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Abstract 

Critical Phenomena in Superconductors 

Departures from the predictions of Mean Field Theory (MFT) 
are not usually observed because the region in temperature ATc (i.e., 
the critical region) over which the theory is Invalid is very small 

12 (^lO K) for pure superconductors. The narrowness of this region 
results from the dependence of ATC on the Inverse of the sixth 
power of the zero temperature value of the temperature dependent 
coherence length S(T), a parameter which measures the size of 
coherent superconducting regions, and 1s about 10 A for pure 
superconductors. This relationship between ATC and £(0) 

4 o 
is why 1n superfluid He critical phenomena are observed (5(0)^2 A) 
and why MFT works so well for pure superconductors. But ATC can 

3 
be increased to the order of 10 K by studying dirty superconductors 
(I.e., the mean free path -i « £(0)) 1n restricted geometry 
(I.e., a characteristic length L « 5(0)). 

o 
Experimental studies were carried out with 1000 A thick dirty 

granular aluminum films (mass ~ 2 0 yg) which were evaporated onto 
mica substrates. The electrical conductivity and heat capacity 
were studied 1n the superconducting transition region. The 
resistive transition of the film was used as a thermometer 1n 
conjunction with optical heating 1n an A.C. calorimetry scheme to 

_Q 
measure the films 5x10 J/K heat capacity. Results presented on 

1 
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four films Indicate a rise in the heat capacity near the low 
temperature region of the transition where the film's resistance 
becomes zero. This rise peaked 1n two films studied to a value 
of up to 32 times the BCS jump in heat capacity and at a temperature 
of about 20 mK below the MFT transition temperature Tc as 
determined from the conductivity measurements. An applied magnetic 
field widened and reduced the peak 1n the heat capacity while 
shifting it to a lower temperature. These results indicate that 
higher order corrections are needed to recent heat capacity 
predictions for thin films in the transition region. 

ii 



Preface 

Because dissertations tend to be written and then placed on 
obscure shelves, this thesis was structured to enable the reader 
to read what 1s important.without all the small details. The 
main body of the thesis 1s without all the experimental details, 
and 1s written from a phenomenologlcal point of view, with fine 
theoretical details to be found 1n the references. All ex
perimental details are structured in appendices, and can be omitted 
1n reading, 1f one so chooses. If this format does not make the 
thesis more readable, 1t at least helped the author in dis
tinguishing between what 1s called research and what 1s called 
physics. 
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Chapter 1. Introduction 

Among the many processes that one observes in the physical 

world, one of the most striking processes is that of a phase 

transition. A phase transition is characterized by a dramatic 

overall change in a system, brought about by a relatively small 

change in one of the parameters of the system. Figure 1 shows 

the heat capacity of liquid He plotted vs. temperature. One 

should note the dramatic change in the heat capacity due to a 

relatively small change in the temperature. One should also 

note that as one increases the resolution of the variable para

meter (temperature), the relative shape of the feature remains 

the same. This 1s a characteristic of the "cr i t ical region," 

and 1s related to the exponential power of the diverging quantity 

(see ref. 2; scaling theory). One can observe cr i t ical behavior 

in other systems as well. A more common example is the liquid-gas 

phase transition. One can ponder for a long time the question of 

why water boils at precisely one temperature and becomes a wholly 

different state of matter from the l iquid. 
3 

Landau f i r s t realized the similarity in al l phase transitions. 

He believed a phase transition to be due to a change in symmetry 

of the system which he characterized with a parameter called the 

"order parameter." For temperatures greater than the transition 

temperature (Tc) the system was in a disordered state, and the 

order parameter (A) had a zero average value. For temperatures 
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Fio. 1.16. 8peeifio heat of «He as a function of T — Tx in K. Notice that the shape of the 
•peoifio heat ourve is rather like the Greek letter A, whence the origin of the term ' A
transition'. The fact that the speoino heat is only about ten times its ' normal' value even 
at temperatures only a few miorodegrees from Tl is correlated with the fact that the 
criticalpoint exponent is extremely small (in fact, a is probably zero, corresponding to a 
logarithmic divergence). The width of the small vertical line just above the origin indi
cate* the portion of the diagram that is expanded in width in the curve directly to the 

right. After Buckingham and Fairbank (1065). 

Figure 1. (from Ref. 1) 

Partial list of phase transitions and the order parameters <p> associated 
with each. Adapted from Kadanoff et al. (1907) 

Transition Meaning of <p> Free choice in <p> Thermodynamic 
conjugntc of <JI> 

liquidgas 

ferromagnetic 

antiferromagnet ic 

Heisenbcrg model 
ferromagnet 

Tsing model ferro
magnet . 

superconductors 

superfluid 

ferroelectric 

phase separation 

P - Pc 

magnet itation M 

sublatticc 
magnetization 
magnetization M 

A (complex gap 
parameter) 

<^> (condensate wave 
function) 

lattice polarization 

concentration 

p > 0 » liquid 
p < 0 = vapour 
(2 choices) 
if n equivalent 
'easy axes' 
2n choices 
if n 'easy axes' 
2n choices 
direction of M 
(can choose any value 
on surface of sphere) 
2 choices 

phase of A 

phase of <^> 

finite number of 
choices 

2 choices 

applied magnotic 
field, H, along easy 
axes 
not physical 

H 

H 

not phymcal 

not physical 

electric field 

a difference of 
chemical potentials 

Figure 2. (from Ref. 1) 
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less than the transition temperature, the system was in an 

ordered state, and the order parameter had a non-zero average 

value. This 1s summarized below: 

Landau Phase Transitions 

T > Tc | A | = 0 

T < Tc | A | f 0 

An example of the order parameter can be shown by looking at a 
Cur1e-We1ss spin lattice, where N + 1s the number of spins up, and 
N_ 1s the number of spins down. Then A = (N+ - N_) / (N+ + N_) 
and then the order parameter obeys the rules shown above. 

The universality of the order parameter idea is shown in 
Figure 2. The transition 1s listed in the first column with the 
order parameter listed 1n the second. The third column is the 
degeneracy, or "free choice" 1n the order parameter. One can see 
that for the superconducting transition, the order parameter is 
the complex energy gap parameter ( A ) , sometimes written as 
y ( = Ae * ) , which is like a quantum mechanical dondensate wave function 
with its amplitude (A) relating to the square poot of the density of electron 
pairs (Cooper pairs) in the system, and has a phase (<J>) associated 
with it. One can add to the table the recent observations in 

3 LHe at 2.7 mK of a possible phase transition similar to the 
pairing of a superconductor. 

Landau used a phenomenological approach, which for a 

disordered 
ordered 



4 
i 

superconductor has an equivalence 1n the microscopic B.C.S. 
theory near T . He expanded the thermodynamic free energy function 
as a power series 1n the order parameter with temperature de
pendent coefficients, where certain terms dropped out due to 
symmetry arguments. Thus, the free energy is: 

F = Fn + o |A| 2 + §. | A| 4 + ... (1) 

where FR 1s the free energy above the transition temperature. 
This isatype of Mean Field Theory (MFT) and 1s consistent with a second 
order phase transition 1n a superconductor (the name originally 
related to the order of the discontinuous derivative of the free 
energy, but now just Implies no latent heat in the phase transition). 
This can be shown by minimizing the free energy with respect to the 
order parameter and calculating the heat capacities above and 

a
2
F 

below T r (where C = T —*■ ) 
c ST* 

At finite temperatures, above the critical temperature, it is 
possible to have thermally activated fluctuations in the order 
parameter. Then, the thermal average value of the order para
meter 1s zero (< A > ? 0 ) , but the r.m.s. fluctuation in the order 
parameter about the thermal average value at a point r is not zero 
(<6A>

2 = <(A(r))
2
 < A(r)>2>) . Thus, to modify the MFT, a 

spatially varying term is added to the free energy (C|v A| ) 
and eq. (1) becomes: 

F = F n + a | A | + | | A |
4
+C |V A |

2 + ••• (2) 
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in the MFT with fluctuations, commonly called Fluctuation 
theory. The correlation function between two fluctuating regions 
can be calculated as; 

g(r,r') = <(A(r) - <A(?) > ) ( A ( T ' ) - < A (?)>)> (3) 

as was done by Kadanoff. One finds a coherence length U(T)) 

or range of this correlation function and a relaxation time 

(l/r(T)) associated with these fluctuations above the critical 

temperature, where: 

5(T) = K(0) e"1/2 T > T where e = — — (4) 
Tc 

r(T) = r(0) e1 

The relaxation time comes from the more complicated Time 

Dependent Ginzburg-Landau equation (T.D.G.L.). One can picture 

regions on the size of [£("0 y in the system going super

conducting for a time on the scale of 1/r (T) at temperatures 

above the critical temperature, in the so-called "classical 

region". 

As one approaches closer to the critical temperature, the 

difference in entropy between the two states approaches zero 

( i . e . , the definition of a 2nd order transition is&slT c = 0). Then, 

1t takes yery l i t t l e change 1n entropy for the order parameter 

to fluctuate between the two states,and the fluctuations get more 
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violent. Since, the probability for the order parameter (A) 
to be between A and (A + 6A ) varies as the exponential of 
the entropy, for T > T where <A> = 0 , this is the same as the 
probability for the order parameter being equal to the fluctuations 

* 
<6A> . For small differences 1n the entropy between the two 
states, this probability is a Gaussian function of the difference 
1n entropy. Thus, when one approaches the transition, the entropy 
difference approaches zero, and the probability of the fluctuations 
being on the order of the order parameter (< A > ^ K S < 6A > ) 
becomes enormous. One can see that the size of the fluctuations 
diverges, and their lifetime becomes infinite (eqs. (4), (5)), so 
that the system is approaching a coherent macroscopic mode. In 
this region, the MFT theory breaks down because of the diverging 
quantities, and one calls it the "critical region". The width of 
this region can be estimated 1n reduced temperature (e) as shown 
below. 

■c L Ac§
0 J 

ec = ̂ ~ | — i L ^ ( (ref. 2) (6) 

This estimate 1s similar to the thermal energy in the size of the 
coherent region (kgTC/€Q) being on the order of the average 
energy associated with the phase transition (T AC ) , and where 
the exponent comes from the temperature dependence of ?(T). Table 
I lists a number of systems with their zero temperature coherence 
n 
See Landau and Lifshitz, Statistical Physics. (1969), pg. 343. 



Table I 

System g(T=0) M.F.T. 

Magnetic 

Ferroelectric 

LHe4 

Superconductor 

<zl 
100 % 

i8 
1048 

No Good ( ec < 10"2) 

Good ( ec < 10"4) 

No Good ( ec < 10"1) 

Good ( ec < 10"1 2) 

<k 
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length used in estimating the critical region. Thus, it is 
obvious why there are observable critical phenomena in L H e , 
and why for a superconductor one would expect M.F.T. to work well 
and no observable critical behavior to exist. 

The estimation of the critical region is somewhat arbitrary, 
and each calculation requires a specific estimation of its break
down. But equation (6) 1s calculated from more general considerations, 
and 1s 1n major agreement with the estimates of others. One can 
then Imagine the understanding of the phase transition in a super
conductor as consisting of phenomenologlcal M.F.T. regions (where 
the theory works well) on either side of the critical region and are 
a good approximation for microscopic B.C.S. theory. One uses 
approximations to approach closer to the critical region, to include 
fluctuations. And finally, 1n the critical region the M.F.T. with 
fluctuations breaks down and one can only use scaling theory. B.C.S. 
theory (including Gor'kov's integral equations) being a microscopic 
description, will work well throughout, but the calculations can be 
impossible near the critical region. One can estimate that in a 
superconductor, the critical region, and thus the region of divergent 
behavior, is extremely narrow, and one would expect to never observe 
such behavior. Essentially the description of a superconductor in 
the critical region is as difficult to predict theoretically as 
it is to observe experimentally. 
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Chapter 2. Theory 

Fluctuation Enhancement 

Because of the rather narrow regions in temperature predicted 
for observable critical behavior, one could conclude that in 
superconductors one would never observe fluctuation effects. There 
are, however, means of increasing the fluctuations of a super
conductor to enhance the fluctuation effects. This enhancement 
will not only widen the estimated critical region, but will also 
change the nature of the fluctuation behavior, and in addition, 
lower the transition temperature. 

Anderson made an analogy with other phase transitions and 
noted that "dirty" superconductors, where the electron mean free 
path was smaller than the coherence length ( l << 5(0) where now 
5(0) = .85y A £ 0 ) , should have an enhanced critical region. The 
electrons cannot travel as fast, due to the more numerous collisions, 
and are not as effective 1n averaging out the fluctuations that lead 
to critical and fluctuation effects. 

Little's work in mlcrogeometries led to the suggestion that 
reduced dimensions would enhance fluctuations. Reducing the 
dimensions of a sample simply Implies one of the characteristic 
lengths of the system (L) is less than the coherence length (C(0)). 
Thus, a 3-D system 1s a bulk material; 2-D 1s a thin film (thickness 
= L); 1-D is a wire (area = L ); and 0-D 1s a powder (particle 

3 volume = L ). One can imagine a ball bouncing in a 3-D box, and, 
as one pushes in two opposing sides, the bouncing increases as the 
system becomes a plane. It is this type of effect, in a quantum 
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mechanical sense, that allows the reduced geometry to enhance 

fluctuations. 

More recently a third method has been suggested by Lee and 

Shenoy and others, to increase fluctuations. I f one applies a 

small magnetic f ie ld to a metal, the motion of the electrons in the 

metal wi l l be confined to planes (2-D) and (for higher fields) to 

1-D rods. Thus, an applied magnetic f ield wi l l reduce the dimension

al i ty of the system to further enhance the fluctuations 1n a 

superconductor. 

One can also think of fluctuations as an "inexact" pairing of 

the electrons 1n forming Cooper pairs. For the B.C.S. formulation, 

one has a total momentum equal to zero, but fluctuations allow local, 

non-preds1on pairing. This is equivalent to the Hartree-Fock 

self-consistency treatment of the phenomenological approach where 

one has a total constant value of the order parameter over space, 
2 

but the Ivy| term implies a local non-constant value. At 

temperatures above the transition (T > Tc), fluctuations are 

observable because there is no pair-f ield (<y> = 0), and one 

observes a "shorting" effect in the conductivity measurements 

due to small fluctuating regions going superconducting. But, for 

T < Tc the problem 1s quite different. Now a pair-field exists 

(<Y> fO) and fluctuations are only slightly disturbing the whole 

f ie ld. Then, regions going normal due to fluctuations in the pair 

f ield are hard to observe amidst the whole superconducting f ie ld . 

I t is for this reason that the treatment of fluctuation 
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theory is generally concerned with fluctuations above T , and 
why the theories, as well as the experimental data, are not as 
complete below T . 

Historically, work began in looking at the conductivity of 
dirty superconducting films. The wide transitions observed 
were at first believed to be due to sample inhomogenieties, 
where one was observing an averaging of many T 's in the 
transition. But, at the same time, theoretical work began that 
predicted observable fluctuation effects outside the critical 
region, even in pure superconductors. These calculations agreed 
with the widened experimentally observed transitions. Fluctuation 
effects have been observed 1n the conductivity (a), in the dia-
magnetlsm ( x^a)» and *n tn^ superconducting tunneling (Ic) of 
a superconductor above Its MFT transition temperature. Approximation 
schemes used 1n the calculations lead to good agreement 
between fluctuation theory and experimental results near the 
transition. The overall effect of enhanced fluctuations is to 
widen the predicted critical region (as large as ec

r^ 10 
for dirty, 2-D films) and change the nature of the measurement 
eod shift the transition temperature to a lower value. 

Figure 3 shows the fluctuation effects on the heat capacity 
of a superconductor as calculated by Grossman, Richter, and 

g 
Wissell. Notice not only the increased distortion of a perfect 
B.C.S. discontinuous jump in the heat capacity, as one widens the 
critical region, but also notice how the effect is appearing at a 
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C,< 0625 

e,. ::si 

is — T/T, 

FIG. 2. Specific heat of filas for various tran
sition widths ea . 

Figure 3. (from Ref. 9) 

1£6 164 162 0 

FIG. 1. Bulk specific heat in Hartree approximation. 

-e-K)3 

Figure 4. (from Ref. 9) 
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lower transition temperature for wider critical regions (e ). 
Also notice the "rounding" or precursor nature of the effect as 
one approaches the transition from above. This is similar to 
the form that the other measurements (a, XA*&> *c^ of f l u c t u a t 1 o n s 

show (I.e., precursive entrance into divergant behavior). 
As stated earlier, much work has been done in looking at 

fluctuation effects 1n the superconducting transition, through 
a, XHia» and *c* But' because of the experimental difficulties, 
not much work has been done to look at the heat capacity 
fluctuation effects. Before embarking on the theoretical nature 
of these effects, one should revise the estimates of the critical 
region with enhanced fluctuations to see if the experiment is 
possible. 

Estimation of the Critical Region 

As stated earlier, the estimation of the critical region is 
a somewhat arbitrary procedure. It basically involves estimating 

, T-Tr 
where a particular calculation breaks down as e( = - ^ ) gets 

'c 
smaller. Thus, 1f one made an approximation of neglecting the 
4th order term in the free energy (| * f ), then the critical 
region could be defined as when the omission of the 4th order 

A 2 

term no longer becomes possible (| v | X / | y | ) relative to the 

lower order terms. Depending upon the particular calculation, 

most estimates of the cr i t ical region can vary by an order of 

magnitude or so. Ferrell's estimates -for the above mentioned 
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breakdown are listed below for the dirty superconductor 

case only. The estimate is for aluminum, chosen because of i ts 

ease in fi lm preparation and moderate cr i t ical temperature, and 

because of the extensive previous work reported in the literature on 

dirty aluminum. 

Dimension Quantity Numerical Value for 0 
dirty Aluminum (JMO A) 

3-D e~— ] . 10"8 bulk 
C (kF50) (kFA)3 

2-D e ^ ^ - J — —!— 10"5 (1000 H thick = L) 
c (kFL) (kFA) 

1-D e ^ IJJJ (5Q/Jl)1/3 10*3 (1000 A diameter = L) 

8 1 

Here kp 1s the Fermi momentum ("^1.75 x 10 c m ) , £0 is the 
Pippard Intrinsic coherence length (^N^1.6 X 10" cm), and 1,1 
were defined earlier. For a film, one can use the fact that 

Ne2a ff , N 
a = mv eTT to get e c = 0.43 x 10"° R Q for aluminum films 
(see ref. 10) where Rpis the normal resistance of the film per 
square. These estimates show that only in the film, and wire 
experiments would one expect to observe critical behavior. But, 
it should be pointed out that this does not rule out observable 
fluctuation behavior for regions much wider than e c, (e > ec) 
as long as the inhomogeneitles are small ( e,-nuom < e ). One 
would then expect it to be possible to see a fluctuation enhanced 
transition in a dirty aluminum film. 
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Theoretical Predictions 

To study cr i t ical phenomena 1n superconductors,an 

experiment was done in dirty aluminum films. The characteristics 

of.the films which were studied, were the electrical conductivity 

and heat capacity. The conductivity was studied only as a 

guide to the transition properties of the films and to relate results 

to other work in the l iterature. The real interest was in the 

heat capacity 1n the vicinity of the transition. The heat 

capacity 1s a static thermodynamic property related to the 

energy density-energy density correlation function 

(<(6Y2)(6,r"^> since Fa f2 and where now y wi l l be used for A ).6 

The conductivity is a dynamical transport property related to 

gradients 1n the order parameter correlation function ' 

(<(w Y ' K r v ¥) > ). One would not necessarily expect these. 

two properties to have the same temperature dependence in the 

transition region. I f one considers the fact that the aluminum 

films are quite granular, and intergraln tunneling is 

Included 1n the conductivity as an effective electron mean free 

path, one would even expect less similarity. Also, as pointed out 

earlier, the conductivity 1s a measurement of a property of the 

order parameter that 1s not symmetric about the transition, 

whereas the heat capacity has some symmetry to i ts behavior. I t 

1s only when one considers that large fluctuations are present, 

and that the behavior of these properties is governed predominantly 
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by the size of the coherence in the system, that one could 

then expect the behavior for both properties to be related in 

the same way to the temperature dependent coherence length 

(?(T)). 

The theoretical approach to calculating these properties 

1n the transition region breaks down Into essentially three 

methods. One can take the rather crude Glnzburg-Landau free 

energy presented earlier (F), and form the spatial average of the 

order parameter by computing a functional integral of the order 

parameter weighted by the Boltzmann factor. Thus, the free energy 

becomes in Fourier transformed momentum space: 

STW ■ I e
1 1 5

" F(*(r)) (7) 

2 
and then < m > , the thermal average of the order parameter 
is: 

O 7 V**n M
2 e" 

<|Y|
Z
> = Tr |vp - -9 9 ' (8) 

n/ d e-e-Sr 
q q 

This is an Integral equation similar to a Green's function 
propagator and usually involves a momentum cutoff in the integration. 
Because of the non-11near nature of the G-L free energy, one has 
to make approximations to F in order to solve for <|y| > . 
Then one can calculate properties of the system by using transport 
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or thermodynamic relationships of the order parameter to the 
properties calculated.which is similar to operating on the free 
energy explicitly. The problem with this method is that the 
G-L equation 1s phenomenological, and the absolute values of 
the coefficients are not known, so 1n the end one has to match to 
experiment by varying these parameters. It also is an inexact 
calculation in that one cannot solve the problem exactly, because 
of the diagrammatic perturbation techniques used in the integral 
equation. 

The second approach to the problem is to go to the micro
scopic B.C.S. Hamlltonian and calculate the pair-field propagator 
1n thermal Green's function analysis, and use diagrammatic 
techniques. Near T , as pointed out earlier, this is equivalent 
to the G-L approach, except 1t has a wider range of validity, 
as long as no approximation methods are used. Then the coefficients 
are known, and one usually has only one parameter in the theory 
(Tc). But, this problem too has to rely on perturbation methods, 
and one again 1s using approximation methods to handle the non
linear free energy. This method 1s in essence, the real under
standing on a microscopic level, but it does not have the machinery 
to complete the predictions exactly. 

The third method of approach 1s that of Ma and Wilson using 
re - normalization techniques where they are concerned with an 
n-parameter field 1n a d-d1mensional space. The problem is 
formulated in a general manner (expansion in powers of 1/n), and then 
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one looks at a set of diagrams and concludes which are the 
Important sets 1n certain limits of n, and d (for a super
conductor n = 2). There 1s no perturbation theory used in the 
general formulation because one sums the diagrams, rather than 
explicitly evaluating them, so it has the possibility of solving 
the problem exactly. But it is mainly concerned with the regions of 
the transition where all quantities are related only to the size 
of the coherence length. It also cannot be solved at this point 
in time, without some use of perturbation theory to get around the 
mechanical difficulties (an example is ref. 15). 

The calculation of properties of a superconductor in the 
transition region thus involves approximation schemes. This leads 
to the rather large range of predictions of the behavior of the 
heat capacity and the conductivity 1n 3, 2, and 1 dimensions both 
below and above T£. Some author's calculations will leave out 
certain terms. Others will Include them and show different behavior. 
But, neither have Included all the terms, so it is difficult to show that 
a higher order term might not cancel off some effects of an earlier 
calculation. For this reason, the calculated predictions of 
Interest are listed in Table 2A for the heat capacity and listed 
jfor the conducitlvlty in Table 2B for all three values of d 
(dimension). The different approximations are shown,and some idea 
of the validity 1s given. 

Above the transition, there is wide spread agreement with the 
conductivity calculations in all three dimensions. The 2-D result 



Table 2A. Heat Capacity (C) .Predictions for Dirty Superconductors (unless 
otherwise noted) H ■ 0. (Note: C » excess heat capacity = 
CcC., where Cc, C. are the super + normal state electron heat 
capacities a n d C  AC at T c In MFT.) 

d Approximation 
(dimension) 

Authors (ref. #) Fluctuation Region 
(*T>TC;**T<TC) 

Crit ical Region 
<«~«e> 

Comments 

3pure B.C.S. +Ladder Diagrams Thouless (16)1960 * C7^C"(T c /TF )
2
e

1
/

2 

( later done 1n dir ty „ _ . . , dlverg. 
l im i t by Gor'kov and * C7AC«*(T r/TF)

2
/2(e)"

1/z 

Batlyev)
 c 

3general GL+|W|
2 in a 

2nd order Functional Integral 

3pure Q.M. Statist ical 
Arguments using 
Green's Functions 

microscopic B.C.S. 
+ Green's Functions 

Levanyuk (17) 1964 

Heller (18) 1965 

Aslamazov, Larkln 
(24)  1968 

GL Functional 
IntegralHartree 
Approx. j'i'|4M

2
<l

,
f|

2> 

MarceIJa, Masker, 
Parks (32)  1969 

GL Functional 
Integral but use 
thermodynamics on 
Free Energy I t se l f . 

Ferrell (6)  1969 

S l ^ Z l
 I n t e 9 r a 1 Grossmann. Rlchter 1st order only ( 2 9 ) _ }tfQ 

* C'/AC a e' •1/2 

no singularity for superconductor 

* C'/Ac o e
1

^
2 

* C'/AC a e2 

C /AC a f i n i t e anomaly below T^
n 

V2 * C'/AC a e , 
* C'/AC a e  I 

* C'/ACa t.^2"2 

** C'/ACa(.e)<l/22(^2)d2 

dlverg. 

