
PHYSICAL REVIEW B VOLUN E 8, NUMBER 11 1 DEC EMB.ER 1973
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The transmission in the far infrared (2-40 cm ') of dirty very-thin lead films has been measured in
the vicinity of the transition temperature T, . The f)i&~n were evaporated onto quartz substrates at or
below 40'K and were not warmed above this temperature between the evaporation and the transmission
measurements. The resistances of the films were monitored simultaneously with the far-infrared
measurements. The transmission of the films is reduced at the lowest frequencies {below 5 cm ')
corresponding to an increase in the ac conductivity. The results are well described by theoretical
conductivities which give a characteristic frequency of the fluctuations ter ——(16ks Tlrr g) ~T —T,PT,
both above and below T, .

I. INTRODUCTION

ro=e'/16ff= 1.5x10 '0 '. (2)

Measurements of the transition of lead films
were made by Smith, Serin, and Abrahams' who
found the Aslamazov-Larkin result; by Testardi
et at. who found the transitions in most samples
to be narrower than Aslamazov-Larkin by about
a factor of 2; and by Thompson et al. who find

This paper is a discussion of the far-infrared
transmission of thin films of lead or lead-bismuth
near the superconducting transition temperature.
It is in this temperature interval that the effects
of fluctuations in the superconducting order param-
eter are expected to give the biggest contribution
to the film conductivity. It is in the far-infrared-
frequency region that the effects of the lifetimes
of the fluctuations are seen.

The dc resistive transitions of thin films have
been extensively studied since the original paper
by Glover. ' Even before this, Aslamazov and
Larkin published the first of a pair of papers in
which they calculated the conductivity due to fluc-
tuations using the microscopic theory and obtained
the now famous result

o' = e T,/16 hd (T —T,),
where d is the film thickness, T is the tempera-
ture, T, is the transition temperature, and o' is
the extra conductivity due to the fluctuations. The
measured conductivity is o= o'+ o„, where o„ is
the normal-state conductivity. This result de-
pends only on the thickness of the film and not on
any other p" rameters. The constant so is

the transition to be much narrower than Aslamazov-
Larkin.

The conductivity above the transition tempera-
ture was derived using the time-dependent Qins-
burg-Landau equation at essentially the same time
by both Schmid and Schmidt. ' Schmid obtained
the dc conductivity in the same form as Aslamazo&
and Larkin, Eq. (1). Schmidt also got this result
for the dc conductivity and he further found the
frequency dependence of the fluctuation conductiv-
ity. He has later calculated the conductivity as a
function of frequency below the transition tem-
perature. " The important parameter in both
cases is the characteristic frequency given by

&c„= (16kaT/trff) ~T —T, ~/T, ,

where k~ is Boltzman's constant. The fluctuation
components of the conductivity have similar (but
not exactly the same) forms both above and below

T,. It should be pointed out that the regular con-
ductivity (that not involving fluctuations) is quite
different in the two regimes. The normal-state
conductivity has a real part equal to the dc con-
ductivity and an imaginary part equal to zero. The
superconducting-state conductivity can be found in
the tables published by Miller. ' These were de-
rived from the theory of Mattis and Bardeen and

give the conductivities, o, /o„and os /o» as a
function of frequency.

A calculation' using the time-dependent Gins-
burg-Landau theory which is similar to that by
Schmidt, but carried to higher frequencies, gives
the following expressions for the conductivities.
The total conductivities for T &T, are the following:

the real part

~o 1+& etc c a (1 e~s'a ) —r tr —2 tan ~ —~ ln(1+ ~ /ter)+~0 N T —T (d (4)
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the imaginary part
0' g r T k T 40 Gp (d co

R„~ ' s (1 —e ~+s*) —r -2+m~-2~ tan ~+in(1+ u& /ur )
oN 0 &T- Tc CO (d (d CO

For T & T, they are the following:

the real part

(6)

(6)

the imaginary part

t= 1~&2/(1 —$~(Rp), (6)

where the transmission and reflection of the film
(the first surface coefficients) are

4n
(n+ 1+Zpo, d)'+ (Zoomd)' '

(n —1+Zoo, d) + (Zond)
(n + 1+Zooid) + (Zpomd)

(10)

The transmission and reflection of the second sur-
face are

y'2= 4n/(n+ 1),
612= [(n —1)/(n+ 1)], (12)

where n is the index of refraction of the substrate
and Zo is the impedance of free space (3V7 Q in
practical units).

