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Superconducting aluminum films show deviations from the mean field theory 
prediction of the temperature dependence of the equilibrium order parameter 
close to T¢. We show that these deviations can be explained by intrinsic 
variations in Tc from grain to grain. When the coherence length is larger than 
the grain size, the deviations will occur over a much smaller temperature 
interval than the intrinsic variations because of the proximity effect. 

1. I N T R O D U C T I O N  

Mean field theory (MFT) seems to describe superconductivity as weU as 
or better  than other  systems undergoing a second-order phase transition. 
Therefore  it is of interest to examine carefully any deviations from MFT in 
superconductors to better understand the limits of its validity. The most 
fundamental concept in MPT is the order parameter.  In superconductivity 
the conduction electrons are ordered into bound pairs, called Cooper  pairs, 
at the Fermi energy. The order paramete r - - the  fractional number of 
conduction electrons bound in Cooper pairs--has been shown by Gor 'kov  1 
to be equivalent to the equilibrium energy gap in the excitation spectrum 
near the transition temperature  To. We therefore expect the temperature  
dependence of the energy gap to follow the MFT dependence for the order  
parameter ,  i.e., (To - T) 1/2 close to To, which coincides with the prediction of 
the microscopic theory. 2 

There  are a variety of methods of measuring the energy gap in super- 
conductors, but one of the simplest and most accurate is by electron 
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tunneling. This method is especially good close to Tc where the gap is small. 
Previous tunneling measurements 3-5 of the temperature dependence of the 
gap in thin films have shown reasonably good agreement with the BCS 
theory 2, except for deviations close to To. In one experiment, 3 these are 
crucial since they occur over the temperature range of the measured 
divergence of the relaxation time of the order parameter, and make com- 
parison with theory difficult. 

On the other hand, the magnetization of small superconducting parti- 
cles is proportional to the square of the order parameter. Such magnetiza- 
tion measurements 6 are consistent with MFT, and in small particles show a 
predictable deviation near Tc due to fluctuations. It would seem reasonable 
to look to fluctuations as an explanation of the deviations in the tunneling 
measurements, since the most careful measurements near Tc were done in 
aluminum films with grain sizes comparable to the particle sizes used in the 
magnetization study. However, the important difference, which makes such 
a comparison of dubious merit, is that the grains in the films of the tunnel 
junctions are electrically continuous, whereas in the magnetization meas- 
urements the fine particles were electrically isolated (by an oxide layer and a 
minimal area of contact). The magnetization measurements therefore satisfy 
the zero-dimensional criterion of isolated particles smaller than a coherence 
length. However, in the thin films, the order parameters in the individual 
grains are correlated with each other by the proximity effect over a distance 
of the superconducting coherence length. In addition, it can be shown that 
fluctuation effects in two-dimensional thin films yield deviations which are 
much too small, so we must look elsewhere for an explanation of the 
tunneling experiments. 

In an effort to explain this discrepancy in the tunneling measurements, 
and with the hope of improving the relaxation time measurements, we have 
undertaken a careful study of the temperature dependence of the gap near 
T~ in tunnel junctions. We prepare aluminum films with different grain sizes 
by introducing oxygen during evaporation. 7 We find a simple model, without 
fluctuations, which explains the discrepancies with MFT in films, and gives 
an alternative explanation of the transition temperature widths in very dirty 
(p _> 103-104 p i t  cm) granular aluminum films. 7 We also find that in very 
clean films, the deviations from MFT are over a much smaller temperature 
region near T~, allowing a definitive measurement of the order parameter 
relaxation time. s 

2. EXPERIMENTAL 

The aluminum films studied were prepared by electron beam 
evaporation onto glass microscope slides. Evaporation in a standard 
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diffusion-pumped vacuum system yields a moderately dirty film with about 
400-~-d iameter  grains. Dirty, small-grain films are produced by admitting 
oxygen into the chamber during evaporation. Previous work ~' has shown that 
grain size, residual resistivity, and superconducting transition temperature 
are related in a regular, reproducible manner  and depend on the oxygen 
content. Clean films are produced in a 24-in.-diameter vacuum system using 
a liquid-nitrogen-cooled titanium sublimation pump and ion pump. This 
provided a background pressure during evaporation of about 3 × 10 -7 Torr, 
with a rate of 150-200 Zk/sec. The electron mean free path in films made this 
way was size-limited even at 1 ~m thickness, although films used in this 
study were about 1000 ~ thick. 