Sum diverges 
for T<TC 

Calculation for 
2nd order com
pared to Quartz 

C,o have same 
fluctuation 
regions 

« 3 



Table 2A (continued) 

(dimension) Approximation Authors (ref. #) Fluctuation Region 
(*T>Tc;**T<Tc) 

Cri t ical Region Comments 
(£~ec> 

Exact solution 
( l ike enharmonic 
osci l lator) 

G-L Functional 
Integral-Hartree 

(l*l4*(<l*l2-<l^> 
G-L-neglect|v>j)|* 
but retain \^\* 

G-L Functional 
Integral 
Hartree T>TC 
Hartree-Fock T<T 
(screened) 

MarceIJa (3D-1971 
Gunther, Gruenberg 
(12)-1972 

* C'/AC -exact f in i te -s l igh t bump 

W) 
Gunther, Gruenberg 
(13)-1972 

C'/tC'iU^/^lhl^^ no bump 

Parkinson (26)-1972 * C'/AC a 1-D exact but more 
complicated form 

Bray, Rlckayzen (14)- * C'/AC al-D exact almost 
1972 ** 

* C'/AC a f l n l t e anomaly 
should peak 
1n 2-D 

Hasting, Hake, Barnes * C'/tC a l - D exact solution 
modified by fl(ref.8) (27)-1973 

G-L Functional 
Integral. HjO Induces 
1-D In 3-D. Hartree 
A p p r o x - d/? ? 
Calculate Partit ion Hasslng, Wllklns (28)- * c/tc a £U-L 

Function 1973 
Functional-Integral Similar for 2-D, 1-D 
B.C.S. Hamlltonlan, 
SCF of \w In Hartree approx. 

f i n i t e 1n 3-D 
But a e- ' 
No peaking 

Renormailzatlon G-L Scalapino, Ferrel l , 
f ie ld Hartree approx. Bray (15)-1973 
Including screening 

* C'/AC a Hartree of ref. 13 
** Including screening gives peak 

e~9x10-3 — 
x fla 
Agree with Z+M 

Hartree 
Approx. over 
estimates 
f luctuation 
effects 

Use momentum 
cutoff. Do not 
agree with 
Z+M experi
ments results 

Only 3-D has 
Phase t rans i 
t i on , does not 
quite agree 
with exact in 
1-D 

Don't agree 
with Z+M 
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Table 2B. Conductivity (<0 Predictions for Dirty Superconductors (H=0) 

d Approximation 
(dimension) 

(Note: o 's excess conductivity = o -a ; where a f l ■ normal state conductivity) 

Authors (ref. #) Fluctuation Region 
(*T>Tc;*n<Tc) 

Crit ical Region 
(e~ec) 

Comments 

BCS + Green's 
Functions 

BCS + Green's 
functions 

Kuboformula 
and scaling 
arguments 1n 5(T) 

Aslamazov, Larkin (23,24) * a'/a. a e
d / 2

"
2 

1968 

Mak1 (25)1968 

Kadanoff, Laramore, 
(20)1968 

T.D.G.L. Phenomologlcal Schmidt (21)1968 
+ Complex order para
meter neglect | *|4 • Schmidt (22)1970 
(harmonic, approx.) 
B.C.S. 1n Self Tsuzukl (19)1969 
consistent Field (S.C.F) 
using dlagramatlc 
techniques 

"•   V
2 . £ 1  1 / 3 

ae ae o — o 
n n 

diverges (Thompson fixed up with 
momentum cutoff) . 

* a'/o^a c d / 2 " 2 o'/o„ a(^)~ 
"c for 3D 

e r 1/2 
** a ' /an a(£) exp(e/E(.) 

,d/22 * o'/a.a e" 
n 

7aW 1/22 
K(u) 

K(u) 

* a'/a„o e"
1 / 2 o' /a a e"

1 / 3 
n n 

* a'/a a e" a ' /a .a e 
n 

1 

Use SCF for 
spectrum In 
c r i t i ca l region 

Many assumptions 
1n arguments 

K(w).K'(u>) 
Include the 
f luctuation 
spectrum 

3 GL Functional Integral Ferrell (6)1969 
2 works on Free energy 

V
2 

* o'/o.a e" 
n 

Expects a.C 
to have same 
temperature 
dependence ro 



Table 2B continued 

d Approximation 
(dimension) 

Authors (ref. #) Fluctuation Region 
(*T>TC;**T<TC) 

Cri t ical Region Comments 
( o * c ) 

Microscopic B.C.S. 
Including l ifetimes 
for normal ♦ supercond. 
states 

GL Functional Integral 
with B.C.S. Hamlltonlan 
In SCF of |*|* In Hartree 

GL Functional Integral 
Hartree Approx. 

Patton (30)  1971 ^a'/on  £ J ^ * * } ) * ] 
(Full experimental 
comparison in ref. 33) 

Hasslng, Wllklns 
(28) • 1973 

* o ' / o n a n
d / 2

"
2 where *ne+Kp,T 

♦ V e + K ^ 

m O.SK e ft |T| arce K q, **a' /a — TiT*<TMFT 

*• a/on a exp ( ^ ) 

** a'/an a(e)3 

No t ransit ion 
In 2D, 10 

Below TC
MFT 

2D, 1D go to 
00. No phase 
transition In 
2D or 1D 

ro 
ro 
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(generally associated with the work of Aslamazov and Larkin) 

for the excess conductivity i s : 

a/an = T 0
A - L - e"1 T 0

A * L ' = 1.52 x 10"5 RN
D T> 1Q 

(9) 

The Maki and Thompson corrections are for films with long 
electron mean free paths, and thus include the electron-pair 
Interactions. Patton's work is 1n agreement with the largest 
amount of experimental work, but it still is valid only outside the 
critical region. Below T , there are various forms of ex
ponential falling off that can be fit to experiments only for 
T«T C. There is really no clear understanding of the conductivity 
very near T , or below, and generally there 1s accepted agreement 
1n the A.L; result above T . There is some agreement that 2-D 
and 1-D systems do not exhibit a phase transition, but just an 
inexact superconductivity, with a yery large (but not infinite) 
conductivity. There 1s also some agreement that the conductivity 
and the heat capacity should have the same temperature dependence. 
Table 2B 1s by no means a complete list, but only an illustrative 
table of the many ways theorists can get similar or different 
answers. It would be expected that dirty aluminum films would at 
least follow the A.L. result above Tc. 

The calculations of Table 2A show some of the earlier work 
predicting a divergence 1n lower order perturbation theory. It 
maybe is an artifact of a theory that there is a divergence. That is, 
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if an approximation 1s used in the calculation, it breaks down 
close to T , and the calculation diverges. This does not mean 
that the full calculation would necessarily diverge. Thus, in 
some ways the precursive nature of the heat capacity prediction is 
a property of the approximation. Later work includes better 
approximation methods for higher order terms. These results predict 
different types of finite anomalies in 2-D. The 1-D problem can 
be solved exactly, and is used as a check on the approximation 
methods 1n 2-D. Figure 4 shows the precursive nature of a 3-D 
calculation, with possibly a finite anomaly at the reduced 
Tc(e3 = e c ) . Figure 5 shows the exact 1-D calculation, with a 
slight bump 1n a smooth transition over to the B.C.S. jump. 
Figure 6 shows one prediction of the 2-D result compared to an 
experiment (Zally and Mochel referred to as ZM) to be discussed 
later. Figure 7 shows a finite anomaly pcedictlon in 2-D that 
is 1n disagreement with the work of ZM, where A is a momentum 
cutoff. In general, all the calculations predict above the 
transition: 

where 
-1 T0 ~* TS* L' for T > Tc 

A L 
fn = » 6 9 T n f o r ^ e calculation of u ° ref. 6 

(10) 

This exhibits a precursive nature similar to the conductivity. 
But, the difference 1n the predictions 1s for the critical region, 
where some theories predict a peaking of the heat capacity above 
the B.C.S. jump, and others predict a monotonic transition 

C " ' A C = T0 e 
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Fie. 1. Specific heat veraua tempernture. The apecific 
heat. In unlta of the bulk apecific hcnt discontinuity, la 
plotted against the reduced tempernture r/r0 ■ 
(7 Tj/T0T-. No peak appears In the Hartree ap
proximation [11 nor In recant apecific heat data (3) on 
thin films which agree well with the Hartree approx

imation. 

Figure 5. (from Ref. 12) 
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FlG. 1. Comparison of theory with experiment. 
The dots ace the experimental values of the 
specific heat of a 1350 A sample of BiSb0 M 
plotted against temperature. The solid curve 
is the theoretical curve of specific heat versus 
temperature determined by the equation 
/(C/0.0143) r (0 .0143 'C l )  ln(0 .0143 'C l ) 
 322.6 T609 .3 . 

Figure 6. (from Ref. 13) 
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Figure 4. Specific heat in two dimensions for A *■ 500 and A = 10CO. 
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Figure 7. (from Ref. 14) 

FIG. 1. Specific heat C of a twodimensional Gln7
burgLandau model versus reduced temperature r C 
is normalized to unity as T -~-°°. The curve labeled 
"*"" shows the specific heat per component of an /(com
ponent model in the Hartree limit, n— ». The curve 
labeled "2" shows the firstorder screening approxima
tion for n =2. The difference between the two curves is 
J6C, the screening correction, and is shown by the bot
tom curve. The Feynman graph shown in the upper 
righthand Inset is a typical ring diagram included n 
the screening correction. 

Figure 8. 
Heat Capacity in 2D including screening 
approximation terms (graph #2). (from Ref. 15). 



to the B.C.S. value. The calculations involve different forms 
of a Hartree approximation. The work shown 1n Figure 7 includes 
the screening terms 1n the Hartree approximation. The technique 
of extending perturbation theory far into the critical region, 
where it 1s expected to break down, is quite risky. In fact, 
this method is questionable, even in conductivity work, where the 
agreement with experiment 1s quite good. As pointed out earlier, 
the renormalizatlon technique is the best approach. Figure 8 
shows the results of using a renormalization approach, but due to 
the difficulty of the problem, perturbation theory was used. The 
curve labeled " ~" is the Hartree result equal to that of Figure 6. 
But, by including higher order terms, additional contributions give 
the result labeled "2", which shows a peak in 2-D. If one included 
even higher order terms, one might expect a "cusp-like" feature 
to appear (at the peak of Fig. 6). This work also is in 
disagreement with the work of ZM. 

Thus, the heat capacity should exhibit a behavior similar 
to the excess conductivity above T in 2-D, but its behavior 
near T c is not understood. One would expect the 3-D system to 
exhibit a singularity like that observed in other 3-D phase transi
tions (i.e., LHe ). But due to the narrow width of the critical 
region in 3-D (e ) and the rather large samples used, one would 
expect inhomogenieties to broaden the results (einnorn > e J . 
The 1-D prediction is an exact calculation, and because of the 
experimental difficulties, this problem has not been studied. 



A 0-D experiment (dust) might be possible, but it is not quite 
understood theoretically. The 2-D problem is of greatest interest 
because of the different predictions. Some predictions are for a 
full phase transition and a divergence, as 1n 3-D. Other 
predictions are for no phase transition, but a definite non
monotonic peaking to occur near T . Finally, other predictions 
Indicate no peaking at all. Because of these predictions, the 
experiment was carried out on a 2-D system where one' is interested 
1n, 1) the behavior above T , where one expects a precursive nature, 
and 2) whether or not a peaking occurs in the transition to the 
B.C.S. Jump. 
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Chapter 3. Previous Experimental Work 

The experimental work 1n measuring fluctuation effects in 
the superconducting transition is substantial. Some of the measure
ments of conductivity on aluminum films will be discussed in the 
appendix on sample preparation. However, there has been relatively 
little work done on looking for fluctuation effects in the heat 
capacity. This is most likely due to the difficulty of the 
experiment. 

One of the early studies of fluctuation effects was that of 
34 

Cochran. In making an analogy to the work on the superfluid 
transition of He , he looked at the heat capacity of bulk pure 
superconductors very near their transitions. Figure 9 shows the 
work of Cochran for the total heat capacity vs. temperature 
plotted for the bulk samples of Ta-II. The dots are the ex
perimental data, and the dotted line and the continuous line are 
two theoretical curves. In analyzing his data, Cochran used a form 
for the heat capacity that had the BCS jump plus a diverging form 
for the bulk sample (e"^). It is shown below. 

C(T ) - ACBCS(T ) + — — \z\~H whereat is an 
Tc arbitrary parameter. 

(11) 

Then, because he was working in bulk samples, where one would 
expect an inhomogenious system with multiple transitions, he formed 
an average of the individual heat capacities (eq. 11) associated 
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Figure 9. (from ref. #34) 
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with each transition. This average was weighted about a MFT 

Tc by a Gaussian-Uke function of the difference in transition 

temperature from the MFT value which is shown below: 

(12) 

His best fit to the data was for a = 0 and A = 3.2 mK, which 
leaves out the precursor (the continuous line in Figure 9). The 
rounding or precursive nature of the data in going over to the BCS 
form is most likely due to the inhomogenieties broadening the 
transition. Cochran placed an upper limit on the entropy 
associated with a singularity in the heat capacity of the metals 
studied (Ta, Sn) as^lO" J/mole K. Because of the expected width 

12 of the critical region (<s*10 K) for bulk pure samples, one can 
conclude that Cochran observed only MFT effects in an inhomogenious 
system. 

35 More recently, Barnes and Hake measured the heat capacity 
of bulk dirty samples of T1 g.Mo 16 in large magnetic fields. 
Figure 10 shows their results of the total heat capacity (divided 
by temperature) plotted vs. temperature squared. The normal BCS 
discontinuities are apparent. But, one also notices the reduction 
1n the transition temperature (Tc) and the widening of the transition 
region with increasing values of applied magnetic field. 
This is in agreement with the magnetic field predictions of Lee 
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and Shenoy presented earlier. One should notice the rounding 
or precursive nature as the transition is approached, for the 
heat capacity measurements at higher magnetic fields. They also 
mention a possible fluctuation region as broad as 0.5K existing 
for their samples. In a recent paper, Hassing, Hake, and Barnes 
reanalyze their previously mentioned work, using an extension of the 
previously discussed idea presented by Lee and Shenoy, where the 
magnetic field induces a reduction in the dimensionality of the 
system to enhance fluctuation effects. Using a Hartree approximation 
for the fourth order term, Hassing, Hake, and Barnes extend Lee 
and Shenoy's calculation through the transition region in a 1-D 
calculation of the heat capacity. Using a two parameter fit, 
their results are shown in Figure 11, where the excess heat 
capacity 1s plotted vs. temperature. They attribute the disagreement 
between theory and experiment in the value of AC B C S as being 
related to the choice of the momentum cutoff used in the calcu
lation. A more obvious problem is the rather wide transition 
regions observed (/N,'.4K), even for a zero value of the magnetic 
field (^ .IK). They cannot account for this with their present 
theory. 

The problems in looking for fluctuations in the heat capacity 
of a bulk system are shown in the two previously mentioned ex
periments. One has a yery narrow transition region ( e ) , and 
thus little experimental access to this region, even for enhanced 
transitions (H^O, dirty systems). But a more limiting problem is 
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FIG. 1. Specific heat difference, &C=CS-Cn, versus 
temperature T for various values of applied magnetic 
field H, as given by the present thsorv, the theon of 
Ref. 3, and the data of Ref. 9. The dashed line (Lce

Shenoy theory) merges with the heavy solid line (pres

ent theory) for T well above Tez(Jfl. The zero / / curve 
given In the present theory stops abruptly at AC = 1.43C„ 
at a slightly shifted zeroJ7 transition temperatui^e Tc 
= 4.2456 K (critical exponent a = —l; see Ref. G). The 
data points a re the observed superconductingstate spe

cific heat C ( values minus the normalstate specific 
heat C(1=yT+/J7'3, where y and 0 were determined b> a 
leas t sq"ares fit for data taken in applied fields suffi

cient to quench superconductivity. All theoretical 
curves h.ive been scaled so as to center the transitions 
at the experimental Tci(H) as cUscussed in the text. The 
experimental values oi Te,(H) for H = li), 11, 1>, o.S, 
3, and 0 kC are , respectively, 3.216, 3.509, 3.772, 
3.9S0, 4.159, and 4.24G K, obtained b\ an entropyfit

ting procedure (see Ref. f>, Table I, footnote c). I h e // 
 0 data wore taken without coirponsition of Tartu's 
magnetic field. 

Figure 11. (from Ref. #36) 
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that of obtaining a bulk homogeneous sample. One can test 
for alloy concentrations, etc., but a more consistent measurement 
of the 1nhomogeneit1es of the system is rather difficult (i.e., 
the sample resistance is already quite small for T > T c in a bulk 
system due to its geometry). Thus, one would expect inhomo-
geneitles to have a large role in the broadening of the transition 
of bulk samples. 

In a 2-D system, where one is working with a thin film,it is 
much easier to obtain and verify homogeneous samples, that one 
can use to study the heat capacity of the superconducting transition. 

37 38 
Zally and Mochel » measured the heat capacity of a yery dirty 
thin film. Their experimental configuration is shown in Figure 12. 
It consists of an amorphous Bi .Sb 6 film which is flash evaporated 
at 4K onto the calorimeter. The calorimeter consists of a 100 A 
constantan heater, separated from the film by a 5000 A SiO film, 
and attached to the lower side of the glass plate. On the back 
side 1s a Ge chip thermometer epoxied to a 5000 A In film. 
A.C. Calorlmetry is used in measuring the heat capacity (see A.C. 
Calorimetry Appendix). The low thermal diffussivity of the glass 
creates a long thermal time constant from the calorimeter to the 
Isothermal block, but also creates a long internal time constant 
for the calorimeter (i.e., the time constant to travel in the 
vertical direction of Figure 12), which limited the work to heating 
frequencies of less then 200 Hz (typically 2f = 60 Hz). Figure 13 
shows the experimental configuration in the plane of the glass 
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sistivity contacts, Pyrex window, and alloy dot. 

Figure 13. (from Ref. #38) 
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plate (2-3 urn th ick) . I t also shows the non-uniform current 

paths existing for the res is t i v i t y measurements of the f i lm. 

I t should be noted that these glass plates are actually glass 

"bubbles", so that there is some curvature associated with the 

f i lm plane, and thus a non-uniformity in thickness. One should 

also notice the inductive nature of the heater configuration, 

which could lead to electr ical coupling between the f i lm and the 

Ge thermometer. Figure 14 shows the raw data of the total heat 

capacity and the calorimeter. The s l ight bump at 2.06K is the 

superconducting transi t ion of the f i lm . To extract the electronic 

heat capacity from the raw data, Zally and Mochel used a four 

parameter f i t that forced a zero excess electronic heat capacity 

for T » Tc and a superconducting excess heat capacity for 

p T « Tc where the excess is C = C - C . Then the excess heat 

capacity of the f i lm was calculated from the equation below. 

C ' f1lm = c t o t " ( A T + B j 2 + CT3 + D j 4 ) ( 1 3 ) 

Because the overall experiment was only accurate to 1 part in 

A 1500, and the heat capacity of the calorimeter w a s ^ l erg/K, 

and the BCS jump of the f i lm was r* .01 erg/K, the measurements 

\ on the f i lm were accurate to only 10%. In fac t , they state in 

thei r paper that shutt l ing the f i t t ed parameters around can 

drast ical ly change the form of the derived heat capacity of the 

f i lm . Their excess heat capacity 1s shown in Figure 15, where 

the resist ive transi t ion is also shown. I t should be noted that 
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the circular geometry of the film presents problems in calcu
lating RQ(the normal sheet resistance), but these problems 
are easily solved (see Sample Preparation Appendix). Also,the 
upper side of the calorimeter had LH on it to keep, the substrate cold 
during evaporation, and although this was pumped out during the 
measurements, 1t ntver was totally removed. The resistive transition 
1s off by a factor of 2 from the A.L. theory. Since these films 
had a mean free path (i) of only .8A , one would expect quite 
good agreement with the A.L. theory for the resistive transition. 
But this mean free path was only estimated from the conductivity, 
and never independently measured. Because of the relatively few 
points taken 1n the resistive transition in the region where A.L. 
should work, it is hard to accept the fact of this film's conductivity 
being 1n agreement with a homogeneous transition in A. L. theory. 
Finally, the results of Figure 15 are used in a two parameter fit 
to get the remarkable agreement to the theory of Gunther and 
Gruenberg, shown 1n Figure 16. The true error bars on the curve 
are ± A T A c on the x axis, and ± C T 0 T/1500^- .0007 ergs/K 
on the y axis. This is on the order of the size of the triangles 
shown in Figure 16. Thus, one notices a considerable scatter in 
the smaller amplitude heating, and a remarkable agreement for the 
larger amplitude heating, where the error bars should be larger. 
Zally and Mochel claim not to have observed any peak in the heat 
capacity as predicted, and to be in complete agreement with the 
theory of Gunther and Guenberg mentioned earlier. Their observation 
of an e~ behavior in the heat capacity is consistent with 
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fluctuation theory. Their results show the difficulty of 
measuring the heat capacity of a thin film by conventional 
methods. But, their use of a four parameter fit to extract the 
film's heat capacity 1s an arbitrary approach. When one adds to 
this another 2 parameters to get agreement to the theory, the 
final results are not surprising at all. A true understanding of 
the heat capacity in 2-D will only come from results that are not 
forced to a particular form by multiple parameter fitting, and 
where control of the experiment 1s to a high eneough degree that 
one can readily dismiss questions of electrical coupling and 
background LHe coming Into the measurement. It is also necessary 
to make a final comment on their method of presenting data. In 
their first paper (ref. 37), they compare the widths of the re
sistive transition (eR) and the heat capacity transition (e ) 
to theory by plotting the ratio of these widths vs. the film's 
thickness. The data is badly scattered and only a weak conclusion 
can be drawn. In their second paper (ref. 38), they plot the same 
numbers as Independent entities to the inverse power (e^ , e~ ) vs. 
film thickness. This somewhat obscures the differences between the 

numbers and gives a more consistent view to the data. There is no 
* physical reason why one plot is better than the other, and thus 

by choosing the better "picture", they are somewhat misleading 
the reader. 
* -i 

Since e c , GDCX! , d being the f i lm 's thickness, i t w i l l cancel 
in a rat io p lo t , d and remain l inear in an inverse p lot . 
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There have been no other experiments, to the author's 
knowledge, to measure fluctuation effects in the super
conducting transition by measuring the heat capacity of a thin 
film. There 1s some work being done to measure the heat capacity 
of thin films that is worth mentioning. Greene, King, Zubeck, 

39 and Hauser have used a very cleverly designed calorimeter to 
measure the heat capacity of granular aluminum films. They employ 
a Silicon chip calorfmeter that has a heater and thermometer 
doped into it. The chip is suspended from an isothermal copper 
block by alloy wires to provide the correct time constants for 
A.C. Calorlmetry. They shine a chopped laser beam (26 Hz) onto 
the calorimeter to provide the A.C. heating. Measurements were 
made on a 25 urn thick aluminum film (1.1 mg) sputtered onto the 
surface of the silicon chip. The film's grain size was on the 

o order of 5000 A (as determined from SEM measurements) and its heat 
capacity transition was widened due to Inhomogeneous broadening. 
One can Infer from their measurements that any singularities in the 
heat capacity would have to have an entropy of less than the 5% 
agreement they get between the superconducting and normal state 
entropies. They also measured a free standing granular aluminum 
film of similar thickness (1.6 mg), with a thermocouple thermo
meter spot welded to the film. This film gave results similar to 
the sputtered film. There 1s one other group that is measuring 
heat capacities of thin films that is not looking for fluctuation 
effects. They have constructed a calorimeter from Bi-Ag thermo
couples and a luminescent diode with their films supported on a 
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collodlan substrate. There is a possibility of this scheme being 
useful for fluctuation measurements in thin films, but they have 
not reported using 1t for such measurements. 

Thus, the experimental work to measure fluctuation effects 
1n superconductors by measuring the heat capacity in the transition 
region 1s sparse. The results of measurements made in bulk 
systems are hindered by problems 1n obtaining homogenious samples 
and accessible critical regions. There are no reported heat 
capacity measurements in 1-D (wires). The only work done in 2-D 
that is possibly in a homogeneous system and in the lower 
dimensional limit (the 25 vim films were probably too thick) is 
that of Zally and Mochel. Although their work is in partial 
agreement with theory, there are considerable doubts about 
their abilities to observe such small heat capacities buried amidst 
the heat capacity of a relatively large calorimeter. Thus, the 
previous experimental work Implies the difficulties of measuring 
the heat capacity 1n the transition region of a superconductor, 
and as yet, it has still left the theoretical understanding of the 
problem open to question. 



Chapter 4. Experiment 

Basic Method 

Because the conventional experimental approach to the 
measurement of the heat capacity of thin films (as carried out 
by ZM) has inherent problems of temperature resolution and 
accuracy, unconventional techniques were used in this experiment. 
One unconventional feature was to use the superconducting film's 
resistive transition as a non-Hnear thermometer to measure the 
temperature of the film (first suggested by Ferrell ). The 
advantage of this method over the more conventional approach is 
that the thermometer in the calorimetric measurement is always in 
thermal equilibrium with the film, and it contributes no background 
heat capacity. A second unconventional feature was to use A.C. 
Calorlmetry by heating the film optically with a modulated light 
source (see Appendix F). There 1s thus no contribution to the 
heat capacity measurement from a heater, and the heater and the 
film are also 1n thermal equilibrium for moderate A.C. heating 
frequencies (see Appendix F). 

Figure 17 shows a resistive transition of a superconducting 
film. The film has been calibrated against a temperature 
standard such that for any value of resistance (RQ) of the film, 
one knows the corresponding temperature (TQ) of the film. Then if 
the film is heated with a power Q a b s at a frequency f = V T h e a t , the 
film will experience a temperature rise AT in each cycle as a 
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Resistance 

Ro -

C(To) = 

Temperature To 

AQI . 6 abs 'heat 

AT AR(R0) 
Figure 17. Resistive Transition being used as a 

non-linear thermometer. 

AV=AR 

R* Vr ( IA CR) 

A R * Vou t(IDCAR) 

Figure 18. 

V0ut=T(R)*i. 

Equivalent circuit used in analysis of the signal resulting from 
the optical heating (V n e a t ) . With this analysis the voltage 
measured across the film Vr is proportional to the resistance R, and the voltage measured across the transformer (v°ut) due to the 
optical heating is a functional form of the changing resistance AR. 
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consequence of the energy put in during the cycle (AQ=Qabs
 T

n e a t ) -
This will cause a corresponding rise in the resistance of the 
film (AR). The heat capacity of the film at temperature TQ can 
then be determined by the equation in Fig. 17, where dR/dT is 

R0 
the slope of the resistive transition at the point RQ. The dis
advantage of this method is that the thermometer only works in the 
transition region, and because of the non-11near relation between 
RQ and T0, there is a considerable reduction in sensitivity near 
the beginning and end of the transition (dR/dT is small). Also, 
because the optical absorption 1n the film is not known exactly 
(Q a b s ) , the absolute magnitude of the heat capacity cannot be 
obtained. The use of this method is warranted because the present 
theoretical interest in the heat capacity of a superconductor is in 
the transition region and the rather narrow predicted critical regions 
of temperature make a high level of accuracy necessary. With this 
method, one sacrifices the ability to relate measurements to known 
behavior outside the transition region for the extreme sensitivity 
and thermal resolution possible. Because of the need for accurately 
characterizing the superconducting phase transition by measuring 
the conductivity and heat capacity of a film, the advantages of the 
unconventional methods used in this experiment justify their use. 