There have been measurements of the fluctua-
tion conductivity at microwave frequencies by two

In these expressions, R„ is the resistance the
film would have if it were square. For frequen-
cies low enough that

(f sTI») (1 e "-e') = 1,

they reduce to those published by Schmidt.
The theory has been extended to the clean limit

by Eilenberger" where momentum conservation
requires that the complex conductivity in the
normal state be multiplied by a factor (1+i,&or) ~

v is the relaxation time of the normal electrons.
These expressions for the conductivity can be

used to calculate the transmission of a film, as
discussed by Hadley and Dennison. ' For the case
of a very-thin film, the reflection and transmis-
sion of the film can be found very easily from the
boundary conditions on the field vectors by treat-
ing the film as a surface sheet of current, having
currentperunitarea K=j d = oEd, where E is the
(continuous) electric field vector on each side of
the film. Internal reflections within the substrate
must also be considered. For a thick substrate
or a substrate with nonparallel sides, the intensity
transmission ratio is

groups. D' Aiello and Freedman' measured the
transmission of aluminum films both above and be-
low T, at 20 GHz (0, 6V cm ') and found no extra
conductivity. Their results did not agree with the
Schmidt theory. Lehoczky and Briscoe' mea-
sured the transmission and reflection of lead films
both above and below the transition at three fre-
quencies (0. '7, 1.2, and 2. 3 cm ') and found ex-
cellent agreement with Schmidt's theory.

II. EXPERIMENTAL TECHNIQUES

These measurements were made using Fourier-
transform spectroscopic techniques. The inter-
ferometer was the lamellar grating described by
Nolt, Kirby, Lytle, and Sievers. The detector
was a bolometer operating at pumped- He tempera-
tures similar to that described by Drew and Siev-
ers. The output of the detector was connected
through an appropriate series of amplifiers on line
to a PDP-11 computer. This computer gave a
real-time analysis and display of the spectral data
as the run progressed, using a program written
and described by Kahan. '

The cryostat used in these measurements is
shown schematically in Fig. 1. It contains the
evaporator used for making the films, the detec-
tor, and a charcoal pump. The evaporator is con-
structed as an insert which may be removed from
the main system to allow the use of other sample
inserts. The He refrigerator in the main part is
a sealed system and contains no moving parts. At
the beginning of a run liquid He was transferred
into an outer glass Dewar (not shown) which sur-
rounds the cryostat, then the inner He container
was filled through a needle valve and pumped by an
external mechanical pump to 1 K. The charcoal
pump remained warm, protected by vacuum isola-
tion, so the He gas in the system condensed and

dripped down into the He pot. After 20 min or so
when the He had all condensed, He exchange gas
was admitted to the vacuum can surrounding the
charcoal pump. This cooled rapidly to 4. 2 K and
equally rapidly pumped the 'He to near 0. 31 K.
The three STP liters of He gas used gave an oper-
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ating time of 36 h at this temperature.
The evaporator insert is a long stainless-steel

tube with a quartz vacuum window at the bottom.
The top plate carries the spiral-wound tungsten
basket from which the evaporation takes place.
The polished quartz substrates are held by brass
clamps to the copper sample rotator using indium
pads for good thermal contact. The sample holder
has two positions. In one the substrate is in place
for evaporation and after the evaporation a rota-
tion of 180' brings the film into the far-infrared
beam and puts the other substrate in position for
evaporation.

Attached to the sample rotator are a carbon
resistor and a heater for the Artronix temperature
controller and another carbon resistor for a resis-
tance bridge. There are four leads connected to
each film in order to allow the film resistance to

be measured using a four-probe technique. These
leads are attached with indium solder to four nar-
row gold strips that had been evaporated onto the
substrates before they were mounted. The copper
sample holder is hollow and there exists the capa-
bility of transferring liquid helium into it through
the hollow rotator rod, but this has not proven to
work very well.

After the detector was operating and the outer
liquid-helium container filled, the evaporation was
done. At this time the pressure in the evaporator,
as measured by an ionization gauge at the top, was
near 10 torr. The sample holder had cooled to
around 40 K. During the evaporation, the dc re-
sistance of the film was monitored, mostly to
determine when the film became electrically con-
tinuous. This was done by putting 60 p, V in series
with a 10 kA resistor across the leads to the film,
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TABLE I. Various film parameters.