After evaporation of the aluminum, the slide is removed from the 
chamber and exposed to air for about 15 min to provide an oxide insulator. 
Tin or lead is then evaporated to form the counter electrode of the tunnel 
junction. It is important to use a counter  electrode with a much higher Tc 
than aluminum, so that the energy gap structure in the current-voltage 
curves of the tunnel junction remain sharp right up to Tc of the aluminum. In 
such a manner,  structure as small as 0.5 ~V can be measured. Using two 
identical superconductors or a normal metal to superconductor junction 
would limit the resolution such that the present experiment would be 
impossible. 9 

The I - V  characteristics of the junctions were plotted on an x - y  
recorder,  with the region near the voltage corresponding to the energy gap in 
the lead or tin expanded greatly. There is some ambiguity in the determina- 
tion of the aluminum energy gap A from the curves, but we found that the 
different criteria 4'1° only affected the slope of A 2 versus T in the MFT region. 
Within experimental error, the deviation from MFT occurred over the same 
temperature interval, since the disappearance of structure in the I - V  curve 
due to superconductivity in the aluminum is unambiguous. Figure 1 shows 
A 2 versus temperature for three representative films. The MFT and BCS 
prediction is a straight line, which has been fitted to the data in the graph. 
Note that in a plot of A 2 the deviations from MFT appear much smaller than 
in a plot of the experimental data for A versus T. It should also be pointed out 
that covering the edges of the aluminum film of Fig. lb  with an insulator had 
no effect on the deviations shown. Also, in one of the clean films, the 
deviation of 1 mK was essentially unchanged upon application of a parallel 
magnetic field, which lowered T~ by 5 mK. 

That  the deviations were smaller for a much cleaner film (Fig. la) was 
not at all surprising. However,  the film of Fig. lc,  whose mean free path is 
almost six times shorter and has much smaller grain size than that of Fig. lb,  
shows deviations that are the same as or smaller than those of Fig. lb.  This 
crucial observation is hard to understand in terms of fluctuations. 
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Fig. 1. A plot of A 2 versus temperature  for three 
representat ive films: (a) dean ,  O N -  0.7 ~ q  cm; 
(b) average, P N - 1 . 7 ~ 2 c m ;  (c) dirty, P N ~  
10/z l l  cm. The extrapolations of the solid lines, 
which are the best fits to MET, determine Tcf, and 
To,, is the highest temperature  for which struc- 
ture in the I - V  curve due to superconductivity in 
the aluminum is found. 

3. DISCUSSION 

The essence of our model to explain these results is that the deviations 
in the order parameter from MFT can be explained by an inhomogeneous 
local transition temperature Tel(r) which is static, i.e., not fluctuating. We 
further propose that Tci(r) has a distribution in the range T¢ s + AT~r, where 
Tcr is the average value and the width ATcr is To,,-T~ I. The maximum 
temperature for which a gap is measured is T~,~ (see Fig. 1). In spite of the 
fact that each grain may have its own intrinsic transition temperature T~, we 
assume that T~r(r) can only vary on the scale of the coherence length ~: 
because of the proximity effect. The individual grains will have different T~i 
because the size, strains, and impurity content (mostly oxygen) will vary 
from grain to grain. If there are many grains N in the coherence volume ~3, 
then the width of the distribution of local transition temperature AT~f is 
narrower than the width of intrinsic transition temperat/are ATc~ by a factor 
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N 1/2. This factor is strictly true for a Gaussiaia distribution and we assume it 
is approximately valid for our model. 

To test this model, we need to know a T¢~ and N, since A Tcr is known 
from the tunneling measurements. It would be difficult to measure AT,~ 
directly, but we can make a rather coarse estimate. For dirty aluminum films, 
but with normal resistivity PN less than about 10-212 cm, T~ r is always 
greater than the clean, bulk transition temperature T~b = 1.18 K. We there- 
fore use Tcb as the lower limit of the intrinsic transition temperature T~g. 
Since the average of T~i must be the same as the average for the film Tc s, we 
can write AT~i ~ T~r - Tcb. The number of grains in a coherence volume can 
be estimated from the average grain size and the coherence length. The 
average grain size as a function of normal resistivity has been measured 
previously 7 using transmission electron microscopy, but determination of 
the coherence length ~ is not so straightforward. Although ~ is defined at all 
temperatures by ~2 = h2 /2m. [a  [, where a is the coefficient of the quadratic 
term in the Ginzburg-Landau free energy expression, it diverges at T~. Now, 
T~i varies from grain to grain, so that at a given temperature in the range of 
ATc~ some of the grains will have very large ~. However, if the grain size is 
much smaller than ~, these would have a small effect on the spatial variation 
of the order parameter anyway. Hence the spatial variation of T~¢(r) will 
depend instead on the large number of grains with ~ -  ~(0). Therefore we 
use the zero-temperature Ginzburg-Landau coherence length ~ ( 0 ) -  
0.84(~:0l) 1/2, where ~:0 is the BCS coherence length. The electron mean free 
path I can be inferred from the normal-state resistivity (for PN >--- 10 -3 ~ cm, 
this may not be useful, because thick oxide layers on the surface of the grains 
may dictate a different conductivity mechanism, e.g., tunneling between 
grains). 