The basic procedure 1s to measure the changing value of the 
resistance of the film (AR) due to the optical heating (AT) as a 
function of the film's average resistance (R), which is varied 
through the whole transition by sweeping its temperature. This 
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is done at different frequencies and in an isolated environment. 
Then thermal grounding of the film to a thermometer 1s accomplished 
by adding He gas to the environment, and the film's resistance is 
calibrated against temperature. From this data, the heat capacity 
can be calculated 1n principle, using the equation of Fig. 17 
for C(TQ). The actual procedure 1s more complicated, but only 
because of the problems of a non-linear thermometer. However, no 
other alteration or fitting scheme is used to transform the data 
to the heat capacity. 

Apparatus 

The calorimeter consists of a 1000 A aluminum film on a 2 mil. 
mica substrate that 1s thermally grounded. The film is heated 
by light from a square wave modulated laser (see Appendix B). All 
measurements are made 1n a magnetically, electrically, and vibration-
ally isolated, thermally controlled environment (see Appendix C). 
A. C. Calorlmetry 1s used in the measurement (see Appendix F). The 
basic apparatus is shown below: 

optical 
heating 

V//////////A *\ 

1000 A aluminum 
f i lm 

2 mi l . mica 

•isothermal copper. 
block 



The film behaves as if it were fully selfsupported (see 
Appendices F and H). Thus, the fast thermal response time of 
the film allows equilibrium measurements, even at high optical 
heating frequencies (up to 20 KHz). An attempt was made to 
Increase the sensitivity of the experiment at the ends of the 
transition by using a SQUID system, but this method was discarded 
due to problems that arose (see Appendix D). For more complete 
details, the reader 1s referred to the appendices. 

Equivalent Circuit 

The film's resistance is measured in a dynamical way (see 
Appendix H) where the film is biased from a low frequency (41.5 Hz) 
constant current source (see Fig. 19) at low current densities of 

2 
1 »■ 5 A/cm . The phase sensitive detected voltage of the PAR126 
lockin 1s scaled linearly in resistance at a temperature where 
the film 1s far above the transition region (R=RN). This scaling 
value for the resistance comes from a separate, four terminal A.C. 
bridge measurement (see Appendix A). This voltage signal is then 
used throughout the experiment as the value of the resistance. The 
outofphase contribution to the voltage is a small correction 
because of the low operating frequencies (see the discussion of the 
corrections 1n Appendix A). 

The film is also biased from a constant D.C. current source 
2 

at current densities of 10 ■*■ 40 A/cm (see Fig. 19). This current, 
in conjunction with the changing resistance AR, produces a voltage 
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signal AV that is also phase sensitive detected by a second lock-

in (PAR #HR-8) with a reference that is coherent with the heating 

pulses AQ. Because of the low signal level and source resistance, 

a transformer (see Fig. 19, the AM-1 is set for Zin t = 30 n, 
Zout t = 147Kfi) is in parallel with the film to increase sensitivity 

and S/N ratio 1n the experiment. The combination of the transformer 

and varying resistance of the film creates a problem 1n determining 

the actual value of AR from the measured signal at the lock-in. 

The problem 1s that the transformer 1n parallel with the film has 

a low D.C. Impedance, such that the D.C. current biasing the film 

1s divided between the film and the transformer. The film's changing 

resistance as the temperature 1s swept through the transition, 

causes the division of the current to change during the measurement. 

Also, because the film's resistance is changing, the transformer 

relates the voltage on the film (Vp) to the voltage going into the 

lock-1n (VQut) 1n a non-Hnear way. 
48 

To overcome this problem, a general equivalent circuit is used 
to represent the real circuit (note there are low pass filters in 
the circuit of F1g. 19 that are not shown. See Appendix C). The 
equivalent circuit for the experiment 1s shown in Figure 18, where 
the film 1s in parallel with an unknown Impedance Z and is biased 
by an A.C. and a D. C. current. Voltages that are detected by 
the PAR #HR-8 are presented by a transfer function T(R) times 
the current I z in the Impedance Z. Then, if the film is biased 
with a D.C. current, a D. C. voltage V appears across the resis
tance of the film. This voltage is given by the equation: 
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Figure 19. 
Block diagram for electronic measurements including optical heating 
(via fiber optics), removal of electrical ground loops, and analog 
and digital recording and display systems. A direct comparison can 
be made between all analog data and recorded digital data. All 
chassis grounds are to a copper bus bar held at a true ground. 
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VDC „ ̂ C^DC 
r (R + ZDC> 

Now 1f R is modulated by an amount AR, an A.C. voltage appears 
across the whole resistor and is shown below. 

rVZDC V^C | dR 
\jR + ZDC) " (R + Z D C ) 2 J 

dVr = \ -1±-^ uo UL „ I dR, which reduces to: 
(15a) 

AV= Inr ( — ^ — )2AR . (15b) UL R + 7 K ZDC 

This is contrasted with the more common method of including the 

modulation AR as a voltage source (IDf> AR) in series with the 

resistance R. This is an incorrect model, since the voltage 

develops across the whole resistance R. Using the transfer 

function, eq. 15b becomeST: 

vHeatH T(R) Av(co) _ T ( R ) !DC {hc }
2
 A R(w) 

Z(u) Z(oj) R + ZDC 

(16) 

Heat V is the output of the lock-1n detector measuring signals 

coherent with the heating. In order to determine the two unknown 

functions of eq. 16 (T(R), Z(o>)), two calibration measurements are 

also made. The fi lm 1s f i r s t biased with an A.C. current at the 

frequency w using the configuration shown in Figure 19. The 

voltage developing across the f i lm 1s given by: 
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vf11m5 ^ . C . ^ *
 z(tt>)

 ( 1 7 ) 

(R + Z(w) ) 

Then with the same bias, the signal 1s detected after passing 

through the transformer 1n the same manner as for the heating 

signal. The result 1s shown below: 

.gain . IA C >
) R T ( R ) , 1 8 ) 

'
 = (R + Z (u) )

 U 8 ) 

Since the resistance of the source of these three signals 

(vheat( yfllm^ yga1nj c a n c h a n g e d u r i n g t h e measurements, there 

are phase shifts in the detected signal. Thus, the in phase and 

out of phase components of the complex signal are detected and 

combined to give: 

,vsignal - = nvsignalx2 , fvsignaK2 , ~ \
1 / 2 

(19) 

Thus by measuring |v
n e a t | as a function of R (the 41.5Hz signal), 

and |V | as a function of T (to be explained la ter) , and 

|V
9 | as a function of R, eqs. 16, 17, 18, 19, can be combined 

to form the equations below: 

|vhe.t( . JI(R)1 I ' l f l f o l ! | 4R| (2oa) 

■fi lm 
Since ZDC and IQC are real, and|V | is transformed to 
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| V f1 lm |R> |Vheat ^ CM b e w r i t t e n . 

2 ( |Vga1n, V 1
 c ( | V

a a m
l } I 

(R + ZD C)^ R ( | V
T , , m | T ) | 

The s ignal |V
 l m | 1s measured as a function of T determined 

T 
with a Germanium resistor (see Appendix A, H). Then, from the 

f i lm cal ibrat ion (R(T)) this can be transformed over to | V
f l l m | . 

R 
Figure 19 shows how the data 1s recorded by a sampling of the 

analog signals, and a cross check is made of this dig i ta l sampling 

to the analog recordings. 

The f i lm's resistance 1s varied through the transit ion by 

driving the temperature of the sample block (see Appendix C) 

with an Increasing power such that the f i lm takes about 31 minutes 

to traverse the t ransi t ion region. The data 1s sampled eyery h . 

s e c , such that 1020 pairs of data points are collected. Thus 

the following sets of data are recorded for one complete set used 

in a calculation. 

..heat rD ..heat fD\ ■> no Qno 2 sets @ 1020 pt . /set 
v  t ^ , v1 w } o , yu a t 1 p a i r / p t # 

..film / T ..film /Tx , no ono 2 sets @ 1020 pt . /set 
v  Uv v i (J) i u , yu a t 1 p a i r / p t < 

vgain / D ..gain m , n o. Qno 2 sets @ 1020 pt. /set 
v  iR j , v i a ; i u , yu a t 1 p a 1 r / p t # 

«T) cub. . « , . v ool9o° iruuft.
 pWset 
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At ten ASCII characters per/number (floating point notation), 
this results in about 1.5 Megabits (8 bits/character) of stored 
data per run. The data is correlated in R and T to find AR 
from equation 20b. The correlation process involves a search 
for the closest point 1n the correlated parameter (R or T ) , and 
a linear extrapolation to obtain the correlated functional value. 
Due to the large sampling grid, this linear approximation is quite 
good. The functional correlation equation is shown below where 
fj 1s the correlated value of f.. at point R^. 

(Ri-RJ (f"rfl+i> 

( R j - R J ± 1 ) 

where the + sign 1s for R̂  > Rj 

- sign 1s for R1 < Rj (21) 

The equivalent circuit of Figure 18 can be made much more 
complicated (including filters, capacitors, etc.), but in the 
range of frequencies used (2Hz + 20KHz), the basic form of the 
signal equation (eq. 20b) remains the same. 

It was discovered that the discrete set of points for the 
two correction signals |Vgain| and|Vf1lm | could be fitted 

R R 
to the functions shown below (notice that absolute values signs 
are omitted in the signal form of eqs. 17 and 18: 
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,vgain , . agR Zg . . / H m , = ^ ^ f _ 
'R (R+Zg) " 'R (R+Zf) 

Here a , Z , o f , Z f , are appropriate values for the unknown 

Impedance Z and a is a scaling parameter for a particular 

frequency. |Vga1n| , |Vhea t | , |V f i l m | are now measured in units 

proportional to the normal resistance (scaled when Vr is scaled to 

RN), such that a 1s a dimensionless parameter. For a frequency of 

1 KHz, the two functions are equal ( a = 1.34, Z = 163 n). For 

the very low frequencies (2Hz) the functions differ slightly in 

the values of the parameters ( a = 3.05, Z = 22.1 n, a f = 1.34, 

If = 16fi). I f a more complete model is used for the impedance 

Z(u), the difference 1n the parameters can be explained for the 

low frequencies, but i t in no way changes the final form of the 

heat signal 1n equation 20b. The value for Z^ was measured directly 

^ZDC=Vtransformer^1DC^ a n d i n d 1 r e c t l y by a voltage division method. 

These results give a value of Z ^ = 2.24 ± .005 ft. I t should 

also be noted that the functions o/feq.22 are almost constant 

curves 1n R (due to the large Z value), and the parameter values 
Iflr 

are close to the measured values for the calibration ( cc-^ - = = s — , 
Z A - ztransformer* T A" Z) at tne Part1cu'lar frequencies used. 
Thus, in this way, an analytical function can be used in the 
corrections of eq. 20b. At a frequency of IKHz, the two functions 
|Vga1n| ^ | ( | V

f i l m | ) | cancel. Then the variation of the 
R T R 

resistance of the film due to the heating is shown below. 
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| V h e a t L (R+ZDC)2 

AR = K. 2
 U L for u = 2TT(1KHZ) 

!DCZDC Z D C = 2.24 ft (23) 

For lower frequencies, the corrections do not cancel and are 
included explicitly, but as mentioned before, the correction is 
small because of the low values of R(up to 30ft), where the 
correction 1s of the form ( 2) ** constant. The understanding of 

(R+16) 
this equivalent circuit was strengthened by modeling the experiment 
with a known variable resistor in the exact same circuit (Fig. 19) 
as the real film (even Including the filters). The results have 
slightly different parameter values, but the exact same form. A 
further convincing fact of the model was that the signal |V ea | 
was produced only from the optical heating (no ground loops, see 
Fig. 19). The D. C. current (IDC) could be changed by a factor of 
5 and the signal would also change by a factor of 5. The sign of 
the current could be reversed, resulting 1n a 180° phase shift 
of the detected heat signal. The Intensity of the heating pulses 
could be reduced by a factor of 10, and the resulting signal would 
also scale. Finally, the light beam could be completely blocked, 
without altering any electrical circuit, and the signal would go 
to zero over the whole transition range. 

Thus the changing resistance AR about the average value R 
due to the heating 1s determined by the analysis presented above. 
The film's calibration (R(T)) 1s used to calculate the slope of the 
transition (dR/dT) and to transform the measurements to temperature. 
The slope is calculated using a nearest neighbor derivative method 
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and consistent averaging (see Appendix E). The energy delivered per 
pulse ( A Q ) is estimated (to be explained later) and the heat 
capacity of the film, using the equation of Fig. 17 is shown below. 

Q
abs

 T
heat , dR 

'tot' " C_(T) ■( w s "*" | |f | ) | (24) 
AR R

 Ul R T 

At first, it was thought that the slope ( ^ ) could be measured 
Just by measuring the heat capacity at yery low frequencies (2Hz) 
with a background of He gas, and then CtQt(T) would be a slowly varying 
function, and the slope could be determined from A R and eq.24. 
Since the temperature range of the experiment (A

T ) is very small 
relative to the operating temperature (Texn/V^1>8K)» tne ratl

'° of 
2 3 

^ e W e x D ^
1 ' ^ver this sma11 ran

9
e
» functions of T, T , 

exp (T) are constant to within a 5% error in the measured function. 
Thus the background heat capacity of a low frequency measurement 
would Indeed be constant, and the 2Hz measurement should be proportional 
to the derivative. But this was not the case, indicating that 
even at 2Hz, a sizeable fraction of the heat capacity was due to 
the film. A final verification of the overall experimental analysis 
was that the theoretical forms for the final results of con
ductivity and heat capacity could be fit to the data, and a back 
calculation to the raw data could be performed. The major features 
of the raw data agree quite well with the back calculation 
(sketched in the plot of fig. 19). Thus, although the analysis 
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of the data was a complicated process, the general method was 
simple, and it involved no fitting of arbitrary parameters 
to the data. There was only slight smoothing done on the data 
1n calculating the derivative (see Appendix E), and the final 
results were completely consistent with the raw data (the back 
calculation)* 

Error Analysis 

Although there are many smaller errors 1n the experimental 
measurements, the major errors are due to the noise and drift of the 
signal |vneat| produced by the A.C. heating, and the noise and 
drift of the measurement of the resistance R. The latter is 
especially serious for small values of R. These errors are pre
dominantly larger than the intrinsic errors of the electronic 
equipment used 1n the measurements. The digital conversion of the 
analog signals does not reduce the accuracy of the measurement. 

The data is sampled by unipolar 12 bit analog-to-digital 
converters averaged at high speed by the computer software. The 
digital sampling has an overall accuracy of 2 parts in 10 . The 
analog signals are limited by the drifts of the D.C. output amplifiers. 
The output of the PAR HR-8 lock-in, which is used to measure T and 
|V | , is accurate to 1 part in 10 or about 5 mv, whichever is 
greater. The output of the PAR-126 lock-1n which is used to measure 
R 1s accurate to 1 part in 10 or 1 mv, whichever is greater. The 
modulated light source 1s quite stable over short times, but it has 
an overall drift of about 10%. All reference currents are accurate 
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to better than 1 part 1n 10 . The correction functions 

|Vga1n | and |v f 1 l m | are measured and f i t to better than within 

2% of the analytic functional forms mentioned earlier. 

The temperature is physically stable to 10 uK and by the use of 

the off-null bridge measurement (see Appendix A) of the Germanium 

resistance thermometer, a 10 v signal of the HR-8 corresponds to 

between 20 and 100 mK. The noise of the HR-8 is then transformed 

through the film's calibration to an equivalent temperature error 

of between 20 and 100 uK. I t should be emphasized that this 

experiment does not require an absolute temperature measurement but 

only short-term temperature resolution between neighboring points. 

The accuracy of sampled temperature data is thus limited only by the 

short-term physical fluctuations which are of the order of 10 u K. 

The resistance of the film is measured as a scaled voltage, so that an 

error 1n the sampled resistance values corresponds to an error in 

the scaled voltage as a percentage of the maximum resistance of the 

f i lm, RN. Since the resistance is measured with the PAR-126, .this 

makes the error In the resistance to be less than .1% of RN. As for 

the temperature measurement, the short term resolution of R is 

governed by the noise in the resistance measurement coming from the 

lock-1n and from thermal fluctuations. The thermal fluctuation noise 

is the larger of the two and is on the order of dR/dT x 10 u K, 

which varies from 30 m ft to less than 1 m ft depending on the value 

of dR/dT for the particular point in the transition. The time 

constants used on the lock-ins represent an averaging of between 6 

and 12 neighboring points for the R, T measurements and |V a t | 



58 

measurements respectively. There can be considerably less averaging 
1n regions where the measured quantities are rapidly varying. 

Thus, the major errors in the experiment are in the |v at| 
signal, which reflects the fluctuations in the light intensity , 
and in the determination of the film's resistance and its derivative, 
with respect to temperature, in regions where R is small. These 
contribute to the determination of the change in resistance A R 
from the optical heating. The errors 1n the biasing current I Q C 

and in the value for the D.C. transformer impedance Z D C are small 
contributions. In Figure 20 is shown the raw data used in the calcu
lation of the heat capacity for run #38B. Figure 20d is the raw data 
for the signal | V | as a function of the film's resistance for 
an optical heating at a frequency of 1 KHz. The arrow indicates the 
value of resistance at which the signal to noise ratio is unity, and 
hence the data has no meaning after that point. The fluctuations in 
the signal are a combination of real noise and fluctuations in the 
derivative of the resistance with respect to temperature (dR/dT, see 
Appendix E). Figure 20b shows the function which corrects the 

Heat jV | signal due to the changing D.C. bias current resulting 
from the changing value of R. These two functions used in calculating 
AR from eq. 24 give a total error in the determination of A R 0f 
between 2 and 8%t depending on where in the transition the value 
1s determined. Figures 20b and 20d also reflect the effect on the 
raw data (Fig. 20d) of the decrease in the biasing current as R 
Increases. Figure 20c shows the resistive transition of film #38 in 
a T vs. R plot. Figure 20a shows dR/dT of Figure 20c plotted vs. R 
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on the same sxale. The method of determining dR/dT was outlined 
earlier. The region of meaningful |V | data is indicated 
and it is smaller than the region of valid dR/dT data. This region 
1s reflected in Figure 20c to indicate the total range (points P, P') in 
temperature of valid data. The percentage error in the value of 
dR/dT varies from 5% to 10% and 1s largest near the endpoints of 
the transition. 

The calculation of the heat capacity uses the equation shown 
1n Figure 20. The major errors are in the values of |V | and 
dR/dT, which are given above. These values result in between 7 and 
18% overall error 1n the value of the heat capacity. The error in 
temperature is considerably smaller, since it is just a reflection of 
the error 1n R transformed to temperature and amounts to between 20 
and 100 u K, as stated earlier. Figure 21 shows the heat capacity 
calculated from the raw data of Figure 20 displayed over the 
temperature range of valid data. The errors in this calculation 
are reflected 1n the scatter at the higher temperatures, where the 
|V | signal is small. The heat capacity in the lower temperature 
region increases above a constant value with decreasing temperature. 
This effect will be discussed in the next section. The rise in 
heat capacity occurs 1n the region where R is small, and the errors 
of dR/dT are large, but the effect is significant despite the overall 
error of between 7 and 18%. Since the temperature resolution is 
considerably more accurate than the resolution in heat capacity, 
the monotonlc behavior of the heat capacity 1n this region indicates 
that over short regions, the error in this heat capacity measurement 
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Figure 20. 

Raw data used in determination of heat capacity, a) 
is the digital derivitive of the resistive transition of 
the film c), plotted vs. the film's resistance R. b) is 
the correction to the heating signal d) due to the transformer 
1n parallel with the film. The arrow indicates the limit of valid 
data in d) and is reflected 1n figure c) to show a range in 
temperature (P, P') of valid data. The thermal excursion due to 
the A.C. heating is shown below. 
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For the data shown this is on the order of 1 u K. The heat 
capacity is then given below. 
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Figure 20. 
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is smaller than 7 to 18%. The inset of Figure 21 shows a 
semi-log plot of the logarithm of the excess heat capacity vs. 
temperature over a smaller range in temperature. This suggests that 
the total heat capacity may in fact, be diverging logarithmically. 
The excess conductivity of this film also had the same slope and linear 
behavior on a logarithmic plot in this region. 

The heat capacity is plotted in relative units because only 
an approximate determination of the optical heating power Q-BS 

was made. Two methods were used in this determination. The first 
was to use an optical detector in place of the film to measure the amount 
of light shining down on the region the film occupies in the experi
ment at low temperatures (see Appendix B and Appendix C). Taking 
this value and the estimated light cone distribution and optical 
absorption of the film, the value of Q A B S was estimated at 2x10 
watts. A more accurate method was to stabilize the film in a 
sensitive region of the superconducting transition (dR/dT large) 
with the laser off and measure the temperature rise due to turning 
the laser on for a short period of time. This same rise in temperature 
could also be produced by increasing the Joule heating of the film 
by changing IQC. If this is done fast enough (*>#1 s e c ) , it gives 
an adlabatic determination of the power absorbed QAgS. Tne value of 
Q A B S estimated this way was between 5x10 ' and 2x10 watts. As 
this method of determining QARC should be more accurate than that 
method explained earlier, one takes the value of Q A B S to be on the 

-12 order of 10 watts. Using the equation of Figure 20, one then finds 
the value for the heat capacity of Figure 21 in the flat region to be 
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(REL UNITS) 
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I-

DE-
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1.86 1.87 

T(°K) 
Figure 21. 

Plotted is the total heat capacity of Sample #38B for a 1 KHz optical 
heating frequency. The points P, P' indicate the region of valid 
data. The data between the arrows is plotted in the insert as an 
excess heat capacity (C e x c e s s = C t Q t a l - C b a c k g r o u n d , where C 
background 1s the linear region at higher temperatures). The insert is 
a logarithmic plot of the excess heat capacity and shows a linear 
behavior over the region indicated by the arrows. Point A is the MFT 
T , and point B is the temperature for R = 0. 
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on the order of that calculated for the film in Appendix F. 
If the heat capacity in the flat region of Figure 21 includes a 
contribution from part of the substrate, then what one has called 
an absolute determination of the film's heat capacity is only an 
upper limit. In Appendix F the maximum percentage contribution 
to the heat capacity by the mica is estimated at abouta50% of the 
total heat capacity when the latter is measured at 1 KHz. 

In conclusion, the errors of the experiment largely are 
the result of the "noise" in the determination of dR/dT and in the 
raw data ( |V at| ). This error is between 7 and 18% overall, but 
it is considerably better over short ranges. The absolute determination 
of the total heat capacity measured is on the order of the values 
expected for the film, and the percentage of the measured heat 
capacity contributed by the film is between 50 and 100 %. 
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Chapter 5. Data Analysis and Discussion 

General Features 

The properties of the films studied are outlined in detail in 
Appendix H. Measurements were carried out using experimental 
methods discussed earlier. All data discussed in this section was 
taken 1n zero magnetic field unless explicitly noted, and at an 
optical heating frequency of lKHz (T n e a t = 10" s e c ) . The films 
were made by slow evaporation of aluminum in varying pressures of 
0 2 gas onto cleaved mica substrates. Particular values for the 
preparation parameters of the films discussed are listed in Table 3. 

o 
The films are generally quite granular (average grain size '"WOO A ) , 
with a significant range in grain size. They also have short mean 
free paths U eff) as determined from the normal state sheet 
resistance RQ listed in Table 3. An independent determination of 
& e f f was done 1n an applied magnetic field (see Appendix H ) , which 
was in agreement with that calculated from K L . The transition 
temperatures determined from the resistive transitions are on the 
order of 1.86K. The constants listed 1n Table 3 show a reasonable 
consistency 1n the physical nature of the films discussed, with the 
exception of sample #30 (run #301). This film was evaporated with 
a larger 0 2 background. Its resistive transition was drastically 
affected by the amount of D.C. biasing current used in the experiment. 
Increasing this current resulted in "kinks" appearing 1n the 
transition* By Increasing the A.C. biasing current used in the 



Table 3. Physical Constants For Films Shown 

Sample 
(Run #) 

301 

*36B 

38B 

39 

Preparation 
(gas during 
exp.) 

2xlO'5Torr 
0o 
2 

lxlO"7Torr 
No 02 

2xlO"7Torr 
No 02 

2xl0"7Torr 
No 02 

d 

* 

1090 

1040 

1170 

1190 

* * 

13 

14 

53 

23 

(ft) 

2.77 

2.63 

.644 

1.46 

A.L. 
T0 

4.21xl0"5 

4.00xl0"5 

9.78x10'6 

2.21xl0"5 

f i t 
T0 

7.04x10"4 

2.32x10"3 

9.50x10"5 

7.50x10"5 

T^V.A) 
(K) 

1.829 

1.880 

1.88® 

1.843 

T0(pt.B) 
(K) 

1.778 

1.860 

1.860 

1.814 

H = 21.8 Oe The f ield lowered the temperature of 7.38x10"5 1.827 1.758 
the transition and broadened the 
overall transition. This measurer 
ment gave a value of 5(0)2s 440 A. 
See Appendix H. 

_2 
Note: The width to length ratio was between 3 and 4x10 for these films. The evaporation rate was between 25 and 35 A/sec The ratio of the resistance at 300 K to the normal resistance was between .8 and 1.2. Point A in the heat capacity figures is the MFT T . Point B is the temperature for R= 0. 

-1? 2 
* ** AY lfl O cm 
Double transition. Using the relation l^f = HXI ., ~ . See Appendix H. ^ 

ett RN ,j <* 
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experiment to a level equal to the D.C. current, these "kinks" 
could be dramatically reduced. When the "kinks" were removed, the 
overall transition was slightly different from the transition 
measured with a current less than that which would affect the 
resistive features of the transition (on the order of 10" A). 
This effect is discussed in more detail in Appendix H. 