Film numbers

Deposition temperature ('K)
Evaporation time (min)
Evaporation pressure (torr)
dc square resistance, Rsq iA}
FIR sheet resistance, R~ (0)
FIR transmission, g ~
Thickness, d (A)
Transition temperature, T, ('K)
Aslamazov-Larkin
parameter, vo (0 ')
Critical width, 7'0 8g T& ( K)

40
3
9 x10

5470
1600

0. 88
10
6.423
O. 98 x10~

0.100

26
2
7x10 ~

3010
820

0.76
14
6.914
0.96 x10+

0.054

30
3
7x10 7

910
440

0.61
20
6.844
0.89 x10+

0.026

25
3
3 x10+

1430
1100

0.81
12
6.660
0.89 xl0-'

0.064

and measuring the voltage across the film. As
the film resistance decreased during deposition
the voltage across it also decreased. With this
arrangement it was always possible to get a con-
tinuous film and easy to get close to a desired
resistance.

The evaporation rate was about 2 A per min;
it took 3 min to get a continuous lead film. After
two films had been deposited sufficient helium ex-
change gas was added to the evaporator volume to
bring the film temperature to 4. 2 K and the far-
infrared and dc-resistance measurements began.

Two or three passes through the transition re-
gion were made to get the far-infrared-transmis-
sion data. The dc resistance was measured on the
first pass and was monitored constantly while an
interferogram was being taken. It was used to
make manual fine adjustments to the temperature
controller. The dc resistance is a very sensitive
thermometer in the transition region. In this way,
the drift during an interferogram could be held to
+ 0. 005 'K.

III. SAMPLE PARAMETERS

During these experiments, measurements were
made on seven lead films and one blank substrate.
The films have been numbered Pb 1 through Pb 7.
For the first six films, the basket in the evaporator
was charged with an alloy of lead (Cominco
99. 999%) with a 4-at. % bismuth (Cominco
99. 9999%). The purpose of the bismuth was to
decrease the normal-state conductivity. This was
felt to be unnecessary so Pb 7 was made from the
pure lead alone.

Four of the films, Pb 3, Pb 5, Pb 6, and Pb 7,
produced successful simultaneous measurements
of far-infrared transmission in the fluctuation re-
gion, dc resistance, and temperature. The ex-
periments on three of the films were unsuccessful
for various reasons: The detector system was un-
acceptably noisy during the run on Pb 1 and Pb 2.
In addition, Pb 2 was quite thick so that its trans-
mission was very low. Pb 4, on the other hand,

was too thin; it was almost perfectly transparent.
Qualitative fluctuation effects were observed in
both Pb 1 and Pb 4, but a detailed comparison
with theory was not made.

Various parameters useful in discussing the re-
maining films are displayed in Table I. The tem-
perature at which the films were deposited is shown

in the first line. This is also the highest tempera-
ture to which the films were submitted until the
end of the measurements and so indicates the state
of annealing of the films. It was always less than
40 'K. The major anneal in an amorphous film
should occur near the Debye temperature which
in lead is 96 'K. There was a big change in re-
sistance in these films between 80 and 100'K.
Most of them became discontinuous at these tem-
peratures and all increased their resistance.
Strongin et al. have measured the resistance of
several lead films on different substrates and find
that some annealing begins even at 7 K, the transi-
tion temperature, and continues as the tempera-
ture is increased. By evaporating the films at a
higher temperature than ever reached during re-
peated passes through the transition region any

problems due to changing residual resistance dur-
ing the experiment were avoided. At the end of
the infrared experiments the resistance was gener-
ally measured as the films were warmed up to
nitrogen temperatures. The resistance would in-
crease slightly, indicating that there was no major
annealing going on.

The next two rows give the time that the evapora-
tion took and the pressure at the beginning of the
evaporation. This pressure was measured by the
ionization gauge at the top of the evaporator.