We are now in a position to put the model to the test of our experimen- 
tal results. In Table I, we show various measured and calculated parameters 
for our films as well as films studied elsewhere. 7A1 For the dirtiest films 
(pN ~ 45 ~f l  cm), we assume AT~¢ to be the resistive transition width meas- 
ured in Ref. 7. We show the measured resistivity ON and the calculated 
electron mean free path l obtained from pNI = 1.2 × 10 -11 12 cm 2, which is 
valid for polycrystalline aluminum films. 12 The coherence length ~(0) is 
determined using l and C0 = 16,000 ~ .  The average grain size (D) comes 
from Ref. 7. The number of grains per coherence volume N is given by 
[~(0)/(D)] 3. It is then a simple matter to multiply the measured AT~I by N 1/2 
to obtain a calculated value for AT~ to compare with the measured Tcs - T~b. 
This comparison in the last two columns shows the good agreement of the 
experimental results with the model. 

It is interesting that the greatest reduction of transition width occurs 
precisely at the resistivity corresponding to the minimum in flux pinning 
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T A B L E  I 

Compar ison  of Exper imenta t  Parameters  for A l u m i n u m  Films 

Film /zf~ cm N m K  m K  m K  

Ref. 7 104 0.12 37 30 1.8 350 470 800 
Ref.  7 103 1.2 120 30 60 120 940 980 
Ref. 7 100 12 370 40 750 50 1350 950 
Ref. 7 45 27 550 50 1331 40 1440 900 
Ref.  11 18 60 840 55 3700 10 6 t 0  600 
This work, 

Fig. lc  9.6 125 1200 70 5000 4 280 350 
This work, 

Fig. l b  1.7 710 2820 400 343 5 93 135 
This work, 

Fig. l a  0.7 1800 - -  - -  - -  2 - -  30 

measured by Ekin. 13 The maximum number of grains in a coherence volume 
leads to minimum pinning because in that case the structural defects (grain 
boundaries) look most homogeneous to a flux core of radius ~. 

In the cleanest film we do not know the grain size nor can we easily 
obtain the coherence length from the electron mean free path, since it is 
limited by surface scattering in the thin film. Of greater consequence is the 
use of T 4 - T c b  for an estimate of ATci. In the dirtier films, T~y is sufficiently 
far from T~b so that uncertainties in what to use for T~b are less important. In 
the cleanest film T 4 is close to  Tcb and it is not clear that the bulk T~b is the 
correct limit. We feel that in this case the distribution AT~ is approximately 
the same as the measured A T  4. 

We would like to point out that our model can also explain the 
premature drop in the order parameter  relaxation rate measured 11 in 
aluminum films above T~. These measurements follow the mean field 
behavior sufficiently far above T~, extrapolating to a transition temperature  
which we would call T 4. But as T 4 is approached from above, the rate drops 
to zero prematurely at To~. On the other  hand, the Josephson critical current 
I~ through these junctions TM behaves like the energy gap. Sufficiently far 
below T~, Ic follows the theoretical prediction using the same T 4 for the 
transition temperature.  However,  close to T 4, I~ is too large and goes to zero 
only at Tc,~. Our model, which postulates a static inhomogeneous transition 
temperature,  qualitatively explains these results without invoking fluctua- 
tions. 

Others 15"16 have proposed a similar model to explain the relaxation 
time ~ ~ above T~. However,  it is apparently necessary 1.6 to choose adjustable 
parameters to fit the data of Ref. 11. Unfortunately,  the values of transition 
temperature  range (--0.15 K) and correlation length for frozen disorder 
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( ~ 5 0 0 / ~ )  chosen  in Ref .  16 do  no t  agree  wi th  ou r  e x p e r i m e n t a l l y  m e a s u r e d  
p a r a m e t e r s  Tc¢-  Tcb and  ( D )  for  the  film of  Ref .  11 (see T a b l e  I). 

In  conclus ion ,  we have  p r o p o s e d  a m o d e l  which  exp la ins  the  exper i -  
men ta l  resul ts  s emiquan t i t a t i ve ly  and  invokes  on ly  the  mos t  f u n d a m e n t a l  
concep t s  of  superconduc t iv i ty .  A s  a consequence ,  t h e  dev ia t ions  f rom the  
p r e d i c t e d  t e m p e r a t u r e  d e p e n d e n c e  of  the  equ i l i b r ium ene rgy  gap  a re  no t  in 
con t r ad i c t i on  wi th  m e a n  field theory .  
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