The heat capacity measured for film #38 is shown in Fig. 21. 
The analysis that led to this result is discussed in an earlier 
section. Over the temperature interval of the data plotted in 
Figure 21, functions exhibiting T, T , and exp(T) are constant to 
within 5%. Thus over the range from about 1.867K to 1.88K, there 
is a contribution to the total heat capacity that is constant. 
The electronic contribution of the film's heat capacity is 80% of 
the total heat capacity of the film (see Appendix H, F) and the 
estimated amount of background heat capacity (from the mica, see 
Appendix F) 1s between 0 and 50% of the total heat capacity measured. 
Thus, in the constant region of the total heat capacity in Figure 21, 
the electronic heat capacity of the film represents between 80% 
(no mica contribution) and 40% (50% mica contribution) of the total 
measurement. This means that the normal state heat capacity, 
defined as C n=C e l e c t r o n 1 c

 f ° r T > T c, 1s between .4 and .8 relative 
units on the plot of Figure 21. One would expect that the B.C.S. 
discontinuous jump 1n the heat capacity at T for a film to be given 
by the usual equation, which 1s shown below. 

AC = Cs - Cn and AC = 1.43 Cp (25) 
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Thus, one would expect the heat capacity in the super
conducting state Cs near T c to be equal to 2.43 Cn. This means 
that the rise of the total heat capacity plotted in Figure 21 is be
tween 5.5 and 11 times the expected B.C.S. jump, depending on 
what percentage of background contributions are present in the 
total measurement. This rise is occuring 18 mk below the MFT 
transition temperature (point A ) , as determined from an A.L. fit 
to the resistive transition. This rise is also very near (~2mk) 
the temperature where the film's resistance becomes zero. It is 
possibly only a coincidence that the temperature range of the 
resolution of the experiment (P,P') is on the order of the temperature 
difference between point A and point B. The excess heat capacity is 
defined as the difference between the normal and the superconducting 
heat capacities (C e x c e s s = cs~c

n)» a"d should be zero far above T , 
and equal to AC far below T c on the plot of Figure 21. The 
logarithmic plot of the excess heat capacity in the insert of 
Figure 21 is for the range in temperature indicated by the arrows. 
This plot Indicates a linear relationship between the logarithm of 
the excess heat capacity and temperature. Since the oscillations in 
temperature ( AT) used in this heat capacity measurement are con
siderably less than the thermal fluctuations of the sample 
( A T « ^ 1 u K, T ^ T ± 10 u K ) , the measurement is essentially a high 
speed average (averaging time = 1 cycle = 10" sec) over a region in 
temperature 10 u K wide. In principle, the method of correlation 
in R could resolve this width in temperature, but because long 
relative time constants are chosen for the electronics used in the 
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measurement (3 sec), and since the temperature of the film is 
continually increasing 1n time, the total heat capacity measured 
will always be an integrated measurement over a broader range in 
temperature. This is an Inherent limit on the ability of the 
experiment to determine heat capacities changing yery rapidly with 
temperature. As stated earlier, this limit is an average over, at 
most, 6 neighboring points in temperature. This means that the 
steeper part of the rise of the heat capacity in Figure 21 occurs 
over a region that 1s 1 mK wide at most. The total rise occurs 
over a range of about 6 mK. This width will be discussed later. 

Electrical Conductivity 

As stated 1n the theoretical section, the conductivity of the 
films would be studied to determine if their transitions were 
broadened by Inhomogeneities. This determination comes about by 
fitting the resistive transition to the theoretical form of A.L. 
theory, given earlier. The width of the transition for this fit T Q 

A I 
1s compared to the theoretically derived width TJ . 
Inhomogeneities would tend to broaden the transition and make 

A L TQ > TQ • . There are theoretical models that relate intrinsic 
broadening for ratios of T Q/ TQ > 1 to an Intrinsic pair 
breaking process determined by the value of R^ This is discussed 
in Appendix H. Table 3 lists the fitted transition width for the 
particular films discussed here. Some values for R Q and the ratio 

A L TQ/ TQ * are in agreement with the A.L. theory, but in disagreement 
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with the theory of Patton, discussed 1n Appendix H. These 
43 results are in better agreement with the work of Thompson, et.al_. , 

except that only film #30 exhibited the D. C. current features they 
observed. Although some transition widths agree with A.L. theory, 
the films are probably not homogenlous because of the long tails in 
the transition (as compared with the sharp transitions in Glover's 
work of amorphous Bi ). Thompson, et.al_.» suggest that these 
tails in the transitions of dirty aluminum films are due to the 
thermally excited phase fluctuations in the coupling between grains 
of the film, destroying long range order and creating a resistance 
1n the film, but still maintaining a non-zero value for the order 
parameter. Thus, the transition width determined from conductivity 
measurements is not a direct measurement of the width of the 
superconducting phase transition 1n aluminum films. The distribution 
of the transition temperatures of the grains in the film produces a 
premature transition at higher temperatures as a result of a few 
grains "shorting" out the contribution to the resistance from the 
majority of the grains. At the same time, phase fluctuations between 
grains will result in a finite resistance below the superconducting 
phase transition. Figure 22 shows the resistive transition for 
film #39. An A.L. fit with the parameters shown is also plotted. 
The insert of Figure 22 shows the excellent agreement of the A.L. 
theory with the resistive transition at higher temperatures. The 
parameters are determined by choosing a value for RN that is 
consistent with the measured values of the film. Then the inverse 
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RUN # 3 9 (H = 0. Oe) 
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Figure 22. 

Resistive transition for film #39. The plot is of 1020 discrete 
points. The A.L. fitted parameters are shown, along with the fit. 
RN 1s approximated and is very close to the RN (for T » ^c) measured. 
T c, TQ are determined graphically (see Figure 23). The insert shows the good agreement with the fit at the high temperature end 
plotted on the same temperature scale. 
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of the excess conductivity (where — = (RN-RJ/R) is plotted in 
aN 

Figure 23, and a linear fit is used to determine the transition 
temperature T and the transition width TO. This type of fitting 
can give varied results, depending on the region over the data which 
the theory is forced to fit. The parameters T , RN, and TO 
can be varied over considerable ranges that result in fits over many 
separate regions of the transition. Obviously the theory cannot 
fit the whole transition, so that the choice of where the resistance 
of a film fits to the theory is extremely arbitrary. Roughly, the 
parameters vary the theoretical function for the film's resistance 
in the following way. The width parameter T O determines the angle 
between the steep region of the transition and the flat region. 
The value for the normal resistance RN determines the value of the 
resistance and the slope at the high temperature part of the 
transition. And finally T moves the overall features up and down 
in temperature. These functional variations are not independent, 
but by the use of the Tektronix display mentioned in Figure 19 and 
used in all the plots of this section, one can see this rough 
variation of the theoretical transition by varying the parameters 
T , RN, TO. In this way, the transition can be fit to the A.L. 
theory in any arbitrary region. It is quite possible that the 
premature transition brought about by the "shorting" of a few grains 
in the film is creating the slope at the high temperature end 
of the transition, which results in the high T obtained in the 
A.L. fit. It is more likely that the real transition is occuring 
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RUN # 3 9 (H = 0 Oe) 
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Figure 23. 

Inverse of the excess conductivity ratio plotted vs. temperature 
for Run #39. The value chosen for RN is that used in Figure 22. 
A linear form is f i t ted to the data to obtain the Tc and TQ 
used in the f i t ted plot of Figure 22. The insert shows the film's 
geometry with typical parameters. The films are edged scribed and 
also scribed with the pattern scribe shown (to increase the film's 
resistance). 
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in a region where the majority of the grains are going super
conducting, and would be at a temperature considerably lower than 
the fitted value for T used in Figure 23. Thus, it is believed 
that the real superconducting phase transition in dirty aluminum 
films cannot be determined by conductivity measurements and may 
actually be occuring in the region where R<&0. This idea is 
supported by work done in this lab which measured the excess 
tunneling current in Sn-Pb Josephson junctions for T ) T of the 
45 Sn . This work indicated that the phase transition, as determined 

by the excess tunneling current, was actually occuring near R=0 
for the Sn film. Thus, although the conductivity of the films 
discussed in this section is in agreement with the A.L. theory, it 
is quite possible that their transitions are broadened due to the 
inhomogeneities brought about by the different transition temperatures 
of the various grains in the film. This model could possibly explain 
why the transition widths of the heat capacity results o"f Figure 21 
are broader than .69 T~ , which is determined from the film's 
conductivity; and it could explain why the rise in the heat capacity 
of the film is occuring at a temperature far below the T 
determined from the A.L. fit. 

Heat Capacity 

The general features of the total heat capacity plotted in 
Figure 21 were observed in 9 films. One of these films was a 
fully self-supported film (see Appendix H) that had a measured 
relative heat capacity on the order of that observed for the 
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films on mica substrates. This indicates that the total heat 
capacity measured for the films on mica might be a 100% measure
ment of the heat capacity of the film itself. 

Figure 24 shows the total heat capacity measured for film #30, 
plotted for three ranges of temperature. The heat capacity 
exhibits a rise from a constant value at the low temperature end 
of the transition. The higher resolution in temperature shown in 
Figure 24c indicates a peaking of the total heat capacity. Using 
the same estimates as given earlier in Figure 21, this results in a rise 
of between 4.5 and 8.6 times the expected B.C.S. jump in heat 
capacity. The temperature width in this rising region is about 5 mK 

A L wide, which is considerably larger than the TQ* ' width parameter 
from A.L. theory. But it is within a factor of 10 of the value 
for TQ that is used to fit to the resistive transition. Since 
the ratio of T J T Q is greater than unity (=17), this might 
be an intrinsically broadened film, although it is still in 
disagreement with the theory of Patton, discussed earlier (i.e., 
the ratio is too large for its value of *L.)> Another possibility 
for the observed peaking in Figure 24 may be a result of its 
granular nature. Since this film exhibits a strong dependence 
on D.C. current, and since it was prepared in a heavy oxidizing 
atmosphere, the Josephson tunneling between grains could cause 
large order parameter phase fluctuations between the grains. 
This peaking in the heat capacity may be related to a transition 
from a "paracoherent" coupling of the grains to a coherent coupling 
brought about by the electron tunneling, and thus the phase transition 
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Figure 24. 

Total heat capacity plotted for Run #301. The temperature scales 
have been enlarged to show the rising heat capacity near point B. 
a) is 50 mK wide, b) 1s 30 mK wide, and c) is 10 mK wide. There is 
an apparent peaking and then a-leveling off in the data near point B. 



in the heat capacity may be a consequence of the ordering of the 
grains. This phase transition is discussed in Ref. 47 with 
regard to an interpretation of conductivity measurements made on 
bulk powdered Nb and Ta samples in which a precipitous drop in the 
resistive transition is observed at a low temperature tail. 

Figure 25 shows the resistive transition of film #36. This 
film has a multiple transition, with the first transition at about 
1.88K. Figure 26 shows the total heat capacity for film #36 with 
the resistive transition over the same temperature range super
imposed on the plot. There is a definite peaking of the heat 
capacity over a region of 15 mK which rises to a value of between 
12 and 25 times the B.C.S. jump, at a temperature of about 12 mK 
below the Tc (point A). But there is also a rise in the heat 
capacity of a similar nature at the low temperature region as seen 
in the previously mentioned films. This rise occurs over about a 
5mK region and increases to a value of between 4 and 7.6of the B.C.S. 
jump. Due to the multiple transition in the film, the thermometer 
in effect has a range that is extended below the transition of 
the first film, and thus allows the measurement of heat capacity 
below the first transition. The results of Figure 26 indicate a 
possible peaking in the heat capacity of the film at the first 
transition, and a consistent rise near R=0. 

Magnetic Field Effects 

Because of the predicted effects of the alteration of the 
heat capacity by the application of a small magnetic field, 
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Figure 25. 

Resistive transition for Run #36B showing the multiple transition. 
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Figure 26. 

Resistive transition and heat capacity for Run #36B. The 
resistance plot is of the tall of the transition shown in 
Figure 25. The heat capacity exhibits a peaking at a 
temperature below the 1st resistive transition and a slow 
rise at the low temperature end. 
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discussed in an earlier section, a run was made with a rather 
crude solenoid attached to the cryostat. This allowed for the 
application of moderate magnetic fields (although they were about 
10% inhomogenious), which is discussed in more detail in Appendix H. 
The heat capacity shown in Figure 27 is for run #39 and it is 
without an applied field. The excess heat capacity is plotted 
vs. temperature, and it is missing a section of data, due to the 
inaccurate choice of the background subtraction. This is reflected 
in the low values in the same temperature region on the logarithmic 
plot of the excess heat capacity of Figure 27b. Note the rather 
large peaking in the heat capacity at the low temperature end (16+32 BCS) near 
point B. The rise occurs over a range in temperature of 10 mK 
with the peak being on the order of 3 mK wide. The peaking occurs 
at a point about 25 mK below the T determined from the fit of 

c 
Figure 22. The logarithmic plot varies linearly with temperature 
in the rising heat capacity region, in a manner similar to that of 
Figure 21. This might indicate a divergence, where the predicted 
peaking from the screening approximation discussed in an earlier 
section is just the first term of a series in powers of E " 
(see Ref. 41). The inverse of the excess heat capacity is plotted 
in Figure 28. This type of a plot suffers from the inaccurate 
determination of the background heat capacity OkackarownH that 1S 

similar to the problem of the choice of RN used in the plot of 
Figure 23. The application of a 21.8 Oe magnetic field caused a 
change in the resistive transition, mentioned in Table 3 and shown 
in Figure H-5 of Appendix H. The major feature was to shift the 
transition to a lower temperature (point A is lowered in temperature) 
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Figure 27. 
i 

a) Excess heat capacity plotted for Run #39. The C. '. . 
used was just a constant value. Note that i t was a

D a c K 9 r o u n a 

l i t t l e too large at about 1.835 K, and results in a negative 
(not shown) value for the excess heat capacity. This is 
reflected in the dip of the logarithmic plot of b). The 
r is ing region of a) has a l inear form on the logarithmic plot 
of b) and exhibits a def ini te peaking. 
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RUN # 39 

[CEXCESSJ 
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Figure 28. 

Inverse of Excess Heat Capacity for data of Figure 27. The 
plot is over a temperature range where the background subtraction 
is not important. The determination of the subtraction constant 
is the same problem as the determination of RN used in Figure 23. 
Note the similarity in the low valued linear regions of the plot 
of Figure 23 and the plot shown here. 



83 

and to provide a tail in the transition that extended the thermo
metry (the difference between T (pt.B) and T(pt.A) is increased). 
The total heat capacity measured in a magnetic field is shown in 
Figure 29b with the zero magnetic field result also plotted over 
the same width in temperature. The dramatic result shown in 
Figure 29 is that the peaking of the heat capacity in zero magnetic 
field is reduced, broadened and shifted to a lower point in 
temperature when a magnetic field is applied. The shift is to a 
point 43 mK below the zero magnetic field result, and over a 
widened temperature range, which is on the order of 30 mK. The 
extended thermometry due to the tail in the resistive transition 
brought about by the applied field is probably related to magnetically 
induced phase slippage in the coherence of the Josephson coupling 
between grains. This extension allows for the determination of a 
plateau in the heat capacity of the film in an applied field, at 
a temperature below the rise seen in the heat capacity of films 
discussed earlier. One should notice the reproducable bumps in 
both Figures 29a and 29b in the region of rising heat capacity. 
The magnetic field results are in qualitative agreement with the 
fluctuation predictions presented in the theoretical section. 

Discussion 

The results presented earlier indicate a rather large rise 
in the heat capacity of the four films discussed at a temperature 
below the T (determined from conductivity measurements). The 
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Figure 29. 

Total heat capacity of run #39 plotted for two values of 
magnetic field on the same relative temperature range, a) is 
for a field of 21.8 Oe b) is for no magnetic field. The 
magnetic field shifts the transition to a lower temperature 
and broadens the region where the heat capacity is peaking. 
At the same time it reduces the size of this peaking of the 
heat capacity observed in zero magnetic field. 
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possibility of an error in the analysis of the data should be 
discussed because of the rather important nature of the results. 

The possibility of pair breaking occuring in the film from the 
laser optical heating is discussed in Appendix F and is believed 
not to be involved in the present experiment, because the relative 
number of paired electrons is small at the temperatures of the 
films studied. Also the pair recombination time is so fast, relative 
to the heating frequencies, that any disturbed pairs will be re-
combined just after the end of each heating cycle. The most 
apparent result was that the resistive transition was unaffected 
with the laser on or off. This indicates that pair breaking -
mechanisms due to the optical heating can be ruled out. 

A second possibility is that the rise in the heat capacity is 
associated with a latent heat brought about a local magnetic 
field. The residual fields ( < 10" gauss) and the induced fields 
from the measuring currents ( < 10" gauss) are far below the 
fields needed for such effects. 

To be consistent with the bulk superconducting phase transition, 
the entropy associated with a rising heat capacity has to be less 
than the observed agreements mentioned earlier between the total 
heat capacity of the superconducting and the normal states. Cochran's 
result for Sn (Ss,-nau-|ari-tv < 10 J/mole K) indicates roughly an 
entropy for these films of about 10" J/K associated with any heat 
capacity singularity. The entropy for the observed peak in the 
heat capacity is just its width ATp , times the heat capacity 



86 

peak C , dividdd by the temperature at which the peak occurs 
Tp. The resultant entropy associated with the transition is about 
10"

10 J/K (roughly C p «^10C S^10"
7
J/K, AT

p ""10~3
K, T p ^ 2K). 

As discussed earlier, King et.al.found agreement to about 5% for 
the entropy difference between the normal and superconducting 
states. This means that the entropy associated with a phase transition 
ASp has to be less than 5% of the total entropy S T . Since S T 

is just equal to the normal state heat capacity at T , the require
ment of ASp < 5% Sj is just the requirement of 

■< 5% C_ . 
Cp ATp 

T
P 

This reduces to 
*2 

CD ATD 5x10 
_ L L r < c 

—
 L

s s 
C$ T p * 2.43 * 

ATp 
For the largest peak observed (Cp/Cs ~ 2 0 * j—/^10 ) this 
condition is satisfied. 

It should be noted that the prediction of no phase transition 
in a 2D system, mentioned in the theory section, relies on the 
fact that the order parameter correlation function of the 2D 
superconductor does not exhibit off diagonallong range, order (ODLRO). 
It actually states that in 3D, there is 0DL0R, and hence one can 
have a divergence in the heat capacity. But in 2D, where one does 
not have ODLRO, one may or may not have a divergence. 

The fact that the data is analyzed by an equivalent circuit 
may also be a reason for the observed heat capacity. But the 
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equivalent circuit used is understood very well, and nine films, 
all with very different sets of raw data and different resistive 
transitions, had similar overall features. 

A L The disagreement between the peak width ATp and the T
0'.' 

from the conductivity measurements, and the disagreement between Tp 
and T is not surprising in view of .the discussion of 
conductivity measurements. It might be possible to use a Gaussian 
distribution in T 's similar to that of Cochran to represent the 
grain inhomogeneities contributing to the broadening of a narrow 
intrinsic peak. In this case, the coefficient of the diverging 
term (a) would be varied to get the correct height of the peak, and 
the range of integration would be over the width of the peak. This 
model might also explain the disagreement in the conductivity and 
heat capacity transition widths. 

44 Finally, it should be mentioned that in this laboratory, 
there has been other observed behavior of a possible critical region 
in very similar aluminum films. In the measurements of the inverse 
peak current of Pb-Al Josephson junctions below the T (13 mK 
below), there is a region 10 mK wide where the GL M.F.T. breaks down. 

Conclusion 

Because of the theoretical interest in phase transitions, 
the heat capacity of a two dimensional superconductor has been 
measured in the transition region. Previous experimental work (ZM) 
was limited by the arbitrary fitting schemes used in the data 



analysis. The previous work was also limited by the ultimate 
sensitivity of the experiment. The work reported here used 

o 
unconventional methods to measure the heat capacity of a 1000 A 
granular aluminum film with an unprecendented sensitivity. The 
film was heated optically and the film's resistive transition was 
used as its own thermometer. The electrical conductivity and heat 
capacity results for the four films presented were in qualitative 
agreement with similar results observed in five other films. 

The heat capacity measured from the data on the four films 
presented increased with decreasing temperature where the films' 
resistances were zero. The rise was over a range of 1 to 5 mK and 
to a height of up to possibly 32 times the B.C.S. discontinuous 
jump. Two films exhibited a definite peaking of the low temperature 
region of this rising heat capacity. This peaking occured at a 
point about 20 mK below the MFT transition temperature determined 
from the conductivity measurements. It is believed that the 
granular nature of the films broadens the resistive transition to 
give an arbitrarily wider transition, such that the temperature 
associated with the onset of order over most of the sample is not 
in agreement with the T determined from a fit to the resistive 
transition. The phase transition is most likely occuring in the 
region where the film's resistance is going to zero. An applied 
magnetic field caused the observed peak of one film to be 
reduced in height, broadened, and shifted to a lower temperature. 

The observed peaking of the heat capacity of these granular 
aluminum films may be an actual broadening of a much narrower 
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intrinsic peak due to the distribution in grain size. It might 
also be the result of a phase transition associated with the coupling 
between grains due to pair tunneling producing a transition from a 
"para-coherent" to a coherent state. 

These results are in partial agreement with the predicted 
non-monotonic behavior, but the peak in the heat capacity is much 

15 larger than the results of the most recent calculations. However, 
these calculations are just the first order corrections to the 
Hartree approximation and the inclusion of higher order terms may 
cause the heat capacity to diverge. 

The measurements were limited to the transition region because 
of the limited sensitivity in using the film's resistive transition 
for a thermometer. The requirements of thermal equilibrium in 
measurements of the heat capacity and the very low mass of the 
samples make an intrinsic measurement of the film's temperature 
essential. In this work, an intrinsic measurement was obtained using 
resistive thermometry. It might also be possible to couple a 
small tunneling junction to the film, with the film being one of 
the superconducting electrodes. With this arrangement, one could 
use a feature of the temperature dependent tunneling characteristic 
(such as the pair field susceptibility metnioned earlier) to 
extend the measurements outside the transition region. This would 
then enable the intrinsic temperature dependence of the heat 
capacity of the film to be determined outside the transition region. 

In conclusion, the heat capacity of a thin aluminum film has 
been measured in the transition region. A peak has been observed 



in a region where the film's resistance is becoming zero. This 
peak is in partial agreement with predictions, but it indicates 
a qualitatively larger value than that predicted. This implies 
that the predictions are only a first order correction to the 
Hartree approximation and that higher order corrections have to 
be considered. 
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Appendix A. A.C. Bridges and Thermometry. 

The thermometry for the experiment involved accurate 
measurement of the resistance of both carbon and Germanium 
resistors, the later being commerically available and calibrated 
by a log R (resistance^ log T (temperature), extrapolation 
between points traceable to the N.B.S. (absolute accuracy ~ 1 mK). 

The A.C. Resistance Bridge (Figure A-l) is a variation of 
2 

the bridge used previously in our laboratory. The bridge is 

referenced with a voltage from a lock-in amplifier (P.A.R. - #HR-8) 

and the signal from the null output is phase sensitive detected by 

the lock-in amplifier unt i l both the rat io box and capacitance 

box settings give a null voltage on the lock-in output. The 

equation for the voltage output of the HR-8 i s : 

1/2 -> i4> 
e b HR-8_ 1 fT . rD . 2 , LV-CV x2 n"1 ' ^ " ) 

out " 7 / 0
 d t lR VRs C 1+Rs ( tfTV ) ] j 

1/2 

1 °W<^rw& 
A<J>r 

(A-l) 

where 

wo*2.4 KHz a = bridge factor 
including rat io setting 

i otR(L'-C') , R(L-C) 
4 = tan"1 [—2 ]4> = tan"1 [-* ] 

s wL'C x uLC 
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Figure A  l . 



(continued) 
L, C are inductance and cap. impedances on the R 

(unknown resistor) side; 
L' and c* are inductance and cap. impedances on the Rg 

(standard resistor) side; 
G, T , IR are gain, time constant, and reference current for HR8; 
A<|>r = difference in reference current phase and mixer signal 

phase which is set on the HR8. 
(Al) 

The bridge is balanced by setting C , or C$ to zero, and the rat io 

setting is set to zero. The lockin output is maximized with the 

phase setting A<j>r for low sensi t iv i ty settings (Ggain). The 

rat io is changed unt i l a null reading is read. The phase is 

changed by 90° ( A<j>r »■ A<j>r + 90°) and the cap. setting is changed 

unti l a null is read. The time constant (T) is set at some 

appropriate value ( * v i sec). The above procedure is continued 

for higher sens i t i v i t ies , unt i l the thermal fluctuations of R 

enter in and i nh ib i t more sensitive nul ls. For Rx*^* 10K, 

Ip.**^ 10' amp, these are about 10 nv, or 10 u K f luctuations. At 

this state equation (Al) reduces t o : 

A<j> =0 since the coef f . i s nonzero 

(A2) 
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V J = 0 combine with (A-2) -»- <j>c<**<|>v 
O U t ' « „ J J - * „ • „ , • . I . - ' - . , ~-F-l. x b x 

(L'-C')/L'CW(L-C)/LC 

A<J>r = 90° 

and def in i t ion of<|>s, <j>x. 

(A-3) 

r1+Rz (k^£i-)^ 
L 5 „,i ir' J 

s ' — ' " x n x p ^ r-L'-C TZT-^ (A-4) 
wL'C 

if one chooses the standard near to R then to second order: 

R %£ aR. with a known "unknown" one can measure the bridge factor with the ratio setting and thus measure unknowns, just by knowing the ratio setting. 
It should be noted that the bridge factor is dependent on the value 
of R , and thus all experimental values are corrected with this in 
mind. Also, if one is close to null, and V p * 0, one can 
approximate equation (A-l) by: 

VoutP* *R G Rs a {1 " VaRs } wh1ch is 11near in Rx and tnus 
to about 5% in experimental cases, one can use the off null voltage as a linearly varying function of Rx. 

(A-5) 

By setting the bridge balance to the center of the varying value of 
R , and knowing the starting value of R , and the final value of R , 
one can approximately continuously monitor Rx, by monitoring the 
off null changing voltage (subtracting off the D.C. base line) out 



of the HR-8. This method is used not only to obtain a continuous 
temperature reading, (for example taking the resistive transitions 
as a function of the germanium resistance), but to use the 
voltage as a temperature error in an A.C. servo loop (as will be 
discussed later). 

