable
agreement with co =1 eV reported by Tagaki et a!. for
single-crystal Bi (2:3:3:2). Similar values of co =1.3 eV
were reported by Hughes et al. for Bi (2:2:1:2)thin films
on MgO substrates. The poor agreement between the
data and the Drude model fit around 1 eV is due to the

fact that no oscillators were added to fit the mid-ir elec-
tronic or interband absorption. Recently, Mattheiss
et al. calculated an electronic band structure for Bi
(2:2:1:2)using the linear augmented plane-wave method.
They report a relatively 1ow tota1 carrier density of
-8.8X10 ' cm . By comparing this carrier density
with co, we obtain an estimate of the free carrier effective
mass of -3m, for the in-plane carriers, where m, is the
electron mass. Consistent with the band structure of
Mattheiss et al. , we attribute the broad peak centered
at 1.75 eV with the interband transitions from the nearly
full O(2p) bands to the nearly empty Cu(3d) bands
around the D point. Brorson et al. performed fem-
tosecond thermomodulation measurements on high-T,
superconductors using a 1.98 eV colliding pulse mode
locked dye laser in a pump-probe configuration. From
their study of the dynamics of the O(2p) to Cu(3d) band
charge-transfer excitations occurring in the Cu02 planes,
we infer that the 1.75 eV peak in our reflectance spec-
trum corresponds to an electronic excitation of an elec-
tron from the O(2p) to the Cu(3d /31' ) band. The
peak centered at 3.6 eV is attributed to the transitions
from the O(2p) to the Cu(3d) bands around the D and X
points.

IV. CONCLUSIONS

The far-infrared refiectance of Bi (2:2:1:2)thin films on
SrTi03 substrates were measured in the temperature
range 5 & T &300 K. The results were analyzed, includ-
ing the effect of the refiectance from the film-substrate in-
terface for the optically thin Bi (2:2:1:2}films. The 5 K
reflectance data were fit by using Leplae's model for the
superconducting Bi (2:2:1:2)film and yield 2b, -6k~T„
which is in good agreement with 2b, obtained from the
tunneling experiments on Bi (2:2:1:2) single crystals.
Normal-state reflectance data could be fit with a
frequency-independent w and similar fits to the
superconducting-state reflectance indicate that the Bi
(2:2:1:2) films are well characterized in the dirty limit,
rather than in the clean-limit approximation. To fit the
far-infrared reflectance for both the normal state and the
superconducing state, two independent oscillators (q =0
phonons) were required, having frequencies lower than
the phonon frequencies obtained from the Bi (2:2:1:2)sin-
gle crystals. The screened plasma frequency was found to
be —1.9 eV and yields an effective in-plane carrier mass
of 3m„where m, is the free electron mass.
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APPENDIX A: LEPLAE'S EQUATIONS

In this appendix, Leplae's conductivity expression in
the superconducting state o i(co)+io&(u) is transformed
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into expressions suitable for numerical work. The alge-
bra is rather extensive and so we present only the results.
The normal conductivity is given by the Drude expres-
sion

tical integrals, 8(k) and A'(k).
To get the Mattis-Bardeen' result (b, i =0), one writes

1 —ku = [(k —1)/k]+ [(1—k u ) /k]
Oo

N( )
1 l 607

so the real part cT, (co) is given by

cTo
~N(~ )

1+(coi )

(Al) and obtains

os(co) =o. 8(co—1)[(co+1)C(k)—2R(k )]/co,

where

8(m =k }=f du[(1 —mu )/(1 —ic )]'/
0

(A 1 1)

(A12)

where

+[g{E)—1]c7, (/6'/ —[e/)]

X e(fico —2b ), (A3)

g (E)=(EE' 5)/( ~e(—(e'~ ),
(g2 g2)l/2 (A4)

which is an even function of co. When v =0, our results
are easily recognized to be those first derived by Mattis
and Bardeen. '

1. Real part of cr~(co)

Equation (20) of Leplae should read

, ( )= f dE[[g(E)+ I] +(/ /+/ '[}

and

R(m =k ) =f du [(1—mu )(1—u )] ' . (A13)
0

In Eq. (A12), C(k ) denotes the well-known complete el-
liptical integrals of the first kind while %'(k ) in Eq.
(A13) relates to the second kind of elliptic integrals. In a
recent paper by Thomas et al. it appears that they used
m =k instead of m =ki in Hasting's approximation for
8 and R, presumably leading to errors in their calcula-
tions.

One might also note that o 2(c0) for b,r & 0 can be writ-
ten in terms of 8(k ) and R(k ), and a complete ellipti-
cal integral of the third kind. But this integral is not easi-
ly evaluated. Hence, we evaluate Eq. (A8) by using a
Gaussian quadrature, after removing the ill-behaved fac-
tor [(1—u}(1—ku )]'/ in the denominator of Eq. (A8).

(E i gi)i/i

e is a unit step function, and

E'=%co—E . (A5)

2. Imaginary part of cr (co)

When b,~=0, we know that crz(co) must reduce to the
Mattis-Bardeen (MB) result

The Mattis-Bardeen result is most easily obtained by in-
troducing a new variable of integration u into Eq. (A3),
where —1~u ~1. Let

o i Ma(co) =
—,'[(1+x)C(k')+(x +1)R(k')]cro,

where

(A14)

co =fico/(26 ) (A6) x = 1/co and k' =(1—k )
'/ (A15)

denote a dimensionless frequency and set

E =6[co—(co —1)u], (A7)

Equation (A14} was used to check our numerical results
when 6~=0.

From Leplae, one finds that

so that E =5 and %co—5 when u = 1 and —1, respective-
ly. Then one finds that

cT', (co)=oo[(co—1)/co] du
G(u)

[(1—u )(1—k ~u i) ]'/'

(A8)

where

1+[(1+k —2k u )c —k]u
C+Bu

cri(co) = 2A

KN

where

A = f dB[cT',"(co)—cT, (co)],

(A16)

(A17)

c =2(b,~) (c0 —1),
C = 1+2c,
B =c[2k+(1+k) c],

where

k =(co—1)/(a)+ 1),

(A9}

(A10)

P is the principal value and co is defined in Eq. (A6).
The A integral is split into two parts and co=1/x is

used for the 1 ~ 6 ~ ~ part. Hence,

arctan(2hi. ) i dx+ f [o i (1/x ) —o i(1/x)] (A18)2k~ o x

is the usual symbo1 for the modulus of the complete ellip-
and a 32nd-order Gaussian quadrature was used to evalu-
ate this integral numerically.
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crt(to) = 2A tr f(to)
1n[(to+ 1)/(to —1)]

The final result can be written as In the limit 6~~0, our results agree with those of
Mattis-Bardeen, ' Eq. (A14).

Another good check is provided by the requirement
that

f dx[trt(1/x) tr—f(co)]/[1 —x to'] . o z(ro) ~ 1/(car), (A20)

(A19) the usual result when (toe) ))1.
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