The square or sheet resistance in the normal
state is the major parameter of the films. It is
given in the next two rows of the table. The dc
square resistance is just

(13)

where 0~ is the zero-frequency electrical conduc-
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tivity of the film, R„ is the measured residual re-
sistance, and d, L, and so are its thickness, length,
and width, respectively. The conductivity and
thickness are not easy to measure in independent
ways for a thin sample but the square resistance
can be gotten by multiplying the measured resid-
ual resistance by the ratio of width to length.
Another and perhaps more reliable measure of the
square resistance of very-thin films can come from
comparing the infrared transmission of the films
to that of a blank substrate. The formulas to use
are Eqs. (8)-(12). The infrared measure of R„
is equal to the dc value when +v «1, so that
0,= a» a, =0. This is surely the case for these
very-thin films. The far-inf rared-transmission
ratios from which the sheet resistances were cal-
culated are shown in the next rom.

Inspection of Table I shows that the far-infrared
values for R„are in some cases almost a factor of
4 smaller than the dc values, the deviations being
the largest in the thinner films. It is likely that
the infrared value is the more accurate. The
geometry of the film was far from ideal for dc
measurements; it was wider than it was long and
had curved sides whose contribution to the con-
ductivity is hard to estimate. Any decrease in
the effective width of the film would lower its
square resistance. Secondly, the far-infrared
radiation tends to average over point imperfec-
tions in the film. The infrared radiation mea-
sures the average conductivity in an area ap-
proximately the wavelength squared. Because of
this it is insensitive to small holes or cracks in
the film. Similarly, it is insensitive to a few
scratches in the substrate which, if across the
film, would seriously affect the dc resistance.

The thickness can be estimated in two ways. "
For a very-thin film one would expect the mean
free path to be

of the films versus temperature. As can be seen,
the resistive transition is broad; the films exhibit
considerable extra conductivity; and there is some-
thing of a tail in the resistance below the transition.
It is the presence of this tail (whether a real or
bogus phenomenon) that makes determination of the
transition temperature diff icult. Not immediately
evident from the figure, but true nonetheless, is
that the transition is narrower by about 40% in all
of these films than would be predicted by the
Aslamazov-Larkin formula, Eq. (1). It is thus
necessary to determine an empirical value for the
constant ~& applicable to these films. This re-
quires the extraction of two parameters (T, and

~0) from one set of data. This was done by ad-
justing both T, and 7 0 until the resistance data
above T, all agreed with

R»/R = a/o»= 1+7'OR» [T,/(T —T,)]
using the far-infrared value for RN. The final
value for T, was between 1 and 30 m 'K below an
initial graphical estimate, not a major change.
All of the films had values for ro within 5% of the
average 0. 93 x 10 '. The values for T, and 7 0 are
in the ninth and tenth rows of the table. Last is
the critical width. This is AT =70R„'T,.

IV. FAR-INFRARED RESULTS

In the next several figures are presented the
results of the far-infrared measurements. The
vertical axis is the transmission ratio, V'»/K»,
and the horizontal axis is the frequency (in cm '
along the bottom and Hz along the top). The ex-
perimental data are shown as points and the theo-

I.O

0.9-

assuming diffuse scattering at the surface. Then
the square resistance is

R„=3mv»/8ne~d,

from which d can be found.
A check on this can be obtained for those films

that exhibit temperature dependence in the re-
sistance between the lowest temperatures and
liquid- nitrogen temperature. Then

R (T) —R»= p(T) 1/d,

where p(T) is the bulk resistivity at the tempera-
ture T. %hen available, this gave thicknesses
similar to the first method.

In Fig. 3 is plotted the resistivity ratio, R/R„,

0.8-

CC
~ 06-

0.2-

O. I-
I I I I I I I [ i

6.5 7.0 7.5

Temperature ( K)

FIG. 2. Resistive transition of the films.
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retical curves as solid lines N, how, t e transmis-
e ve ically so assion curves have all been shift d rt'

to separate them; the places where the experi-
mental curves all cross 1 are indicated by the

by the dashed horizontal line on ea h 'd

a a. On the left-hand side is a scale or ruler
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a 1% change.
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theoretical curves have been slid upwards by a
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all are at hi
r an for T &T, while the experimentalen curves
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or as a