The Self-Balancing Bridge (Figure A-2) is a modification of 
the A.C. Bridge, where a variable resistor (optically coupled 
transistor) is added to the standard resistor (R$ = ^ R$ + RT 
(variable)). The off null of the HR-8 is filtered to allow 
essentially only D. C. changes (see Filter Box in a later appendix) 
and is converted into a negatively feedback current (by a V * I 
circuit, see Ref. 2) that changes the value of R$ to balance the 
changes of Rx. By monitoring the current fed back, one has a 
means of knowing the changes of R with a balanced bridge. For 
Ry = IK, R$ = 10K one can get a change 1n R ^ 30ft. for a 
current of 0 * 50 ma. By appropriate choices one can match the 
values of Ry and R$ to cover a sizeable range of self-balancing 
operation. 

The A.C. Bridge was also used to measure the resistance of the 
superconducting films used in the experiment. One should note that 
at balance, there are a number of sources of error, one being the 
current flowing in the film causing heating, and another being 
the lead's resistance from the film giving a potential drop and 
noise error in the measurement. When one has yery low resistances 
(^ .5xi), it is difficult to get accurate readings with the above 
bridges, and hence, a Kelvin Bridge (Figure A-3) was constructed. 
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Figure A-2. 
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Figure A-3. 

Sometimes called a Double Ratio Bridge. 
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This form originally was a resistance ratio bridge, but due to 
the sensitivity of A.C. phase sensitive detection schemes, and 
accurate ratio boxes (IpplO ) this bridge has been modified to an 
impedance bridge. Hill and Miller did the original work, which 
has eventually led to a commercially available unit (although 
quite expensive) of similar design. With the commerically 
available 16 bit D/A converters, one could expand this idea to a 
self-balanced high resolution bridge. It should be noted that the 
bridge is symmetric under an Interchange of the reference and 
detector. Also, at null the current in the unknown resistor is 
zero, and the lead resistances are nulled out of the measurement 
(but, changes in them are a large source of noise, i.e., bumping 
cables). The procedure for nulling is as follows: 
1) Adjust ratios n,, n2 as for other A.C. bridge until a null 

is reached with "short 2" in place. Then 

TTny TTnJ T$T 

2) Put in "short 1" as well as "short 2" and re-null bridge by 

adjusting r.. Then we have: 

n i " r2i r V r 4~(1- n i ) - r4 

3) Take out both shorts and adjust r3 for a nul l . Then we have: 

vt IT Ot 2 " ?2 
r*Z/r3~ (l-n2) - r3 
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4) Pufshort 2" back in and readjust n,, n2> This procedure 

is continued until al l steps give nulls. Then: 

1-n, 
Rx = o< ( —__L ) RS where ©(is the bridge factor. 

(A-6) 

One should always let n^=n2 in all measurements to speed up the 
process. There are gauged transformers that work quite well in 
place of n-p n 2, so that one always has n-|=n2=n. (An example is 
the Gertsch Model #1000 A. C. Ratio Standard). This bridge has an 

12 accuracy and sensitivity for low power dissipations M O watts) 
of less than 1 m n. 

The Germanium res is tors were fitted to a logarithmic series in 
temperature using the calibrated points supplied by the manufacturer. 
A table was generated that allowed resistance measurements to be 
looked up for their temperature equivalent in steps of about 8 uK. 
The carbon resistors and the superconducting films were calibrated 
from the values of the Germanium resistor when both where in 
thermal equilibrium. These bridges allowed temperature measurements 
to better than 10uK and resistance measurements to better than 1 

3 5 
part 1n 10 (for low resistances ̂  I n ) and to 1 part in 10 
(for high resistances/^ 10 Kfi). 
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Appendix B. Optical Systems. 

Since the experiment involved optical heating, systems 

for heating the f i lm, as well as detecting correct system 

operation, were constructed. Light Emitting Diodes (L.E.D.) were 

used f i rs t (being in the visible region for ease of optical 

alignment, etc.) . Their output was monitored in the low 

temperature cryostat with Si photo-transistors, using the 

Detector Box shown in Figure B-l. The operation of these devices 

at low temperatures is discussed elsewhere (see Ref. 5). The 

diode and detector where optically coupled in a block of lucite, 

that was at 4.2 K, and the emitted radiation was shone onto the 

sample via a plastic l ight guide (see Ref. 6). This system could 

heat the sample at high frequencies (^-^100 KHz), at relatively 

high powers (^500 u watts). 'The system had certain drawbacks 

that led to its termination. The LED's, while putting out high 

powers, are quite inefficient and dissipate to the local 

environment ^ ^ 100 m watts of power which is quite unacceptable 

for a low temperature environment. They also have a threshold 

before they emit l ight , which limits them for low power use. But, 

their major drawback is that relatively large currents (/s/50 ma) 

are introduced into a low signal level environment and produce 

undesirable electrical coupling that is indistinguishable from 

optical heating, since thsi optical signal and the driving voltage 

are at the same frequency. For these reasons the LED system was 

discarded. 
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300 K 

T = 77 K a K 

Figure B-2 

Lower trace is the l i gh t in tens i ty of l i gh t bulb (lower 
trace P 10 mv/div) as seen by a detector (T1L67 Photo-transistor) 
at room temperature op t ica l l y coupled to the l i gh t bulb via p last ic 
l i gh t guide. The detector output was monitored with the c i r c u i t 
shown in Fig. B- l . The l i gh t bulb was driven by a constant voltage 
source (upper trace P^v/d iv ) at a frequency of 10 KHz (Horizortai 
axis P 20 u sec/d iv) . There is l i t t l e change in the l i gh t output 
for the three temperatures shown. 
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The next optical system used involved yery small tungsten 

filament l igh t bulbs (see Ref. 7). The bulbs w i l l operate at 

4K and experience no problems in cycling to room temperature. 

I t is necessary, however, to have the entire bulb heat sunk in 

some fashion ( i . e . , in an o i l or LHe bath) in order that thermal 

gradients won't occur along the length of the bulb. I t is believed 

that this is the cause for observed bulb fa i lure in gaseous He 

at 4K. The bulb has a continuous D.C. power output from zero up 

to about 400 u watts. When the bulb is operated in an A.C. mode, 

the power output is a combination of an A.C. power and a D.C. 

power, with the rat io of A.C. to D.C. power decreasing l inearly 

as a function of frequency, probably due to the inductive nature 

of the spiral filament (both physically and thermally) affecting 

the A.C. power, when driven by a constant voltage source. This 

rat io fa l ls o f f to about 10 at 10 KHz. When the bulbs are driven 

by a constant voltage source, the power emitted from the bulb, 

varies as the square of the driving voltage, and hence a driving 

frequency of co, w i l l be emitted at twice the driving frequency 

( i . e . , 2w). Figure B-2 i l lust rates this point at three di f ferent 

temperatures, and shows that the l igh t emitted is at twice the 

driving frequency. This method was at f i r s t considered an asset, 

because the signal would be detected at twice the driving frequency, 

and thus reduce coupling problems encountered ear l ier . But, 

the maximum rejection of the detection methods was only 80 db, and 

thus a coupled signal at frequency w , detected at 2oo , would 

look l ike a real 2w signal. Extensive measurements reduced 
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this coupling to a level where there was no longer any signal. 
It was because of the problem in distinguishing whether 

a detected signal was due to optical heating or E.M.I, coupling, 
that the experiment finally went to a room temperature optical 
source. The light was coupled via a plastic light guide, that 
was thermally sunk to the 4K bath, and terminated in a copper 
sink from which it shone onto the sample. The light guide had 
an optical vacuum feed through that allowed separation of the 
light guide between the cryostat and the room temperature optical 
source. Due to the transmission characteristics of the light 
guide (Ref. 6 ) , the heat leak of the light guide was negligible. 
This optical system reduces the entering light from the room 

3 
temperature source by a factor of 10 . Thus, this reduction, 
together with the small light guide area, caused the need for a 
relatively large flux room temperature source. The advantage of 
this method is that one can block the light entering the guide, 
without changing the electrical structure, and thus distinguish 
between optical heating and electrical coupling. 

A number of room temperature sources were used. A large 
movie light output was optically focused and mechanically chopped 
before it entered the light guide. A reference signal for the 
detection methods was derived using the circuit shown in Figure B-1. 
This was three times the minimum light output needed, but the 
frequency of this optical source (1 KHz) was not readily adjustable 
due to the mechanical chopping nature. Since frequencies greater 



than 1 KHz were desired, a large (lOntW) HeNe laser was used 

that was modulated by varying the D.C. discharge current at 

frequencies up to 50 KHz. But, i t had inherent stabi l i ty 

problems, and due to its size (4 f t . long) had to be coupled over 

a long distance to the cryostat which resulted in considerable 

beam attenuation. Finally, a D.C. modulated 1 mW He-Ne laser 

(Metrologic Model #382) was used. I t could be coupled quite 

closely to the cryostat, and thus provided a variable frequency 

(D.C.-500 KHz) l ight source of sufficient size to produce an 

optical heating signal. There were at f i r s t EMI coupling problems 

due to the radiation of the D.C. modulating plasma in the tube, 

but an isolator (Figure B-1) was constructed that removed these 

problems. Thus, although some of the earlier optical heating 

sources satisfied the heating requirements, the modulated He-Ne 

laser.optically coupled to the sample, provided the most versatile 

and convincing source. 
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Appendix C. Cryostat and Isolation. 

Because the experiment involved measuring yery low level 

signals, particular attention had to be given to electrical 

isolation. But also, because a vibrating fi lm in a magnetic 

f ield would generate noise currents, isolation from vibration ' 

and magnetic fields also had to be provided. 

Figure C-l shows the basic dewar system with the different 

isolations. Vibrational isolation was provided by using bellows 

coupling links for al l hoses to the dewar stand, and by mounting 

the stand on a vibration isolation platform. Tests were made using 

step hammer pulses as a driving force, and an accelerometer as a 

detector. The springs on the lower mount isolated frequencies 

up to about 200 Hz by a factor'of 20. The "waffle" pad isolated 

frequencies up to about 600 Hz by a factor of 2, and the foam 

pad-lead combination isolated frequencies up to a few KHz by a 

factor of 10. The system is essential 3 high pass f i l ters in 

series, with the last f i l t e r being the highest cutoff. This 

gives the overall system the abil i ty to essentially reduce 

vibrations by a factor of 400 for al l low audio frequencies and 

below. The system does allow for direct accoustical coupling in 

the air , but this proved to not be a noise problem. 

Magnetic isolation was achieved by three concentric high 

permeability shields (the third being directly in the He bath, 

to reduce domain noise). Considerable isolation could be 

achieved by degaussing the shields. Although direct A.C. 
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currents in the shields, and low frequency (1 Hz) D.C. currents 
were tried for degaussing, simple 60 Hz solenoid coils on the 
shields proved to work best. By using 3 variable transformers 
in series, at peak currents of about 10 amps, one could slowly 
reduce the degaussing field to a negligible amount. Best results 
were achieved by first reducing any magnetization in all three 
shields, and then degaussing from the outer shield first,to the 
inner shield last. Magnetic field (both transverse and axial) 
profiles were taken using a H.P. ammeter with a magnetometer 
probe (flux gate type). The field had two field reversals about 
the average minimum, which was about 7 x 10 gauss at about 1/3 
the way up from the bottom of the inner shield. This was also the 
region occupied by the sample when the cryostat was correctly 
positioned. It is interesting to note that the inner shield was 
removed for a brief time and placed in the earths field, and then 
returned to its original position. It gained magnetization of 
about 1 u gauss/sec which would mean it would take about 10 days 
to accomplish a linear saturation in the earth's field. 

The dewars were the usual double walled glass dewars. They 
were sealed to the upper flange by rubber washer seals to 
facilitate pumping on both the LN2 and LHe baths. Copper braid 
was hung around the He dewar above the ring seal, and allowed to 
be in contact with the LN2 bath. This was to place an isothermal 
shield around the He dewar (with some E.M.I, shielding abilities) 
and to provide a isothermalizing effect on the LN2 bath when it 
was pumped on. Due to the layered freezing effect when pumping 
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on LN« and the sequential "explosion" of the lower liquid 

vapors through the frozen N2 crust, the bath was only slightly 

pumped on for test purposes, and was never done so during a run. 

The main purpose was to reduce vibrations from the bubbling LN2, 

but this never proved to be a problem. The He bath was pumped 

to about 1.6°K and servoed to about 1 mK with a carbon 

resistor-manganin heater combination. 

Figure c-2 is the schematic for the He level detector 

system. The sensors were in a teflon tube that ran down the 

inside of the He dewar and was held in place with masking tape. 

The indicators were on the front side of the dewar stand and 

at the same spatial points as the sensors. Thus,one could see 

when there was no longer LHe above a certain level by switching 

to the appropriate sensor. The system only needed minor trim 

adjustments over a two-year period of use. The indicators were 

essentially 100% accurate. 

The cryostat (See Figure C-3) consisted of an outer O.F.H.C. 

copper can that was immersed in the bath. All leads entering 

the can had been electrically isolated using sub-miniature "pi 
* 

section" low pass f i l ters that gave about 60 db f i l ter ing 

above 5 MHz. The leads were in direct contact with LHe and 

pass through epoxy feed thrus (Stycast) into the outer can. 

The inner can was attached to a copper tube thermally tied to 

y. 

They were a combination of the Allen Bradley "pi section" k i t 
CK68-5N in series with a Lenox-Fugle 82 uh shielded inductor. 
This design was suggested by W. Wehymann. 
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the bath by a "swage lock" with a teflon ferrule in order to 
provide thermal isolation, and facilitate optical focusing of the 
light source onto the film sample. The fiber optics used to conduct 
the light from the room temperature source, ran down the inside of 
the inner can pumping line and was thermally tied to the bath. The 
SQUID system was completely shielded (see SQUID section) so that 
no R. F. could "leak" into the low level signal environment. To 
further facilitate this, the Inner can was completely electrically 
shielded, and all leads entered a second set of filters that 
gave attenuation above about 10 MHz at 4°K. The inner can was 
thermally isolated from the outer can (the one 1n contact with 
the bath) by using superconducting leads. It was independently 
servoed to provide a temperature regulation independent of the bath. 
Inside, and thermally isolated from the inner can by an epoxy plat
form and superconducting leads was the sample block. It was 
positioned directly below the light source. It had two independent 
Ge-resistor thermometers (Cryo Cal). One was used for temperature 
calibration and the other was used with a manganin heater to servo 
the block. Since 80% of the heat is conducted to those sensors 
through their wires, care was taken to insure accurate readings. 
The copper leads were spliced to superconducting leads and pressed 
1n a copper-lense paper sandwich and bolted directly to the sample 
block to Insure good thermal contact. With both cans evacuated one 
could achieve thermal Isolation times of about 20 minutes from the 
Inner can to the outer can and a few hours from the sample block 



to the outer can. The block could be regulated to about 10 yK 

or better by the servo system as independently measured with 

the second Ge-resistor. 

All measurements were made inside an electrically shielded 

room. The cryostat and dewar assembly allowed the experiment to 

be performed in a noise free environment with excellent magnetic, 

thermal, vibrational, and electrical isolation. 
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Appendix D. SQUIDS 

The SQUID (Superconducting Quantum Interference Device) 
is a very sensitive device for measuring magnetic fields. In 
this heat capacity experiment it became obvious that in regions 
of low thermal sensitivity ( 4j- film was small) the voltages, 
corresponding to A.C. heating of the film, would be very small. 
Typically for a dR/dT *vlft/°K, A.C." heating of 10"5 °K, D.C " 
bias current of 10 amp, one is trying to measure 10 pico 
volt signals. For this reason a SQUID system was desired. At 
first, SQUIDS were made and adjusted without success. Then, a 
commercially available system came onto the market and was 
purchased. This system was improved, but finally abandoned for 
conventional electronics due to problems discussed later. This 
appendix will not attempt to report on SQUIDS in general, but 
only as used in this work. 

A SQUID is basically a weak link or region with "partial" 
superconductivity connected 1n series with a superconducting 
ring. Figure D-l shows a weak link, which can be anything from 
two screws touching (point contact) to an anodized or scribed thin 
film (bridge). This weak link can be characterized by a current 
equation that 1s similar, if not identical to that obeyed by a 
Josephson Junction. The equation expresses the relationship 
between the phase differences of the order parameters of the super
conductors joined by the link (0), the maximum current that can 

» 
flow through the link at zero voltage (* ) , and the 
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actual current in the link ( I ) . There is a capacitance associated 
with the link that will be left out of this introductory dis
cussion. The link is then in series with a closed superconducting 
loop (with some inductance L ) , and thus the phase difference 
around the loop must be related to the total flux in the loop 
(<()) which is defined modulo 2TT . By combining these two re
quirements, a non-linear equation relating the total flux in the 
loop to the externally applied flux is derived. 

In the real world, one wants to measure changes in the total 
flux of the loop (coupled in by currents from external experiments). 
One method of doing this is to weakly drive a tank circuit with 
an R. F. signal where the coil is placed in the loop. This will 
cause changes in the total flux to be reflected in a non-linear 
way in the level of the R.F. driving voltage. By amplyfing and mix
ing out the R. F. driving voltage, one obtains a non-linear voltage 
function of the total flux in the loop (See Figure D-l). By 
taking the average of this output voltage and feeding it back as 
a current (through a high impedance) to the tank inductance, 
one completes a feedback loop to the superconducting loop, and 
thus linearizes the voltage function of the total flux in the 
loop. Then, by monitoring the feedback current, one has a direct 
measurement of the total flux in the loop, within the bandwidth 
of the feedback system. There are many treatments of not only 
the models for the SQUID, but mechanical analogs for the 
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non-linear equations and other SQUID biasing schemes in the 
o 

literature. 
The particular SQUID used in this experiment was of the 

g 

symmetric design. It was made of either Nb or NbTi, was about 
1" long and 3/8" in diameter (see Figure D-2). The point 
contact (or weak link) was made by a blunt and sharp pointed set 
of 000-120 screws. The SQUID contains two holes that form two 
astatic loops, such that the current in the SQUID responds to 
only gradients in external flux. This feature, along with the 
superconducting cylindrical extension, allow the SQUID to be 
somewhat immune to local magnetic noise. Biasing and external 
signals are coupled into the SQUID through coils placed in the 
holes. 

As mentioned earlier a commercial SQUID system was purchased, 
which included an adjusting kit. One of the major drawbacks of 
the SQUID outlined above is that precise adjustment of the point 
contact is needed in order for the SQUID to behave as a weak link. 
The S.H.E. system measures the inductance of the SQUID at room 
temperature, and by setting the screws at a pressure, such that 
the change of the inductance is about 1% relative to the contact 
fully open, the SQUID has a reasonable chance of being in 
adjustment at 4K. By the use of a probe, it can then be tested 
in a He storage dewar to verify correct adjustment. By this method 
one can get an adjusted SQUID on the average in about two to three 
attempts (although sometimes 1t may take 15 adjustments). Some 
tricks to mention for success are: 1) blow the gas through the 
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SQUID just before entering the storage dewar; 2) take at least 
5 minutes to enter (and leave) the storage dewar; 3) enclose 
probe in a bag of He gas upon exit from dewar until it has 
warmed to room temperature; 4) the pointed screw should be a 
"blunted" not a "tapered" point so that it doesn't dimple the 
flat surface or crush itself upon contact. These precautions 
(along with others mentioned later) will aid in removing thermal 
effects on the adjustment of the SQUID. • 

Some basic modifications were done to arrive at the SQUID 
system developed. First, the SQUIDS used on this experiment had 
a locknut for the screws that had a smooth flange so that upon 
"locking" the nut, pressure would be applied evenly, and not 
disturb the screw setting. Tests with the SQUID system indicated 
a need for shielding of the RF bias from the experimental signal 
leads. Figure D-2 shows the symmetric SQUID with a "Delrin" 
holder for the bias R.F. coil, and a similar brass plug that had 
a thin-walled tube, to shield against any R.F. leakage out of 
the SQUID and back into the external signal lead coil which was 
coupled into the other hole. The whole SQUID was in a super
conducting tube that could be mounted at one end in any position 
in the cryostat. This brass sleeve shielding scheme is similar 
to that used by the Cornell Group except their enclosure was 
also filled with the gas and sealed off. The system described 
above was in a vacuum exchange can,and thus did not need to be 
sealed off. 

There were some basic problems with the SHE electronics bias 
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package that led to the construction of a new electronics 
system. First, the SHE package had a "Pierce" type oscillator 
with a third overtone cut crystal. This type of oscillator is 
primarily used for a fundamental cut crystal and consequently the 
SHE package would frequently jump to 1/3 the frequency of RF 
oscillation. Also, this oscillator put out a rather large 
level signal (̂ *3v) that was difficult to attenuate to get the 
low bias level needed for the SQUID. The SHE package used a 
rather crude means of a varying ground plane to adjust and attenuate 
the level. Figure D-3 shows the improved electronics package. By 
using a tunnel diode oscillator, one maintained a constant frequency 
source at a much lower level and with a variable gain amplifier 
feeding a capacitive divider network, a ten turn pot could be 
used to vary the R.F. level precisely over any predetermined range 
(ex. ten turns to the first R.F. D.C. field pattern). 

The SHE package also used a cascode type preamplifier that 
feed a series of capacitive coupled R.F. op-amps and was detected 
with a peak diode detector. The cascode preamplifier has an 
inherent feedback scheme (Miller effect) that causes self-
oscillations due to the capacitive coupling in the transistor from 
the output to the input. By using a dual gate MOS-FET (capacitive 
coupling ~ 1/20 of normal FET's) for the cascode circuit and using 
good shielding techniques, this effect could be reduced signifi
cantly (See Figure D-4). Also, an inductively coupled R.F. op-
amp stage also reduced noise coupling. Finally, a synchronous 
mixer stage was used (see Figure D-3) to detect the R.F. output, 
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that, while it had a somewhat reduced average value (not peak 
detection), it had an increased signal to noise ratio. The whole 
system was mounted in two sides of a carved aluminum box. It has 
an overall gain of about 15,000 in the R.F. amplifier, with a Q 
of 20 and with a peak to peak noise of less than about 1 uv. 

The SQUID was to be used as a null detector in a bridge 
circuit (See Figure D-5, "Access chimney"). A standard resistor 
would be in series with the superconducting film resistance and 
the sensing coil in the SQUID. By biasing the film from a 
constant current source (I Q), and using the off null of the current 
in the SQUID coil (fed into theVc.IN" part of Figure D-5) to set 
the level of a counter current (Ip), one then has at null the 
relation that the ratio of the resistances, Rs+anc|arc|/Rfiim> is 

equal to the ratio of the currents, IQ/Ip . This allows one to 
use the feedback circuit of Figure D-5 to continuously measure the 
film's resistance (at "R

out")» providing one knows the biasing 
current (17) and the standard resistance. The standard resistor 
was made of a short length of manganin wire. All leads were 
superconducting and each leg of the bridge was shunted by a low 
valued N.P.O chip capacitor to reduce any R.F. leakage from the 
SQUID onto the film. The whole bridge was at first built in an 
enclosure like the one around the SQUID, with leads running to the 
SQUID and the film, as well as to the "Feedback Box" of Figure D-5, 
which was mounted on top of the cryostat. Later the bridge was 
reduced to in line splices of the wires directly on the film sample 
block (see sample preparation and cryostat sections). Because the 
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SQUID D.C. BIAS AND FEEDBACK BOX 

Figure D-5. **1000 pf Cap. Feed-thru unless otherwise noted. 
Same tr im and compensation as for Preamp. 
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procedure of the experiment was to measure both the film's 
resistance and an A.C. heating component of the film's resistance, 
the feedback current would have to be analyzed not only for its 
D.C. value but also for the A.C heating component. 

Problems developed with the SQUID system as outlined above, 
that eventually led to using conventional electronics in the 
experiment. The first problem was that of the inherent mixing in a 
SQUID of any two signals due to the non-linear current equation. 
Mixing was found between any two frequencies used in separate and 
independent feedback schemes. For example, a D.C. current could 
linearly vary a phase sensitive detected 1 KHz signal by 180° (i.e., 
from full positive to full negative maaimum detected output). This 
is essentially like varying the phase at which the P.S.D. is de
modulating. Also, frequencies of low (50 Hz) and high (10 KHz) 
values would mix with each other. This problem would make independent 
determination of the films resistance (D.C. or low frequency), and 
the heating component (A.C. or high frequency) quite difficult. One 
method around this suggested much later by Kamper (at N.B.S. in 
Boulder) was to use a high frequency carrier (*s/150 KHz) and feed it 
back with all other signals riding as side bands on this carrier and 
detected 1n the feedback loop. 

A more Important problem that developed was the fact that the 
» 

critical current of the weak link ( O was temperature dependent. 
The SQUIDS were adjusted at 4.2 K in a storage dewar, but were used 
1n a cryostat at about 1.5 K. This changed the critical current 
behavior enough to make the SQUID inoperative at the desired 
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operating temperature (1.5 K). Other workers have claimed both 
Immunity to this problem and similar difficulties as mentioned 
above. The safest solution to the problem is to have a lever 
arrangement to adjust the contact in situ. The basic behavior 
observed was a dramatic increase in the critical current of the 
contact ( t) as the temperature was lowered. Reference 8 mentions 

12 this behavior and also references the work of Strait. Strait's 
conclusion was that "dirty" contacts (heavily oxidized) had 
mechanical stability, but a large temperature dependence in the 
critical current, while "clean" contacts (honed surfaces) had little 
temperature dependence,but mechical instabilities. Because of the 
ambiguous behavior of the adjusted point contact, a run was made, 
monitoring the SQUID characteristics of a set of NbTi contacts 
that had been oxidized for 2 hours at 500°F in air. When SQUIDS 
are R.F. biased, one cannot independently determine the critical 
current (t ) since it is related to the kinetic inductance of the c 
SQUID (L), and to the mutual inductance between the SQUID and the R.F. 
bias coil (M). The measured quantity 1s the average R.F. voltage 
level on the tank (vTc), at a current just before the current in the 
loop surpasses the critical current, i.e., at the first "step" in the 
usual staircase trace of a R.F. average voltage vs. R.F. modulated 
field. The distance between the steps in the staircase (A) is related 
to the number of flux jumps and the mutual inductance (M). This 
does not independently determine the critical current of the loop 
as a function of temperature since the quantities L and M can be 
temperature dependent. During the test run with the SQUID, an 
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unusual feature was observed as the temperature was lowered. 
"Spikes" were observed (As) at the onset of each step that can be 
related to further quantities in the experiment. From Reference 9 
one can construct a set of three equations (See Figure D-6) that 
contain three temperature dependent parameters. In this way, the 
equations were solved by taking the experimentally determined 
parameters (V,C,A,AS) and then extracting the temperature dependence 
of the critical current (See Figure D-6). This behavior was in 
qualitative agreement with that of Strait. 

It was thus concluded that the reliability of the SQUIDS used 
was questionable and in view of the complexity of the experiment, 
and the problems of mixing and therefore ambiguous interpretation, 
it was decided to do the experiment with conventional electronics. 
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Figure D-6 
The upper graph shows the observed "spikes" in the normal staircase 
pattern of an R.F. biased SQUID. The lower curve shows the critical 
current (1c) vs. temperature as determined from the three equations (a.b.c) relating the three temperature dependent experimental para
meters (V1C,A,AS) and an average value of the slowly varying parameters (K,L) was used in the plot shown. 
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Appendix E. Functional Differentiation and Numerical Analysis 

In the experiment, the resistive transition of the thin 
superconducting film is used as its own thermometer. The film's 
resistance is calibrated in temperature when it is in good thermal 
contact with a Germanium thermometer, and thus from this calibration, 
the film's temperature can always be determined by knowing its A.C 
resistance. A more subtle problem in the experiment is to deter
mine the slight temperature rise (AT) associated with the A.C. 
optical heating, which produces a slight change in resistance (AR) 
and creates an A.C. signal at the optical heating frequency. Using 
a Taylor series expansion about RQ, the average resistance value 
at any temperature where AR « R Q for all values of R, we have: 

ARE| R(T) - R(T')|= j}E | A T + i ±i | (AT)2+ . . . 
dT RQ Z dT' R0 

^ ° (E-l) 
where AT = |T-T'| 

A "first order approximation would relate AR to AT by: 

AR = $ | AT (E-2) 
R0 

This is a crude approximation, since higher order terms are 
present in most resistive transitions. But, if the interval 
1s small over which the slope of the transition ( |£ ) is 
determined, then a linear approximation will work, and higher 
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order terms can be neglected. The function £5- (T), which is 
the slope of the resistive transition, was determined by a 
number of methods. Since in the experimental data taking process, 
the temperature is increased at a constant rate in time 
( 4r = r (rate) ) from below to above the transition, the function 
that is needed can be modified to the function below: 

dR _ dR dt _ dR 1 '/r ,x 
BT" dT dT~ dT r [E~3) 

It was independently verified that r was a constant in time by 
plotting (T^ - Tt»+1) vs. time (At x I ) to obtain a straight line, 
where T«(Ati) was the digital form of temperature. Three methods 
were used to determine ^ and hence ^ . The first two were 
analog methods that were hindered by analog noise. The third 
method was a digital technique that was hindered by digital noise 
due to the sampling. But, by using digital filtering techniques and 
a fine sampling grid (1020 points), the noise could be significantly 
reduced. The digital method was used in all subsequent data 
analysis. 

Since the dynamical resistance is a voltage, linearly related 
dR d VR to R, then ^r-a -r^- . Thus, one only has to differentiate this 

voltage (VR). The basic analog circuit for differentiation is 
shown in Figure E-l. It is simply a high pass filter, such that 
the fastly varying functions are not attenuated, and hence it is a 
differentiator. The problem is that noise pulses will also get 
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BASIC DIFFERENTIATOR 

V ( t ) « — l l — 'V'(t) V'(t) V(t) 
R + cu C 

If RCL»C«I V ' ( T ) « R C ituV(t) 
(Low frequency cutoff) V'ttJwRCd-Vitl 

dt 
REALISTIC DIFFERENTIATOR 

Ri ..C 
V(t) • - ^ w v — f -

Includes high frequency 
cutoff for cu » l/R,C, 

R 

^ 

>V'(t) 

TUNED DIFFERENTIATOR 

R, C, 
V ( t ) » - w ^ — ) | -

1) Specify co^cu^R, 
2) R = C U 0 £ R , / C U L 

3) C,= -£-RcuL 

4) C2= 2CU L £C, /OJ 0 

5) C,= ( y f 2 

Where £=0 .65 

- W N A ^ v A A A -
- T - C 3 

^ 

* * 

cu/High frequency cutoff 
cuL

sLow frequency cutoff 
Ri = lnput resistance 

TUNED DOUBLE DIFFERENTIATOR 

-•V'( t) 

r«>H> fi lter r̂ V'(t) 

d 'V(t) 
d t ! V'(t)oC \ *2',f for some bandwidth of frequencies 

Figure E - l . 

Different analog methods of differentiating a time varying voltage 
with respect to time. 

See Ref. 13. ** See Ref. 14. 
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through the f i l t e r , and thus the derivative of a signal includes 

the f u l l bandwidth of noise allowed by the f i l t e r . A more 

rea l is t ic version of a di f ferent iator is shown in Figure E- l , 

where a low pass f i l t e r is included to act as a cutoff on the high 

frequency noise. A more complete idea of using a cutoff is to have 

a tuned di f ferent iator that only looks at a narrow range of the 

Fourier components of a derivative. Final ly, one can do a double 

di f ferent iat ion with f i l t e r i n g , and then integrate the output. 

The f i r s t three f i l t e r s shown were bu i l t and tested using analog 

c i rcu i ts . The major l imitations were that the signal to noise 

rat io was never yery large (<*v*20) and the maximum range of 

"frequencies" using conventional components was only three orders 

of magnitude ( i . e . , f o r C ~ 1 0 y f d , R ^ l Ma, dpr = 10" i*10 - 1v/sec; 

with higher ranges for lower values of C). 

A second method of analog di f ferent iat ion involves using 

feedback or modulation techniques to extract the derivative of a 

voltage signal. The feedback method, shown in Figure E-2, 

involves positive and negative feedback. This c i rcu i t was con

structed, but went into osci l la t ion (due to the positive feedback) 

whenever the l im i t of true di f ferent iat ion was met (a = 1). This 

meant i t s t i l l was an approximation to the derivative of the signal. 

The second method shown in Figure E-2 involves using P.S.D. 

(Phase Sensitive Detection ). This method actually works quite 

well i f one knows the form of the derivative. In principal one 

adjusts the phase (<J>) of the reference channel to le t sin <{> = 0. 
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a) 

b) 

ANALOG DIFFERENTIATION BY FEEDBACK 

V(t) R 
■vw—♦ 

R 
r V W ^ 

Negative feedback 

R V'(t) R 
■• r—VW» •——• i—VW 

^ Positive feedback 
■•*|a(R/io) 

1) f o r a) « 1 / R C V ' ( t ) 5  V(t) + c f V ' ( t )   ^ c / V ' ( t ) dt 

2) d i f f e r e n t i a t e ^ (1a) ^ _ M + ^ | L =  ^ 

dV(t) 
3) Limi t f o * . l V ' ( t ) ~  RC - ^ 

DIFFERENTIATION BY INTERMEDIATE MODULATION 

Multiplier 1̂5 V'(t) 

1) WQRIC « 1 wQ
 = m o d u l a t i o n f r e t

' ' 

2) to, RC « 1 w. = low f r e q . cu to f f 

V ' ( t ) = V(t) { sin (wnt+ 0 ) > {RC(iw)} {s in wQt} 
modulation d i f f e r e n t i a t i o n demodulatu 

^ V ' ( t ) == RC {  ^ i s i n (o)ot+0)  to0 V(t) cos (u>ot+0)} s in a>0t 

ion 

3) After Low Pass Filter 
sing 

} 

Figure E2. 
* 

More complicated analog differentiation methods. See Ref. 15. 
** 
See Figure E5. 
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But, because of the large size of a)QV(t)(especially at high 
frequencies) relative to i+ » the adjustment of phase is crucial 
in order to remove any signal but the derivative. In practice, a 
difference of two tenths of a degree was enough to distort the 
derivative. The method of Figure E-3 is more complicated and is 
used primarily for tunneling work where the voltage wanted is that 
which is linear to dV/dt (or higher differentials). But, when 
the function that is wanted is "dR/dt,' then equations (E-3-5) through 
(E-3-8) show the difficulty of obtaining the function dR/dt with
out other derivatives complicating the problem. Nevertheless, 
this method was also tried without success. The final analog 
form tried was. that of modulating the voltage, which varied 
linearly with R(t). Figure E-4 shows the derivation of the 
result that by detecting at twice the frequency of the voltage 
modulating square wave, the detected output would be proportional 
to the derivative at high frequencies. But, at high frequencies 
the modulation is non-linear, and there is some attenuation in the 
voltage paths of the experiment, so that this method also 

dR 
included other forms besides the ££• function. Thus, in general, 
the analog methods are hindered by noise. The noise problems can 
be reduced at the cost of distorting the derivatives' waveform. 
Because the derivative of the transition was not known, one would 
be unable to detect distortion in the true derivative. For this 
reason, digital methods were used. 

The digital method of determining the derivative has the 
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, Figure E3 

Higher Order Harmonic Detection Method 

First modulate resistance (R(t)) with a current such that: 

V(t)  V0 + A sin a t (E31) 

Therefore, the current 1s: I ■ f(V) which we assume 1s analytic. 

Then, expand f(V) as a Taylor series: 

f(V)  f(vQ) + f (V0)(VV f l) + ••• (E32) 

Then 
1 " J

0
 + ft < v

" V 7 4 (
v


V
o )

2 +
  ' <

E

3

3) 

dv . . 

where the assumption (VVQ) = A sin at « VQ Is valid. Then, 
grouping the harmonic terms: 

*2 J-

+ |A ( f t ) v
 + V

 ( ^ T
 }

V
 + "J

 s 1 n o t F u n d 8 m e n t a 1 

+ 4  ( ^ 4 )u
 + ztr ( ^  r )u

 + " • cos2at Second Harmonic 
L * 4V

d v
0

 w dV*
 v

0 > 

+ ••• Higher Harmonics 

(E34) 

Since R(t) Is driven by a constant current source 

V(t) = I ( t ) R(t) (E35) 

dV  dl R(t) + dR(t) I (E36) 

<|V . R ( t ) + dRUi i (E37) 
d I dl 
jfv = 2 J R ( t i + dJRW , {E.3.8) 

d i
7 d I dr 

Thus, the complications to evaluate dR/dt from the coefficients 
of higher order harmonics in the voltage signal. 
Ref. 16. 
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Small Modulation Differentiation 
Voltage modulat 

(current) 

slope = R(t,) 

output for detection 
Where R is changing in 
time, and only one value 
in time is shown. One can 
imagine a later curve on the 
time axis for t s t 1 +x/2 . (voltage) 

1) Assume R(t) is ohmic «^ V(t) = I ( t ) R(t) . 

2) Then the D.C. value of V(t) is proportional to R(t )s^V(t ) = 

IgR(t) = VQ(t) for I ( t ) = constant and either D.C. or Low Freq. 

3) Then the time derivative of VQ(t) is s£ VJ(t) = IQ ^p- . 

4) Thus, by using a high frequency voltage modulation at u ( =1 /T ) 

of VQ ( t ) , such that V 0 ( t ) « * V0(t) x ^ j ? ^ f Q d T ] . 

Then 

V0(t) = 
_[v0(t) - v0(t + \ )] . 

T / 2 
sin 2 (ot + 

5) Thus the detected value of VQ(t) of 2 wdetection 

- _ T r [vQ(t) - VQ(tf T /2 ) ] 

VSJ'^J ——i dt 

= -VI I CR(t) - R(t+ T/2)H , d t ^J 0 T72 
and — 

v0(*) 
Then in the 

Hm Vn(t)2 
dR(t) 

dt 
dt T dR(t) \i>(t) l0 dt V t ; 

Ref. 17. 

Figure E-4 
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MULT ( | e x | , | e y | < 10; eQ = ^UL ) or SQ ( | e x | < 10; eQ = 

x = 0 , y = + 10 v @ 100 Hz SET: y = 0 , x = + 10 v @ 100 Hz 

xQs f o r nu l l out THEN ADJ: yQ s f o r nu l l out 

10 

FOR 
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ADJ 

DIV (ez < e y , 0 < e y < 10, k , |< 10; eQ = - 10 e z / e y 
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ADJ: yQs for - 10 v out 

FOR: SQRT ( - 10 < ez < - 1; eQ = V ^ 10 ez ) 
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z - ' -0 ' z 
z = - 10 V SET: z = - 1 v 

ADJ: yQ for + 10 out THEN ADJ: x ff for + 3.16 v out 
tnen repeat 

NOTE: In divider mode 1%, except for z = 3 * 6 v, then 5% error, for 
y = 10 v. 
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same problem as that of the analog methods. The problem is 
that noise is introduced by the frequency of the sampling, 
where the more frequent the samples, the higher the amount of 
white noise that enters into the sampling. 

The essential method is to determine from a grid of points 
sampled from a continuous function, a line tangent to any point 
(i.e., the slope) relative to nearby points. There are many 
schemes for determining this slope. The inherent problem of this 
method is that by working with sampled data, there is a noise 
error in that data associated with the frequency of sampling. 
Then the formed function, which involves the ratio of differences 

dR (^L"^C+V ( gy = ij.jf. V ) will be greatly modulated by this noise, 
especially for fluctuations in the denominator. Blackman and 

18 Tukey present a means of determining a power spectrum for a set 
of digital data. From this spectrum, one can design a digital 
filter that will filter out high frequency fluctuations in the 
sampled data, and yet retain the major part of the power spectrum. 
The second consideration was to adjust the sampling methods to be 
consistent with the time constants of the system (see Ref. 19, 
page 82). The sampling rate is such that the time constant of 
sampling is slightly less than the time constant of the lock-in, 
but at a frequency compatible with the cutoff frequency in the 
power spectrum, so that higher fluctuations (noise) are reduced 
from the data. The filter finally ased on the data (for both R, T) 
was of the form: 
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fC = (V+1 + 2fC + V - l } ' 4 (E_4) 

followed by, 

f i = <f* + f * + l + W I 3 (E"5) 

where f^ is the value of the function at the t point in 
time. Because the rate of temperature change when the transi
tion is taken is constant ( gi = r) and since fluctuations in 
the denominator (dT of 4S) can increase dramatically the 
fluctuations of the function ( 45- ) , the derivative was formed 
by: 

arl; = 2AT where AT = rttotal/ # s a mP l e s 

(E-6) 
This was filtered by the above filter (eq.E-5)to give: 

dR oT lt' = (R<T-r3 + RC+2 " R t " R('-l)/ (3AT> (E~7) 

The resulting function was filtered again by both filters 
(eqs.E-4,E-5) This gave a satisfactorily varying slope that was 
consistent with all the time constants of the system,and thus 
did not arbitrarily alter the data. The proof of this was that 
successive applications of the filters did not alter the results, 
indicating that fluctuations were then below the cutoff frequencies 
of the filters. 

It should be noted that the problem of noise in the analog 
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differentiation schemes is the exact problem of noise 
associated with the digital schemes. In fact, one can approach 
the analog problem using finite differential methods and draw an 
analogy between a specific analog circuit, and a specific form 
of a digital filter. A simple example would be of the form: 

Analog 

v(t)*-WWx° V(t) 

v ' ( t w ^ /v (t)dt 
where RC = 3At 

Because the data was in digital form to 2 pplO"* and the many 
forms of later analysis could be made available to recorded 
digital data, the analog schemes for differentiating were 
discarded. Another possible form of differentiation is to fit the 
digital data to a polynomial, and then take the analytic differen
tial of that polynomial and generate the derivative of the original 
data. This method was not used due to the inherent errors of 
differentiating a polynomial that sometimes has yery fastly 
changing regions. It was believed that one should stay as close 
to the raw data as possible, and thus, that was why only slight 
smoothing was incorporated in calculating the derivative, ̂ 5- , of 
the resistive transition. 

The derivative became a sizeable contribution to the error in 

Digital 

V(t) = Vn (Atn) 

VVr. 1 



the experiment, especially with "kinky" resistive transitions. 
But, by using the digital differentiation method outlined above, 
this error could be reduced, without distorting the true 
functional form of the derivative of the resistive transition. 
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Appendix F. A.C. Calorimetry and the Heat Conduction Problem 

The measurement of samples with small heat capacities has 
recently been expanded by the A.C. Calorimetry method. The method 

20 was first proposed by Sullivan and Seidel, who used it to measure 
the superconducting transition of Indium in a magnetic field. The 
basic idea is that the sample, heater, and thermometer used in the 
heat capacity measurement have a characteristic time constant that 
1s considerably smaller than the time constant of coupling this 
system to an isothermal bath. Then, one continuously applies heat 
pulses of a length long enough to allow the calorimeter to be in 
equilibrium, and yet short enough so the isolation link to the 
isothermal bath does not have time to conduct the heat pulse away. 
Figure F-l gives a brief description of this idea. A further 
requirement on the isolation link, is that it has to couple the 
sample well enough to the bath so the D.C. rise in temperature of 
the sample due to the integration of the A.C. heat pulses is not 
too large. In this experiment, the sample's D.C. temperature is 
increased in time anyway, so that this requirement is not as 
important. 

In analyzing the thermal relations of this experiment, it is 
quite helpful at times to formulate the problem in such a way as 
to lend a direct analogy with an equivalent electrical circuit 
problem. In Figure F-l, a thermal problem involving a slab of 
material with density p , thermal conductivity K, heat capacity 
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Figure Fl. 
The A.C. Calorimetery method is shown with an equivalent electrical 
analog. For further details see text and Appendix C. 
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per mass Cy, and length l , and area A is shown (a l l in C.G.S. 

units) . A power of Qa^s conducted through the slab in the 

direction shown and is terminated of f at some isothermal bath, 

such that al l temperatures are real ly temperature differences 

relative to the bath (TQ=0). The electr ical analog shown in 

Figure Fl has an equivalent c i rcu i t that involves two temperatures 

(V,V) a heat flow ( I t n ) » a heat capacity ( C . J , and a thermal 

resistance (R+u). In Table Fl , the analogy is "shown in more " 

exact de ta i l , where an internal heat source ( in the slab) is 

included. The electr ical equivalent to this heat source is to have 

an internal current source (a battery in series with a large 

resistance, and in parallel with R). The three equations in a 

di f ferent ia l time dependent thermal problem are shown f i r s t in 

Table Fl. F is the power flow/area, and "a" is the internal 

heat source which is equal to an energy density/time. The electr ical 

equations are written in such a way that they have a one to one 

correspondence to the famil iar thermal problem. Integration by 

parts over a very short path integral is used in deriving the 

th i rd equation ( i . e . , 1 /
X + A x 2^ . dAtt^V f o r A x small). I . . 

is the Internal current source of the resistor R. Once this 

analpgy has been established, a f i n i t e difference approach ( i . e . , 

oJ ■*■ AT, aV ■*• AV, ax« »■ % ) can be used to restate the problem. 

The second set of equations restate the thermal problem in an 

electr ical form, with appropriate thermal capacitances, resistances, 

and time constants. The electr ical current flow is referred to 

positive current flow in order to obtain the famil iar potential 
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Table Fl 

Electrical Analogy to Heat Flow 

Quantity Heat Electric 

I . Electrical eqs. in heat form: 

1) resistance F =  K | I
 J =  a

| x " 

where F = Q/A where -S = /JdA 

2) capacitance £ ♦ pc « . a £ ♦ C % ■ I , „ t 

•ji * , „ . i „ , 9
2
T pc 3T _ a 3

2
V C 3V _ " ' i r 

3) fSr\Tz combined) i ? " If W  t ^ " 57 W " ^T 
I I . Heat eqs. in electr ical form: 

1) thermal resistance AT =  | £ Rth =  I t nR t n V =  ^ | R = IR 

R
th " */KA , I t h = Q R  & , I =  ft 

AT = (TT') =  TR, A = dx AV = (VV) = VR dx = I 

2) thermal capacitance 1 ^ + C th g l  IQ $ + C ^  I 1 n t 

c
th

 = pc v • !Q = av 
d(TR+T) d(VRV) 

3) dynamics TR  IQRth + xth  £  VR =  I i p t R + T  ^ 

2 K 
T.U = l /K = C^uRxu, K » ̂  , and T is always referenced to same 
th th th pc T 0 (isothermal bath) 

T = RC, and V is always referenced to same VQ (voltage grnd.) 
and the two systems are connected by power exchange 

4) power exchange Pth = ^~- (joules) « ■*■ p = jj (joules) 
th 
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differences. Thus,although equations II-l differ in appearance 
(the minus sign), they are the same physical concept. The 
equations 11-3, showing the dynamics, are also equivalent. 
This is because T and V are constants in time, and one refers to 
positive potentials for negative electrons flowing backwards (the 
sign in front of I,-nt). These equations can be converted back to 
the differential form of equations 1-3 by using the finite 
difference substitutions. Note that there is no need for thermal 
inductances. Equation II-4 of Table F-l relates the power in the 
two systems. As will be shown in a later appendix, one can inter
face anelectrical circuit to a thermal problem, by formulating the 
thermal problem in electrical form and equating powers in each 
system through some thermal constant resistance (heater-thermometer 
barrier) using equation 11-4. Thus, the electrical analogy shown 
In Figure F-l is complete for the thermal problem, in the lim.it of 
small thicknesses and for the low pass filter to be oriented in the 
correct direction relative to the heat flow. The differences in the 
signs of the analogy of Table F-l is related to the potential drop 
for positive current in the electrical problem, and an energy loss 
for the heat flow in the thermal problem. 

Originally, an attempt was made to solve the problem by normal 
analytical methods using the thermal equations of Table F-l, part I. 
The problem was formulated as that of a 1000 A aluminum film, 
heated by optical pulses (6328 A ) , in contact with a 50,000 A 
alumina substrate in contact with an isothermal copper block. 

http://lim.it
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Since the attenuation constant of the light in the aluminum is 
5 1 21 about 6 x 10 cm , almost no light is transmitted by the film, 

and since 92% is reflected, about 8% of the incident radiation 
1s absorbed by the film. This compares with transmission 
measurements of the films which show r^.1% transmission. This 
reduces the problem to that of a source driving the film throughout, 
and since the film's thermal time constant ( rth = — *^10~ sec.) 
1s much smaller than the driving frequencies, we can assume it to 
be isothermal. 

The problem in the analytic solution is in matching the 
boundary conditions at both the vacuum interface (on the exposed 
aluminum side) and on the aluminum-alumina interface. An attempt 
was made to solve the problem by the method of finite differences, 
where essentially the differential equations of Table F-l are 
transferred to finite differences amounts. The one spatial 
dimension 1s divided into small Increments Ax = h, and time is 

2 divided into increments At = rh , which are normalized by the 
medium's thermal diffusivity constant (At = At -j <meci-jUm) sucn 

that: 

2 
^ = at "*" Tj k = T ( J ' A x ' k A t) D e i n9 the temperature 

at the j t h , kth increments. 

Equation (F-l) is then: 
(F-l) 
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T j , k + r r e ^ i , k + r 2 T j , k + i + T j + i , k + i ) = Tj.k^1-6^ 

x (Tj-lk~2Tj k+Tj+l k̂  wnere e 1S an arbitrary parameter, 
and r = At/(Ax)2 (F-2) 

22 As pointed out by Crandall, for different values of 9 » we 
have different forms of the finite differences equations. The 
two most well known are the Implicit (e= 1) and the Explicit 
(e= 0) and possibly the Crank and Nicolson form (e=%). The 
problem with the explicit form is that r( = At/(Ax) ) has to be 
less than 1 H s ) , or otherwise unstable, oscillating solutions 
result. This constraint is equivalent to the heat flow reversing 
direction between difference evaluations. Crandall varied 
r and e in an arbitrary way to map out the solutions. One can get 
stable solutions as in the methods mentioned before, but the 
accuracies are not to orders higher than 6 ( h ) . By choosing 
r=0.2236, 6=0.1273, he found stable solutions to an accuracy of 
•6(h). The boundary condition imposed on the problem is that 
At-|= At«, for the two media (aluminum, alumina). Since r<l implies 
AtrealK 

-o-'i'l. this sets a constraint on the maximum size Of time (Ax)' 
increment. And At-j = At2sets a size on the grid ratios of the 

two mediums (I .e. AX-J =U— AX 2 ) . Essentially one normalizes 

the grids so the problem looks like one medium. But since 
A 1 u m i n a C^IO'2, we need 100, AxallllT1,niim increments to have 

J KAlum1num aluminum 
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just one *x a l • a . And, since only two Axa l u m i n a means 

i x l l i m i . „_ = 0- 5 x 10 cm, our stabil i ty requirement 
aluminum 2 x 10 

means that our maximum time increment 1s: 
2 

A t „
 (Ax)

aluminum . (5 x l(T 8
)
2 ^ 1 0  2 0 s 6 C t 

K
aluminum 10 

One can see that a computer solution is going to be quite costly 
to monitor even just one second of time in the problem. The 
basic nature of the problem, that of a yery thin, fast thermal 
material, in contact with a yery thick, slow thermal material, 
means that one has to have many increments in space to normalize 
the sizes, and many increments in time to normalize the thermal 
responses. 

One can take the problem directly over to an electrical analog 
problem and try to do an analog solution with an equivalent 
electric circuit. But, the same constraints are there, and one 
is talking about hundreds of R, C networks. 

The problem was attempted on a 6600 in varying degrees of 
approximations, but was not concluded due to the large computer 
times involved and the simplification arguments presented later. 