8 =1
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shift
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Figures 4 5, and 6 show the transmission data

for the other films, Pb 5, Pb 6, and Pb 7, respec-
ively. In Pb 5 all of the runs were made at tem-

peratures above the transition tempe t
wi an 18-cm high-frequency cutoff. Pb 6 was
the thickest film on which data were taken. All
of the tern ep ratures were above T, again, although
the error in the lowest-temperature run (T —T
=0.001 K~ '

~ is 0. 005 K at least. It could be either0
C

CC PP ~
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e experimental data and the theoretical points,
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y Pb 5 and Pb 6, with Pb 7 somewhat further
back. With thei e exception of two measurements
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Figures 7 and 8 Show the behavior of the con-
ductivities above and below T f Pb 3., or . These
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are the total conductivities used to calculate the
transmission ratios. The characteristic fre-
quency &„ is indicated by a cross mark on each
of the curves.

Above the transition, the real part is a maxi-
mum at zero frequency, rolling off at the char-
acteristic frequency &z to zero. The imaginary
part is zero at zero frequency, rises to a peak
near &~, and then drops to zero again. As the
temperature gets closer to T„ the heights of the
maxima are increased and the characteristic fre-
quency is reduced.

Below T, the real part looks like the real part
above T, very near the transition and then goes
over to the Mattis-Bardeen form as the tempera-
ture is decreased. There is little temperature
dependence at low frequency. The imaginary part
has the 1/~ form with little temperature depen-
dence near T„beginning to grow as the tempera-
ture falls.

The forms used here, both for temperature
above and below the transition are the same as
those obtained by Schmidt if the frequencies are
restricted to low-enough values so that
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&or is very small. (uz = 0. 35 cm ' at the verge of
it in the case of Pb 3. ) The measurements are
all on the high-frequency tails of the conductivities
and these must be unaffected by interactions be-
tween the fluctuations. Further, the deviations in
the dc resistance from the Aslamazov-Larkin re-
sult are often small.

In general, the difference between the experi-
mental data and the theoretical curves is larger
below T,. Again in reference to Pb 3 (Fig. 3),
these differences seem to be due to the Mattis-
Bardeen conductivities rather than the fluctuation
conductivities. The data taken closest to the transi-
tion (T —T, = —0. 007), where the fluctuations are
the largest and the contribution from the quasi-
particles the smallest, give the best agreement
between experiment and theory. The situation de-
teriorates as the temperature is reduced away
from T,. To fit the data, the difference between
the superconducting and normal-state conductivi-
ties needs to be reduced to about 0. 6 the values
used here.

Figure 10 shows plotted the data and the cal-
culated transmission ratios using the Mattis-Bar-
deen conductivities alone (dashed line) and the fluc-
tuation conductivities plus the Mattis- Bardeen
conductivities (solid line). Two of the spectra
for Pb 3 are used. In this figure there has been
no fitting of data in any way; the experimental
points and theoretical curves are all numerically
equal to the values on the figure. Although gener-
ally lower than the data, the curve calculated
using Schmidt's conductivities gives the shape of
the data quite well; that from the Mattis-Bardeen
conductivities does not.

The magnitude of the fluctuation effects is quite
small, compared to the transmission ratio of the
superconducting to state at 4. 2 K to the normal
state. For instance, in the case of Pb 6 the maxi-
mum distance the transmission ratio in the fluc-
tuation temperature range above T, ever gets
from 1 is 0. 96, a 4% variation. The transmission
rate for superconducting normal (4. 2 /9') of this
same film is 0. 75 at 2 cm '. It rises to 1.2V at
22 cin ' (the energy gap) and then falls off towards
1. It varies 2@p on either side of 1. On this
scale the transmission ratios near T, would appear
virtually flat.

VI. SUMMARY AND CONCLUSIONS

Measurements of the transmission of far-in-
frared radiation through four thin lead films as
a function of temperature were made. The dc
resistance of the films was also measured. Both
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FIG. 10. Transmission ratio vs frequency for two
temperatures below T~ for Pb 3. The solid line is from
the fluctuation conductivities plus the Mattis-Bardeen
conductivities (SMB); the dashed line the MB conductiv-
ities alone.
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types of measurements showed an increase in the
conductivity near T,.

The experimental data are well described by
the conductivities calculated from the Ginsburg-
Landau theory. The relaxation rate in the time-
dependent equation

&up--(16ksT/wl ) [(T—T,)/T, ]

is that which best fits the results of the measure-
ments.
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