23 
Most graphical solutions are not useful since they are not in 
the ranges needed. 

A better way to analyze the problem is to assume the aluminum 
is an isothermal slab, following the oscillations of the optical 
heating. This is justified since the light is absorbed throughout 
the film, and the film has a time constant yery much smaller than 

O A 

the period of heating (10'° -*■ 10 sec). Thus, if one is heating 
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a selfsupported f i lm, without any substrate, the heat capacity 

would be: 

r _ AQ _
 q

abs . osc ic -i\ 
'film " AT" ~A7~~~~7 ^~

3) 

measured 

I f the fi lm was attached to a substrate, like the problem of an 

aluminum f i lm on an alumina substrate, the heat capacity would be 

different. Now an amount of the substrate would follow the film's 

temperature oscillations, and thus reduce the AT measured. This 

amount is just the area (A) of the substrate under the fi lm times 

the thermal length, where \ n e r m a l = | ^ H s " u b •
 Then t h e 

heat capacity of equation (F3) becomes: 

Q. T 
C«,. ■ tr' ° S C C..u A ll T _ <l..k  C . u _ A)JTOSC< 
film

 AT
measured " sub "

 osc sub " otner l
 osc otner 

(F4) 
where the other contribution could be from an adsorbed He film. 
Equation (F4) is just a 1st order approximation to the problem. 
A more complete description would be related to the temperature 
pulses measured (AT) for the heating pulses applied. By constructing 
a number of low pass filters in series, one can approximate the 
problem. Thus, by going to higher frequencies in heating, one has a 
shorter time constant associated with the temperature oscillations, 
and equation (F4) becomes (F3). This is the same as saying the 
low pass filters become larger impedances to the high frequency 
heat pulses, and thus do not attenuate the temperature oscillations 
(AT). Figure F2 shows such behavior for an analog solution to a 
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Figure F-2. 
The temperature profile for an analog solution of the heating of a steel 
bar by a step temperature pulse at one end (x=0) monitored at successive 
points down the bar (x=l,2,3,5) as a function of time. Note that after a 
short time a steady state situation results, with only the first few 
monitor points following the temperature pulses, (from G. Liebmann, 
Trans, of ASME, 78-1, 655, (1956)). 
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heated steel rod. Figure F-l shows the transformation of the 
discrete thermal problem in the experiment to the equivalent, 
1st order electrical circuit. This circuit is only a guide, and 
is in no way the exact equivalent, since the constraints on a 
finite difference grid have not been applied. To determine the 
thermal time constants of the materials, one needs p, K, C. It 
should be noted that even if C or K for the film were diverging 
quantities, they still could never change the films' time constant 

13 4 
(10 sec) enough to be on the order of the heating (10 sec). Mica 
was chosen as a substrate because of its layered nature. Operating 
at 1.5K, might produce a rather large Kapitza boundary resistance 
between the layers and thus give it a yery small effective trans
verse thermal conductivity (K). Films evaporated on the mica 
substrates did not at first have an A.C. heating signal. At first 
this problem was thought to be related to the film being too 
closely coupled to the substrate, and thus it could not heat up at 
all. Later, it turned out to be a problem in the electronics. 
But, because of the initial failures, self-supported films were 
made and tested. These films could be optically heated. Since 
by this time the electronics problem was solved, films on mica 
and glass were also tried. They both give optical heating, (up 
to 20 KHz) although the signals were not as large for the films 
on glass. A rough comparison is given below: 
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Run # Substrate AT Q(approx.) x 

301 mica 7xl0"6K 2xlO"12W 10"3sec 

32 glass 4xlO'7K 10"12W 10"3sec 

26D se l f -suppor t . lx lO"5K 2xl0_11W 10"3sec 

The f i l m on glass is measuring a larger heat capacity fo r roughly 

the same f i l m as the f i l m on mica. This would ind icate that the 

f i l m on the glass substrate was c loser coupled to the substrate 

than the f i lm on mica. The self-supported f i lm had a dif ferent 

l ight source, and so i t quite possibly is an inaccurate comparison 

to the other two f i lms. As an independent check on the coupling 

of films on mica, a measurement of the transverse d i f fus iv i t y of 

mica was made. A manganin heater was evaporated on the back side 

of a f i lm (100.ri.and same area as f i lm) on a piece of mica. In 

this way, heat pulses could be created on one side of the / w . 2 m i l . 

thick piece of mica, and detected on the other side by the super

conducting f i lm . The geometry of the films was veri f ied by 

measuring the capacitance of the two films with mica as the d i 

e lect r ic . The heater was driven with a voltage biased heating 

power at a frequency of w, and the f i lm was monitored for heating 

at both 2oj, and w (indicating just e lectr ical coupling). From 

frequencies as low as 2Hz up to lOKHz, no A.C. heating pulse could 

be detected, that was not just an electr ical coupling of the 

voltage at w detected at 2 to. By knowing the power of the heating 

pulses and the sensi t iv i ty of the detector, a lower l im i t on the 

2.85xlO~10J/K 

2.5xlO"9J/K 

lxlO"9J/K 

http://100.ri.and
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heat capacity of the mica could be determined. Thus the heat 
capacity of the mica between the film and the heater (area /^l.2cm , 
thickness

 rs
^ 5x10" cm) could be estimated as being greater than 

10" J/K (1KHZ measurements) »■ 10" J/K (2Hz measurements), which 
o 

does not compare to a calculated value of C ^ 8 x 1 0 " J/K using the 
data of Table F2. But, this is assuming a steady state, and if 
the transverse thermal conductivity was yery small, then the time 
constant of the heat pulses was too short for the equilibrium time 
between the heater and the film. A diffusivity measurement was also 
made of the mica. The heater was driven with a step pulse, and the 
temperature of the film was monitored. For large pulses of the 
heater, the film would rise with an exponential time constant of 1 
sec to a higher level. It took 2.5uW to raise the film .7mk 
over a time of 1 sec. For the thickness of the mica and a thermal 

7 ? 
time Constant of 1 sec, this gives a diffusivity of 2.5x10 cm /sec 
for a power of 2.5 uW. Since the heat capacity and the density 
are somewhat better known (or estimated, see Table F2) for mica, 
this would indicate a thermal conductivity of K/v 2.85xl0'11^/mk at 
2K. This would also indicate why A.C. heating at 2Hz did not 
produce thermal steady state conditions. It should be mentioned, 
that 1f the data for the pulse testing is used to calculate an 
equivalent heat capacity to absorb the heat within the time constant 
measured, one finds an equivalent heat capacity of C . ,^3x10" J/K 

,
 r equiv 

(where C v = ̂ ~ ) , which agrees with the levels set by the A.C. 
heating measurements. Thus from these puSse and A.C. heating 



• Table F-2. Thermal Properties at Low Temperatures of Materials Used. 

Material 

Mica 

Glass 
(pyrex) 

Aluminum 
(dir ty) 

He4 

(monolayer) 
on copper 

Gas 

Thermal Conductance (K) 

I f l ike epoxy at 2K 
K~1.4xlO-4W/cmK. 
Similar to muscavite @ 
100 K, K~.72xlO-zw/cmK 
(ref. 28). Then i f 
KdCaT3 (3 2K 
K~5xl0"8 W/cm K. 

01K K"*1.2xlO-4W/cmK 
(ref. 24, pg. 30) 

1? 2K K«-4.8xl0"1W/cmK 
(ref. 26, pg. 876) 

Normal f lu id K~3xl0"4 

W/cmK 9 4K,if including 
Kapitza boundary resis
tance Kpfx-aT12 for 
lK<T<Tx,if l ike 1000 
times copper at room 
temp. K~3xl03W/cmK in 
superfluid (ref. 31, 
page 10). 
K~4xlO"?W/cmK @2K 
(ref. 31, pg. 98) 

Density (p) 

p~2.85 gm/cm3@ 2K 
sincep =(2.6-3.2) 
gm/cm3 @ 300 K (ref. 
25, pg. F-1) and 
solids have very 
l i t t l e density change 
to 4K {<}%) 

(?2KP~2.6 gm/cm3 

since @ 300K -
P~(2.4-2.8) gm/cnr 
(ref. 25, pg. F-l) 

02Kp~2.7 gm/cm3 

since same at 300K 
(ref. 24, pg. 274) 

P~146 gm/cmJ 

9 OK (ref. 31, pg. 
40) for l iquid 

P«*fl79xl0"3gm/cm3 

(ref. 24, pg. 8) 
at STP 

Heat Capacity ( 0 

I f l ike epoxy at 2K 
C - l ^ x l O - f j / g m K i f 
l ike Na2Si0o at 100K 
C~.5J/gm°K (ref. 29). 
Then i f COT 3 at 2K 
C~4xl0"5 J/gm K. 
(see ref. 56) 

<?2K O2.4xl0"4J/gmK 
(ref. 25, pg. 139) 

@2K C~1.5xl0"4J/gmK 
(ref. 27) where a/B 
= 20.1, T =2.06 for 
this data, where the 
"d i r t " was about 35% 
A1203. 

C^.4J/gmK @ 2K 
(ref. 30) 

C~5J/gmK at STP 
PC varies l inearly 
with pressure 

Dif fusivi ty (<) 
Calculated < = K/cc) 

^-4.4xl0"4cm^/sec 
for K-v5xl0-8W/cmK 
<~6.3xl0'cm2/sec 
for K-v7.2xlO-3W/cmK 

0 
< -^1.9 cm /sec @ 
2K 

«r2~ 1.2xl03cm2/sec 

* ~ Sx lO 'W/sec 
t6*5xl04 cmz/sec 
depending on i t 
being a super or 
normal f lu id 

x^cm^/sec ( ^ H 
~- 5xl04for P 
P*\.lmm 

(T = - 2 / - ) ' 
Comments 

Very l i t t l e low 
temp, data on 
mica. The number 
for < was in 
dependently 
measured. See 
text. 

The transverse 
time constant 
of a 1000 8 
f i lm is then 
10-13 sec. 

The monolayer 
may not be a 
superfluid and 
also the Kapitza 
boundary re
sistance w i l l 
also reduce K. 

He gas at low 
pressures has a 
very small 
d i f fus iv i t y 
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measurements, it can be assumed that at 2Hz, a significantly smaller 
thermal penetration length than 5x10 cm exists, and that the 

-7 ? 
thermal diffusivity for the mica at 2K is < **» 2.5x10 cm /sec. 

To completely understand the thermal nature of the experiment, 

a final measurement of the D.C. thermal conductivity of mica was 

needed. A film was evaporated onto a mica substrate (5.08x10 cm 

thick) and the mica was well bonded (Eastman 910 glue) to an iso

thermal copper block. The fi lm was biased with an A.C. voltage to 

determine i ts resistance, and a D.C. current to create a power flow 

through the mica and thus cause a temperature gradient. Measurements 

were made for different power levels at two points in the film's 

transition. He gas was admitted and the fi lm's resistance was 

calibrated to the temperature of the isothermal block. An attempt 

was made to determine the power of the laser l ight absorbed by the 

fi lm by measuring the conductivity with i t on and off. This 
12 

measurement put an upper level on the power of ~ 1 0 ~ * W (this is 
discussed in another section ). The results of the transverse 
thermal conductivity were quite revealing. They showed an 
exponential behavior of the conductivity vs the power for both 
sets of measurements for powers greater than 2x10"' W . It had 
the form shown below. 

, , 6.6xl02AT 
K*r»"* 8xl0"'\atts/cm — (F-5) 
mica AT 

If no power is dissipated in the film, this would give a AT 
of zero relative to the copper block and give a meaningless thermal 
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conductivity. Since there is always power dissipated in the film 
due to the measurements taken, this would limit the AT to be 
greater than 10"3 K. This would give a thermal conductivity of 
K*v1.5x10" W/cmK. One might expect an exponential form for 
small temperature differences because of the layered nature of 
mica. One might associate a threshold with each layer (which can 
be quite thin, i.e., a few atomic layers) and each successive layer 
Involves the reduced power in a new threshold, and thus a total 

2 3 
conductivity is like a series of resistors going R,R ,R , etc. 
The thermal conductivity measured in this way agrees reasonably 
well with the thermal conductivity calculated from the diffusivity. 
Thus, it is quite reasonable to expect a film on mica to be quite 
decoupled from the substrate. 

Now that the values for the materials of interest are 
reasonably well known, one can calculate the measured heat capacity 
at any frequency using Table F-2. It will be: 

ctotal = A J"7"* li Pi ci f*T > (p-6) 

where A is the area and 1/T the heating frequency. For the 

materials in the calorimeter (neglecting He, since i t is only 

admitted after the measurements), this becomes: 

ctotal = A ^ { pAA C A * ^ A * + pmica C m i c a ^ c a } 

(F-7) 
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Using the numbers for these materials: 

C total = A ^ T H.4xl0"2 + 3.7xl0'7 } J/Kcn^sec* 

(F-8) 

This implies that i f the aluminum was always thick enough, the 

total heat capacity at any frequency would always be the f i lm . 

But, for a thin slab of aluminum, one has to compare the sizes of 

the measured heat capacities themselves. For 1/T = 1 KHz 

they are: 

C f i lm = 4.8xlO~9J/K (F-9) 

Cm1ca = 2.0xlO"9J/K for W m a l - 1.5xl0"5cm = fZT 

(F-10) 

Early measurements were actually made with a s l ight background 

of He gas (P « 1mm). This background only s l ight ly affected 

the A.C. signal strength, while greatly affecting the D.C. thermal 

conduction. This would imply that the d i f fus iv i ty of the He was 

yery small. In view of the K f i f f mentioned in Table F-2, this could 

quite possibly be the case. 

The fact that an A.C. heating pulse is measured for films on 

mica, and is considerably larger than for films on glass, implies 

that the aluminum films are quite decoupled from their mica substrate. 

At most ( for 1/T =- VKHz) the mica is only h of the total heat 

capacity measured. I f one considers the dramatic possib i l i t ies 
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that the Kapitza boundary resistance might have in influencing 
the measurements, it is quite possible that an even smaller 
percentage of the total heat capacity is the mica. Also, the 
heat conduction paths in general are those shown in the equivalent 
circuit in Figure F-l. This means that less heat is conducted 
down into the mica (because it is not terminated) and more is 
conducted out to the edges. This implies that the films are 
actually decoupled at high frequencies from the substrate, and 
appear as 1f they were self-supported. 

The conclusions presented above make it possible to try 
to use a superconducting film as a bolometer, if the light is 

3? chopped at a high enough frequency. Martin and Bloor made a 
bolometer that is yery smiliar to the apparatus used in this 
experiment. Their films were on a mica substrate, which was supported 
by nylon threads which had lead leads evaporated on them. The in
coming light was chopped at 10Hz, and the film's resistance was 
monitored with an A.C. Bridge. It is interesting to note that 
their films (Sn) had broadened transitions, and their measurements 
of the thermal conductance (including the lead and nylon leads) 
also had an exponential form. In general, superconducting bolometers 
are only useful for high frequencies, where a bolometer with a fast 

33 
response is needed. Rose and Bertin have measured 20 nsec. 
pulses with a superconducting bolometer. Their model for the 
equivalent circuit of a bolometer however is in disagreement with 
that mentioned in the main body of the thesis. They describe two 



modes of a bolometer operation. The first is just a thermal 
mode, and the second involves a sort of pair breaking scheme 
taking place 1n the superconductor. Comparing the superconducting 
bolometers to other bolometers, they find a decreasing linear 
relationship between the log of the sensitivity and the log of 
the time response of the bolometers. Superconducting bolometers 
do not have the ultimate sensitivity of other bolometers (doped 
Ge chips), but do have a faster response time. This increased 
response time may not be needed in I.R. Astronomy, but areas like 
Laser Physics might find a use for fast bolometers. 

The question of a possible pair breaking mechanism taking 
place in the films used in this experiment is a serious one. 
If this was the case, the optical heating signal would not be a 
measurement of the heat capacity, but rather a measurement of the 
disturbance of the pair field in the superconductor. Testardi 

35 and Parker and Williams have shown disturbance of the pair field 
36 

by optical radiation where hv > A „. Owen and Scalapino 
gap 

explain this by a disturbance in the pair field. Since the 
measurements in this experiment are always for R > 0, the super
conducting system is essentially in a full quasi-particle state, 
with very few paired electrons. Then, there is no pair field to 
disturb with the laser radiation, and one has just a normal metal 
model for laser radiation absorption. This is confirmed by the 
fact that the resistive transition of the films is undisturbed 
in form with the laser on or off. Thus, pair breaking mechanisms 
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are not responsible for the A.C. heating measurements. 
In conclusion, the A.C. calorlmetry method outlined in 

this section is being used to measure the heat capacity of the 
films. Because of the choice of mica substrates, and the frequencies 
of heating used, the films behave as 1f they were self-supported, 
and the heat capacity measured can be predominately related to the 
film. This approach also has applications for use as fast 
bolometers. The thermal heating processes do not involve pair 
breaking mechanisms, so that one is truly measuring the heat 
capacity of the films. In this way one can measure the extremely 
small heat capacities (^10'9J/K) quite well. 
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Appendix G. Analog Servo System. 

The experiment involved looking for effects over a 
temperature interval that corresponded to the critical region 
of the film. The width of this region was hard to calculate, 
but it was on the order of 10" K. This meant that the temperature 
of the sample would have to be maintained to that degree of accuracy. 
There are two possible ways of achieving high thermal stability. 
The first is to have the sample closely tied to a very large heat 
capacity like a bath of He , thus causing an integrating effect 
on any small thermal fluctuations. This method was not used 
because of space available. A second method is to use a heater-
sensor feedback loop to electronically regulate the temperature of 
the sample block. Because of the wide success of this method in 
general, it was chosen as the means for reaching high thermal 
stability. But, because of the high accuracy needed, it was-
decided to handle the servo problem in a much more sophisticated 
manner than the usual crude means of driving a heater with just 
the off null of an A.C. bridge reading the temperature sepsor. 

The first step was to transform the thermal problem of the 
relationship between the cryostat, the heaters, and the temperature 
sensors into an electrical analog along the lines mentioned 
1n an earlier appendix. This was interfaced to the electrical 
feedback circuit by the relationship between power in the two 
systems, i.e.: 
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heater Power = 
K heater 

"thermal 

« _ N / s / s N  * Temperature = R ^ ^ Power 

T= aV 

Where a = thermal 
fi 
heater 

Because of the cryostat's construction with a rather large inner 

can isolating the sample block from the He4 bath, i t was decided 

to sense the temperature errors on the sample block and drive a 

local heater on the block in a linear fashion (fine heater), and drive 

the Inaer can heater (coarse heater) 1n a nonlinear fashion from 

the same error, but only 1f the local heater could not handle the 

error correction. 

A first approximation to the overall feedback circuit (in

cluding both the thermal and the electrical systems) is shown 

below (refer to cryostat section for thermal layout): 
■.thermal linear 

fine. 

Bath 

Thermal Problem 

Nonlinear 
coarse 
control 

.Electrical Problem 
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The error voltage (V ) corresponds to a temperature error 

(Tg) as sensed by the sensor in the sample block. They are 

related by the gain of the lock-in of the A.C. bridge, and the 

change in voltage (resistance) of the sensor for a unit change 

in temperature. This is lumped into the parameter a . This 

error voltage is added to the reference temperature at which the 

system is desired to be at and then drives both the linear heater 

control and the non-linear heater control. These two paths of 

power flow into the thermal problem through their appropriate 

thermal impedances and complete the feedback loop. The 

restrictions on this feedback circuit are: 

1) Stable operation—loop gain >_ 20 db/decade 
(12 db/octave) 

_? T electrical = T where 1 > T >_ 10 sec 
system 

2) For the sensor not seeing thermal 10 a f A *> 10 
fluctuations of the Inner can 

3) For true feedback 10 a f A, a » 1 
(high open loop gain) 

The electrical circuit was to produce a function that related the 
error voltage (Vg) to the correction voltage (Ve) by the graph 
of Figure G-1. The correction voltages are related to the 
correction temperature by: 

Tcoarse _ „c Tfine _ yf (r ,x 'corrected " V e 'corrected " afve ^" u 

An analog computer was constructed that provided the relation
ships graphed as well as a wide range of the parameters and 
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Coarse Control Saturates 

Fine Control-
Saturates 

Exponential: Slope A 2 / a 
Coeff. A 3 

Phase Shift *d> 

Slope -A| 
c 
eo 

Fine Control Off 

Coarse Control Off 
Vs 

Non-Linear 
Correc. 

Non-Linear Driving Coarse Heater 
———• — Linear Driving Fine Heater 

Figure G-1. 

Linear and non-linear relationships between the error voltage Vs 
and the correction voltage Ve. Notice that hotter temperatures 
(less correction power) are to the right and colder temperatures 
(more correction power) are to the lef t about the ouiescent bias poinc. 



170 

included meters to monitor the levels. The c i rcu i t is sketched 

br ie f ly in Figure G-2 with a l l controls indicated. The functions 

that the analog computer produces are: 

Tf1ne _ a±t<p 1 ve a f 
i c - e fcT -p 

K Kf ine a f 

(G-2) 

(G-3) 

and thus: 

A c t i o n " ° f V « " e*i* (G-4) 

vcoarse „ ^ ? ^ ( e
 alV^rV^ 1 } w n e r e t n e s i g n 

/
..coarse "» a i 

is controled by 
the 1< 

(G-5) 
Vs and the level V^. 

Tcoarse _»_e "c lr c\ 
IR - - - (G-6) 

coarse u 
and thus: 

Tcoarse _ a' vcoarse (G 7\ 
correction c e ^ " ' 

The photos in Figure G-3 give an idea of the non-linearity 
possibilities of the coarse control. It was further necessary to 
filter the error voltage into three components. The error 
voltage would have a slowly varying (D.C.) term that would 
correspond to a slow temperature drift of the sample through the 
critical region. This voltage should not be servoed, but instead, 
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'coarse HID 

© To R heater 
coarse 

Figure G2. 
Block diagram of analog computer which was built to provide the 
correction curves of Figure G1. Front panel controls are below 
the function and back panel controls are above the function. 
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i — i 1 — i — j — i — i — i — r 

J i i i , t , i i i i 
"vsi +vsi 

(a) 

"VS1 (b) +VS1 Figure G-3. 
Oscilliscope pictures of the non-linear functions produced by the 
analog computer of Figure G-2. The horizontal axis is the error 
voltage Vs, and the vertical axis is the correction voltage Ve (which is later converted to current). The figures are symmetric 
about the quiescent bias level. Figure a) has a low value for 
the gating voltage (V<.,) and Figure b) has a large value. 
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it should be feedback to a self-balancing bridge (see A.C. 
Bridges section), and thus is used to cancel the offset voltage. 
A low frequency component would be used for the slow drifts and a 
high frequency component would be used for the fast thermal 
feedback part. Originally the whole error signal would be fed 
into the analog computer as a single error signal, but later, the 
high frequency part was fed into the linear part, and the low 
frequency part was fed into the non-linear part. The active filter 
box, shown in Figure G-4 was constructed and accomplished this 
dissection of the frequency components of the error signal. The 
complete block diagram of the servo system is shown in Figure G-5. 

The performance of the overall servo system was poor. The 
electronics operated perfectly, as designed, but the main problems 
were in the complexity of the system and the rather slow thermal 
time constants associated with the temperature sensor. The system 
operated in a stable mode with time constants of the lock-in at 
values down to 10msec. One could change the gain, in both directions 
(higher and lower), to go into unstable operation. This indicated 
true closed loop feedback stability. But spurious noise would 
throw the system out of stability and required extensive effort 
to get back in a stable mode. Also, the temperature regulation was 
only on the order of 10 K, which is quite poor by normal servo 
standards. To correct for the long thermal time constant between 
the sample block and the temperature sensor (Cryocal), two sensors 
were mounted symmetrically on the block and well greased to it 
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Figure G4. Electronics for separating the D.C, low 
frequency and high frequency components of 
the error voltage V$. Note that all resistors 
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unless noted. 
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Figure G-5. 

Complete block diagram of al l components used in the temperature servo system. 
computer is sketched in Figure G-2 and the active f i l t e r is the c i rcu i to f Figure 

self-balancing bridge is discussed in Appendix A r " " | 
and the low temperature system is discussed in AC LOW 
Appendix C. 

The analog 
G-4. The 
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(one was a Cryocal Standard; the other was a Cryo Resistor 
Standard). Both sets of leads were Isolated with super
conducting spliced wires and clamped with copper to the sample 
block 1n a lens paper sandwich. In this way, not only would the 
thermal time constant of the sensor be reduced, but also one 
could independently monitor the temperature with a sensor outside 
the feedback loop. The results indicated that in general a servo 
feedback system behaves as a self-balancing bridge, in that the 
heater will raise or lower the power to correct the temperature 
seen by the sensor. This may not be the true temperature errors 
exhibited by the sample block, since it is not in perfect thermal 
contact with the sensor. As it turned out, the sensor in the 
feedback loop would indicate thermal fluctuations of only 5yK, but 
the actual fluctuations as measured with.the other sensor were on 
the order of 30 y K. 

In general, the servoing would improve the long term drifts 
of the sample block extensively, but at the cost of introducing 
short term thermal fluctuations in excess of background fluctuations. 
Because of the increased thermal noise introduced by the servoing, 
and the complexity of operation, the servoing was used only when 
taking point by point data, and in general the inner can was 
servoed by a conventional bridge from an Independent sensor, and 
the sample block was allowed to sit at a temperature determined 
by a D. C. power level, and not servoed at all. This gave an 
accuracy of about 10 y K fluctuations to the overall experiment. 
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Appendix H. Sample Preparation and Resistive Transitions 

The superconducting films studied were "dirty", granular. 
o 

aluminum, thin films (^lOOOA thick) prepared by vacuum evaporation 
onto a number of different room temperature substrates. Since 
there has been extensive experimental, as well as theoretical work 
into the resistive transition of "dirty", aluminum thin films, it 
is important to show where the samples studied agree with other 
workers. But, due to the diversity of other workers' sample 
preparation methods, and the undefined parameters in their work, the 
correlation will be somewhat limited. The undefined parameters in
clude effects of thickness, grain size, strains, and "dirtiness" 
1n raising the transition temperature (Tc). They also include 
effects of current densities (A.C. and D. C ) , and low magnetic 
fields used in the measurements that change the width of the 
transitions. And finally, effects of the chemical environment 
during sample preparation become undefined parameters in the samples 
prepared and studied by other workers. No one group working with 
dirty aluminum films has characterized all these parameters for 
the films they studied. Thus, this section will point out the 
effects of the parameters wentioned above in the films studied, 
with a partial attempt at correlating the gross features of the 
resistive transitions. 

If one evaporates aluminum in some impure atmosphere at a 
slow rate ( 30A/sec), one will get a granular aluminum film. The 
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grains vary in size, but the films studied had grains on the order 
o 

of 400A (see Fig. H-l), and have T 's which are consistent with the 
T 's of other work. The method of providing an impure atmosphere 
varies widely and may not be obvious, even to the person preparing 
the sample. Some workers co-evaporate SiO to dirty the films. Others 
have a residual 0 2 background. The effect of the 0 2 is to first 
provide seed centers for granular formation (even He works ) and 
second to oxidize these grains after formation (accomplished later 
upon exposure to air, if not initially). These processes are 
governed by other processes too (the "undefined parameters" referred 
to earlier). The 0 2 method was chosen for the author's films due to 
the inconvenience of working with SiO. One undefined parameter in 
the 0 2 process is the residual water vapor in the evaporator system 
during evaporation. In this laboratory, Richard Carlson was making 

o SNS tunneling junctions where the insulating layer was a 5A layer of 
A1203, and he found that this thickness was drastically affected by 
the relative humidity of the room. Analysis with a partial pressure 
gas analyzer showed that oxide layers were dependent on the amount 
of water vapor present in the vacuum system. Only when going to 
4 day system bake-outs at about 120C could this background be removed. 
But even evaporation from AUO- coated boats introduced 0 2 and 
H20 vapor during evaporation. These water vapor effects are 
probably due to the OH" radicals' tunneling ability to create 
channels in an A1 20 3 layer that can expose the aluminum to further 
oxidation. Thus any films made by evaporating aluminum in an 
oxygen background will be greatly affected by the background water 
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a.) Ran # 3 3 
Approx. 6800 Magnification 

b.) R in # 32 
Appro::. 4000 Magnification 

Figure H-l. 

c.) Ran # 24 
Appiox. 4000 Magnification 

TEW miorogiaphs o! 1000 A aliminum Illms on mica (a.), 
glass (b.), and self-supporting subsLiates ( c ) . The 
crevice in (a.) is a scratch. The large daik spots in 
(b.) are foreign particles. And the coaise giid (that 
looks like little squares) 6? (c.) is a replica or the 
salt substrate that textured the ilm and remained af
ter it was remounted. Notice that the grain sizes are 
about the same for each substrate. The grain sizes var
ied between 200 A and the tilm's thickness (1000 X ) . 
These micrographs were made with the assistance ot Keith 
Munson and Tom Hutchinson. 
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vapor in the evaporator, which w i l l vary considerably from laboratory 

to laboratory. 

The samples were prepared predominately by evaporating aluminum 

from an alumina coated molybdenum boat that was resist ively heated. 
o 

Evaporations were at rates of from 10 to 50 A/sec through a mask 

over the substrate,with a substrate to source distance of about 40 cm. 

I t should be noted that the rate might also affect the time the 

grains spend in the oxidizing atmosphere. This atmosphere varied 

from nothing (outside of the residual 02 at 10^ o r r to 10^J r r 02 , 

but was typical ly 4 x l 0 ^ r r ) . Some periods of sample preparation 

were marked by a very low T , which led to the addition of drops of water 

before the system was baked out (at 120 C for 12 h r . ) , in order to 

leave a part ial pressure of water vapor during evaporation, and thus 

enhance the T of the f i lms. These methods of sample preparation 

gave f i lm res is t i v i t ies ranging from 6x10' n cm to 4x10 n cm 

and Tc 's ranging from 1.54 K to 1.90 K. More typical samples were 

of res is t iv i t ies of 1.5x10 ftcm and transit ion temperatures on the order 
o 

of 1.60 K, for a thickness of 1000 A. Since the mean free path in 
-12 2 

the films is related to the res is t i v i t y ( ^eff^ 4 x l 0 Qcm— ) 3 8 , 
o n 

these films had mean free paths of about 20 A. 

These heavily oxidized films might have been actually quite 

d i r t y , and thus had low T 's because they were on the far side of a 

hump in the empirically observed relationship between Tc of the f i lm 
4? 

and the level of oxidation. In fact, one extremely dirty film 
(30 drops of water in the evaporator) exhibited a negative slope in 
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its resistivity vs. temperature, and it never did go superconducting 
(down to 1.4K), thus indicating a semi-conductor behavior. It was 
also found that the heavily oxidized films exhibited considerable 
effects in the resistive transition from an additional D. C. current 
(*^10A/cm ) used in the measurement. For some films this effect 
was quite sensitive, where only an increase of 10% in the current 
would bring about the effect. The effect was to add slight bumps 
and glitches ("kinks") in the resistance vs. temperature curves, 
which were normally reasonably smooth. If the A.C. current was made 
equal to the D.C. current, the effect was almost eliminated. This 
effect might be related to some sort of Josephson tunneling between 

45 grains becoming partially coherent at certain values of D.C 
current. 

The films were evaporated on predominately mica substrates. 
These substrates were cleaved from optical quality mica to a 
thickness of typically h mil. The mica was glued around its edges 
to an alumina substrate that had Pb posts attached, and the alumina 
substrate was in turn glued to the sample block (see Appendix C and 
Fig. H-2). After the aluminum film was evaporated onto the mica, 

o silver leads (*v 50A thick) were evaporated from the film to the 
posts, and then these leads were overlayed with a 10,000 A 
evaporated Pb coating. Finally an indium solder bead (Indium 
Alloy #2 solder and Flux #2, available from Indium Corp. of America, 
Utica, New York) was drawn between the leads and the Pb posts to 
complete the four terminal circuit to the film. 



182 

The films were made in both circular and rectangular 
geometries (see Fig. H-2). The circular films had a 2 terminal 
measurement, and while the overlapping leads essentially removed 
edge effects(and hence no scribing was needed),they provided a 
nonuniform current density in the film. It is interesting to note 
that the ratio of width/length (used in calculating R Q ) can be 
calculated almost exactly for the circular geometry, and it is 
independent of the diameter of the circle and is equal to 1.568. 
Because of extra parameters brought in by nonuniform current 
densities, the film geometry was changed to that of a rectangular 
form (see Fig. H-2). The edges were scribed because of possible 
edge effects 1n the transition ,and a 4 terminal measurement was 
made. Later, a snake scribe was added to give a factor of ten 
greater resistance, which improved signal coupling and sensitivity 
in electrical measurements. 

The films on mica substrates had predominantly multiple 
transitions (more than one T ). It was at first thought that this 
was due to the layered nature of the mica acting like an edge 
effect and thus creating a T for steps in the mica; and thus the 
overall transition would have multiple T 's. But, films on thin 

c 
glass (^3 mil. thick) also had multiple transitions. Even special 
consideration was given to examining the mica used. The mica was 
examined between crossed polarizers, at a large angle, to determine 
the existence of any differences in the thickness of the substrate, 
and only uniform substrates were thus used. This precaution did not 
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Figure H-2. 
Sample geometries and self-supported film preparation method. 
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improve the transitions. When the measurements of the D.C. 
thermal conductivity of the mica were made, where the whole 
substrate was glued uniformly to a flat copper block, the problem 
of multiple transitions was solved. The previous substrates were 
held only on the edges and could flex during the cool down from 300 K 
to 4K. These stresses created multiple transitions. Two films in a 
row, on rigidly held substrates, had single transitions. The 
sensitivity of the transition to strains in the substrate has been 

44 
suggested by Testardi and presents the possibility of incorporating 
this "problem" into a yery sensitive pressure gauge (although highly 
non-linear). 

Films were also made that were self-supporting. Previous 
workers (ref. 39) have made self-supporting films with a variety of 
metals by a variety of methods, although none of their films approach 
the rather large size in area of these films (~ lcm ). Films were 
made Initially on dissolvable NaCl substrates. They exhibited large 
contact resistances due to extensive oxidation of the aluminum surface, 
probably from the CI" of the salt tunneling into the surface. A 
number of attempts were made to remove the contact resistance problem 
from this surface oxidation. A single NaCl crystal was used as a 
"plug" in a hole drilled in an alumina substrate, with the crystal 
cleavage plane parallel to the substrate surface. In this manner, 
the film and leads could be evaporated at one time and the substrate 
(NaCl crystal) dissolved away later by a method similar to that of 
ref. 40, leaving the center portion of the film over the hole in 
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the substrate, free standing. The problem with this method was 
that the boundary between the crystal and the substrate had slight 
crevices that the aluminum film would not quite cover, and thus the 
film was barely attached to the edges of the alumina substrate. A 
thin collodion substrate was also tried, but due to problems in 
surface tension and dissolving the substrate away after evaporation, 
this method was also discarded. The method that was finally used 

o is similar to that in ref. 41. About 4000 A of NaCl was evaporated 
onto a clean glass slide. The film was evaporated onto this substrate. 
Both circular (up to V 1n diameter) and rectangular (V by 3/4") 
films were evaporated onto this substrate. Silver "stips" were 
evaporated onto the rectangular films to reduce contact resistance 
from leads attached later (although these strips were not always 
necessary). The slide was yery carefully lowered into a still bath 
of distilled, air free water (see Fig. H-2) with about 5% special 
denatured alcohol added. Isopropyl alcohol was also used, since it 
facilitated the film removal by causing less 6f a water drop to 
adhere to the film and tear the film, but it also reduced the surface 
tension of the water and caused the films to sink. The films would 
also sink on yery humid (rel. hum.»^60-70%) days, due to less of a 
vapor-liquid boundary on the surface of the water. An opposite 
problem was the electrostatic charge that would cause the film to 
jump back upon itself during periods of very low humidity in the 
winter. After the film has been floated free of the slide, it is 
comparatively strong in the water. But, it is crucial to lower 
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the film Into the water at about 20° from the normal angle and 
at a steady, continuous speed. Any jitter will cause minute tears 
of the film or its edges, which will later, upon drying, tear the 
entire film (it is advised to meditate awhile before trying to 
float off the films). The film then was picked out of the water 
by aligning the edge up on a mark on a mica frame and slowly raising 
it vertically out of the water. The films were at first coated 
with Napthalene vapor to strengthen them for removal, but although 
the Napthalene sublimates at room temperature, it hindered the films 
from sticking to the mica, and it also added to the surface contact 
resistance. Because the mica is very thin, and because it was 
raised slowly and vertically out of the water, yery little water 
adhered1 to the film to "hang" onto it and cause it to rupture. The 
mounted film was dried by holding vertically in front of a high 
intensity lamp. The mask was positioned on the alumina substrate 
and glued around the edges with Eastman 910 glue (because the glue 
vapor will corrode the film, use a minimal amount). After the glue 
had dried, the sample block was put back into the evaporator, and 
leads were evaporated over the "strips". The block was removed 
from the evaporator (gas being added and removed slowly from the 
system so as not to rupture the film with a pressure gradient), and 
the leads were soldered to the Pb pads. The block was covered with a 
thermal shield and installed in the cryostat. A detector was 
positioned under the film to detect light passing through a ruptured 
film after cool down. The rectangular films tended to pull away 
from the long ends of the frame after cool down (due to larger 
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thermal contraction), while circular films had less difficulty. 
o 

Films below 800 A thick were impractical to work with. The films 
o 

of 1000 A thick were still thin enough to transmit visible light, 
since they were on the order of the metallic skin depth in 
thickness. The whole procedure involves a decreasing percentage 
of success. One has a one in four chance of floating off a good 
film. One has a one in three chance of remounting the film and 
gluing it onto the alumina. After the leads are evaporated on, 
one has still a 50% chance of tearing the film by the I.R. heating 
during soldering. Then, upon cool down, the film still can tear, 
due to the thermal gradients. For this reason, an optical detector 
was positioned below the film to detect a torn film. Finally, upon 
completion of the experiment, one has a slight chance of the film 
surviving the warm up to room temperature. One film survived the 
complete process outlined above without appreciable tearing, 
which also had data taken on it for heat capacity. 

The measurements made on self-supported films showed that 
almost an equal thermal isolation was obtained in the experiment 
using a high heating frequency with the mica substrates, and due to 
the difficult nature of the self supported films, they were no 
longer studied. The films on mica were made on substrates of 
thicknesses from 2 mil to ** .1 mil and had results similar to 
the results of the self supported films, which seemed to support 
the idea that not only is the transverse thermal conductivity of 
mica yery low, but also that the high frequency of heating 



essentially removes the mica from the measurement. 
One self-supported film had an unusual feature in its 

resistive transition. This feature is unexplainable, and because 
it 1s so unusual, one hesitates to mention it. But, because 
measurements of the transition were made over seventy times, on 
two separate runs, and because the effect is a large percentage of 
the signals measured, one is forced to believe it as being physical. 
Fig. H-3 shows the resistive transition of sample #24 (see Fig. H-2 
for a micrograph of the same film). This film had an unusual 
luster to it, i.e., yery shiny and spectacular, as compared to the 
usually grayish self-supported films. The transition has in it a 
"notch" that appears as if it is subtracted off from the usual 
resistive transition. All the discrete details in the notch are 
reproducible. During both runs, a gas leak caused a very slight 
He background (P«lmm) that was steadily decreasing during the 
run (because of its being continually pumped on). The notch appeared 
after a few hours of running, and it moved up and down the transition 
with time. Figure H-4 shows successive transitions with the times 
between measurements Indicated. This movement was periodic, with a 
period of about three hours and with the maximum temperature 
reached with each period decreasing with time. The addition of 
He gas at a later point removed the effect. The film was destroyed 

during thermal cycling in a low temperature attempt to fix the gas 
4 leak. One might make a thermal runaway argument involving the He 

gas to explain the results. Or possibly a metastable state existed 
48 

in the transition, as predicted in 1-D by Tucker and Halperin. 



Figure H-3. Resistive Transition of a Self-Supported Film. 
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The effect was not seen in a normal "greyish" self-supported 

film's transition where no He gas was present (run #23). This 

strongly suggests some form of thermal runaway. 

Magnetic f ield effects on the films' transition were also 

observed. One of the di r t ier films (sample #30) exhibited a slight 

increase in the width of the transition for small D.C.currents 

(10" amp-10* amp). The widening of the transition was linear and 
d l - 3 

had a slope of about jrJfV 1,e x 10 amp/K. The fields 
associated with these currents are possibly only on the order of 
tens of nanogauss, so that the increase in the width of the transition 
may be due to some other effect. But this points out a problem in 
increasing current densities to measure lowering resistances. 
Larger magnetic fields were desired (^lO gauss) in the experiment, 
and a relatively simple solenoid was used in run #39 (diameter ^ 3 % " , 
length ** h"t ^ 1 0 8 turns) to apply a perpendicular field 
(although quite nonuniform, about 10% over sample region) to the 
sample. Figure H-5 shows three resistive transitions for three values of 
magnetic field (H,)1n a relatively clean (less oxidized, not to be 
confused with "pure") film. The transition is broadened with a 
long tail on the low T side, and it is moved to a l«wer Tc by the 
increasing magnetic field values. One can calculate the coherence 
length from these curves 1n the limit of (T-TC/Tc) « 1 . Then from 
ref. 49: 

H c 2 = £ 5"2(T) and H± = H C 2 (H-l) 
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Then 
dHj . 

ir = 

AHj. = 

r(C)) = 

I? c (0) ~ar 

*° AT r2(oi 

l l *0 , AT 

T " T c T-T< 

C C 
( -y-c ) f o r ^ « 1 (H-2) 

(H-3) 

= \ j -g ,PT ( ^r ) where <J>0 = 2x10'7 gauss cm 
c » , , . . , . . . . . ^ .._ , J u e 

(H-4) 

AT is the sh i f t in T due to 
the f i e ld AH. 

For the f i lm of Fig. H-5, th is becomes: 

5(0) - ( 2 x 1 ° " ) — cm = 440 A (H-5) 
f ( 2 T T ) ( 1 . 8 1 ) ( 9 X 1 0 2 ) 

And since for d i r ty superconductors: 

C(0) = .85 I j A g f f S o w n e r e €o = 1 ' 6 x 1 ° A f o r aluminum 

(H-6) 

o 
This gives an effective mean free path of 1 6A. Using the 

expression used earlier to predict the l ff from the normal sheet 
resistance ( R Q ^ 1 . 5 ft/sq), one finds an estimated l^ff^2 6 A, 
which 1s not in too good agreement,probably because the resistivity 
method of calculation is not as accurate. (The work of ref. 50 

o % , 
measure an a ^ as low as 1.6A in similar films). Thus the films 
resistive behavior in small magnetic fields is in reasonable 
agreement with theory and other worker's results (ref. 50). 

The resistive transitions were measured in a dynamical way. 
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30 T RUN NO. 39 

R ( f t ) 

a) H ~ 21.8 Oe 
b) H ~ 11.4 Oe 

c) H ~ 0 Oe 

179 1.81 1.83 1.85 1.87 
TCK) 

1.89 

Figure H-5. 

Resistive transitions for film #39 for three values of magnetic 
field (H). The field widens the transition, and moves it to a lower 
temperature. 



The film was biased with a low frequency (41.5 Hz, and thus little 
of an out of phase component) constant current source, and the 
voltage produced was phase sensitive detected. The resulting 
output voltage was scaled to the bridge-measured,normal resistance 
of the film. The off null voltage from a bridge measurement of a 
calibrated germanium resistor (see A.C. Bridges Appendix) was 
scaled to represent temperature. Thus, by making an x-y plot of 
these two voltages, while the temperature of the sample was 
steadily increased, one could obtain a 1st order approximation of 
the resistive transition. As a check on this method, a point by 
point plot was done using two nulled A.C. bridges, one on the film 
and one on the thermometer, to measure the transition. Also a point 
by point plot was done using a D.C. voltage measurement (averaged 
for both positive and negative currents, to remove emf effects). 
All three methods agreed quite well. The main error in the voltage-
voltage plot is associated with the slightly non-linear relationship 
between temperature and the off null voltage of the germanium 
resistor bridge. This gives the overall transition about a 5% error, 
but a much less error is associated for smaller regions. In this 
way, the film's resistive transitions were measured and recorded 
both on an analog trace (x-y recorder) and stored in digital form 
by a computer (A/D's, and a Nova 1200). 

The general features of the films studied were: 1) the 
resistivities were p **10 -*■ 10" Q cm; and therefore (using 
the relationship between £. ff and R ); 2) the mean free path was 
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o o 
Jl e f f ^ 10+ 100 A; 3) the films had mostly 1000 A thicknesses 
(as measured with a quartz thickness monitor and later checked 
by optical methods); 4) they had Tc's ~1.54K-► 1.93K, but 
predominantly in the 1.7K* 1.9K range; 5) the transition widths 
were broadened for the dirtier films and were AT ̂ 14* 200 mK, 
where AT = T(RN) T(2/3RN); and 6) the ratio of room temperature 
resistance to the normal resistance was **.63 ̂  1.2. The heavily 
oxidized films had their transitions altered with D. C. currents, 
and were more likely to have multiple transitions. 

To compare more detailed features of the films,Involves 
fitting the film to an A.L. form for the transition (see Theory 
Section of thesis) and comparing to other work the fitted transition 
width ( T Q ) . A. L. Theory works only for a small part of the 
transition (T > T c ) , and thus the comparison of the fitted width 
parameter to other workers depends on how much of the transition 
is used in the fit. Strongln, et.al., have made aluminum films 

o o 
with very small zeff (.2A) and which are quite thin (100 A). They 
observe that their fitted T 0 * * 1 0 TQ '. Bhatnagar, , et.al., 
have measured aluminum film transitions for a number of thicknesses. 

o 
They find the thicker films ("«1000 A) have a broadening of the 
transition width ( T Q ~ 1 0 T Q , L ,

h but also a considerably lower 
T ( 1.3K), which implies their films are quite clean and would need 
a MakiThompson correction to explain the broadening (see Theory 

CO 

Section). Kajimura and Mikoshiba have done extensive work on 
dirty aluminum films. They find that as one goes to cleaner 



systems Ue#f larger), they get less agreement for the A.L. 
A i ° 

width parameter ( TQ ~ 1 0 T J - L - for JI f f^lOOO A). In their 

later work (ref. 54), they include the Maki-Thompson correction 

and f i t their data to a theory involving both the A.L. term and 

the Maki-Thompson term. They determine an empirical relationship 

between the pair breaking parameter (6(0)) and R;lwhere: 

6(0) = 6x10 * RL= —-£5 c where T is the transi-
a c tion temperature in the 

absence of the pair 
breaking. (H-7) 

This means that the di r t ier f i lms, which had a larger R -̂due to a 

smaller ^e f f . had a larger pair breaking mechanism. They mention 

the possibility of the 02 1n the A1203 acting as a dlamagnetic 

material involved in the pair breaking. They mainly feel the 

mechanism in pair breaking is due to a localized moment and a 

proximity effect with the substrate. Thus, one would expect 

the dir t ier films not to have a Maki-Thompson correction in the 

conductivity because of the enhanced pair breaking. Masker and 

Parks, also find the disagreement with the TQ •, to be in the 

cleaner films. I t should be noted that most of this work involves 

films that have a yery small width to length ratio (**10 ) and 

are in a zig-zag pattern. The total area of their films is on 
2 

the order of the films studied in this experiment (1cm ). Since 

the films studied in this experiment tended to be broadened and 
A l have transition widths wider than the expected TQ » one might 
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suspect the films were broadened by inhomogeneities. But, due 
to the large difference in the geometry of the samples studied 
when compared to the other work mentioned, there might be another 
explanation for the broadening. 

Patton's theory (see the Theory section of this thesis) was 
used in comparing many experiments on aluminum films by Parks, 

55 et.al., shown in Fig. H-6. A value for the pair breaking 
parameter (6(0)) of 2x10 was chosen (in the limit of weak 
pair breaking, where Patton's theory is valid, i.e., 6(0) = 
T C O <_ 0.3). They plot the ratio of the excess conductivity 
divided by the A.L. excess conductivity (a'/cr' ) for a reduced 
temperature of e = 0.03 (chosen because ais not as dependent 
on Rpfor smalle) vs. the normal sheet resistance R^. The 
A.L. theory is a straight horizontal line (independnet of KL ) 

A I and a'/a' *u' = 1 . The Thompson Theory is also a straight line 
A L 

with a'/o # 1 1 . Then by plotting many experiments on Pb, 
Sn, Al, and B1, they show that the strong pair breaking systems 
(Pb, Bi) are near the A.L. theory, and they have a pair breaking 
parameter of T C Q —.02. But the aluminum data shows a curve 
that agrees with the A.L. theory for large R^ and goes smoothly 
over to the Thompson theory for small R_ (large pair breaking). 
By using the value of T = 2x10" , Patton's theory is able 
to agree well with all the data in aluminum films plotted. This 
plot then could be a convenient method of showing where the films 
studied in this experiment agree with the films studied by other 
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FIG. 5. Ratio of the excess conductivity measured at T = 0 . 0 3 (Ref. 47) to that expected from the AL theory as a func
tion of the normal sheet resistance R& of the samples. The data presented are a collection of the work from seven 
laboratories and twenty experimenters as Indicated below. The solid lines are theoretical predictions by Patton (Eq. (4)1 
for TC0 = 2X irr4 and Te0 = 0.02, respectively. The upper dashed line Is the prediction of Thompson's theory for Ta= r r t 
= 2x 10"4 (Eq. (3)1. The lower dashed line,Is the AL theory. The decrease in the ratio from the Al system to the Pb sys
tem is expected from thermal pair breaking as explained in Sec. IV D. 

Figure H6. 
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workers, since a l l films have the Curie-Weiss form (0' a e ) , 

but d i f fe r in the width of the t ransi t ion. But, the arbitrariness 

of choosing the plane of the plot only for the value of e = .03 
A L 

distorts the overall understanding, since the rat io of a'/a' • , 

depends on where 1n the transit ion (the value of e) one is looking. 

Also, RiLjis not such a unique parameter, since films of yery 

large R" are yery thin (A*100 A) and have quite a di f ferent 
D N 

geometry and substrate relationship than fi lms of smaller Rl_ 
A I 

and thus thicker samples. The ratio of a'/o"' can be also 
written as: 

a' _ \ RN-R 1 I 1 ' • ^ A , w " 0 1 " ' . T"Tc _ TRN-R 1 I fl.52xlO"5RNl-l 

-"17" ^J L^W _.A.L. I " R„d I R" d 1 Tr 
a I o l l D l c 

where e = 

(H-8) 

for e = .03, then T = 1.03 T and eq. H-8 becomes: 

a' T RN , 1 L97X 10"Q/sq 
7X17 = f-JB l l 1 

LR(T=1.03TC) J 

,3 

• ° 3 (H-9) 

Thus i f the rat io RN/ R(T=1.03 T ) is ^ 2 for large R^and 

yery close to 1 for small R^L, one can see how the plot in 
A I Fig. H-6 1s just showing the inverse relationship of a'/o-* 

N 

to R Q . This does not imply that is all it is showing, but just 
that the features of the data on aluminum are coming from the 
value for the ratio RN/R(T=1.03 T ) at different values of R?L, 

C Jjk 



and that thechoice of the ratiowas arbitrary. It should also be 
N noted that the relationship shown earlier between Rpand l ff xd 

(thickness), implies that one cannot tell the difference on the 
plot of Fig. H-6, between a dirty thick film ( Jlgff small, d large) 
and a clean thin film ( £ e f f large, d small). In fact some of the 
data used in the plot of Fig. H-6 is from ref. 38, which involved 
work on films that had extremely wide transitions (600 mK) and 

o were quite thin (150 A). Since one might expect the proximity 
effect involvement in pair breaking (mentioned earlier) to be 
seen in thinner films, and since short mean free path films also 
exhibit strong pair breaking, the agreement of the plot in Fig. H-6 
for large values of Rgj may be related to the inverse of the product 
of % ff and d rather than K L . And, consequently, the thicker 
films' disagreement with A.L. theory may be due to the absence of 
pair breaking from larger l ff and less of a substrate proximity 

N effect, rather than simple relationship of just small R Q shown. 
Thus, the apparent understanding of resistive transitions shown 
in Fig. H-6 is misleading. A similar plot for the films used in 
this experiment indicates reasonable agreement with the A.L. theory 

N 
in that it is horizontal for all R^, but at a higher ratio of 
a'/0' A' L\ since the plot involved o'/a'A-L- for a a' = T Q e"1 a N 

fit for all E. When e is large (.03) the agreement can be made 
quite good and films are closer to the ratio of 10 for R Q ^ I ^ / S Q 

A better approach is to use the graphic plots of R'(=(RN)(R)/(RN-R)) 
vs. T, and fit the data to a straight line in some region. If 



Tc=T(R=0), then T=1.03 T is the region in the R1 plot where 
the best value of T Q ( T Q - =— R N.-, ) for the films studied 
is obtained, and the films agree with the plot of Fig. H-6. 

In conclusion, the films studied have a short &eff and 
should have a somewhat good agreement with the A.L. theory, 
which does not involve pair breaking. But, because of the 
thicknesses of the films studied, there might be a proximity 
effect pair breaking mechanism. The films do fit an e 
behavior, but with larger transition widths ( T Q ) . The films 
cannot be directly compared to the other workers because of the 
large differences in the geometry and current densities used in the 
studies. There is the possibility that the films are inhomo-

A L geniously broadened, since T Q is larger than T Q . But if one 
chooses a small enough region to fit to A.L. theory, this 
disagreement can be partially removed. The agreement with theory 
was best for films made without 0 2 on a rigid substrate. 
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