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Fluctuations in the superconducting order parameter above the transition temperature
result in structure in the tunneling density of states. From the shape of this structure a
value is derived for the decay rate of the fluctuations.

Fluctuations in the superconducting order pa-
rameter above the transition temperature are
predicted to affect a variety of experimental
quantities, e.g. , electrical conductivity, ' specific
heat, ' and diamagnetic susceptibility. ' Fluctua-
tion effects have so far been reported only in the
electrical conductivity. 4' We have observed the
effect of fluctuations on the electronic density of
states (EDS), derived from tunneling measure-
ments.

The measurements were carried out on M, -I-
M, junctions in which M, is a metal film in the
fluctuation state above the transition temperature
T„, M, is a film in the superconducting state,
and I is a thin insulating layer. We find that the
EDS in the fluctuation regime of M, exhibits a de-
pression from the normal-state value over a
small energy range-E, centered about the Fermi
level. As the temperature is raised the EDS ap-
proaches that of the normal metal. As the tem-
perature is lowered the depression in the EDS
deepens and for T & T„develops into an energy
gap in the quasiparticle spectrum. From the ob-
served structure in the EDS the decay rate of
fluctuations in the Cooper-pair density is deduced.

Metal M, was granular Al, a material which

has been used previously by several workers to
study fluctuation phenomena. '~ The granular Al
was deposited onto glass slides by using two dif-
ferent techniques: evaporation in an oxygen at-
mosphere' or cosputtering Al and SiO,. The in-
sulating layer I was Al O which was grown by
exposing the granular Al to laboratory air for
several minutes. The film M, was In, Pb, or the
alloy" Pbo 78io 3 approximately 3000 A thick,
evaporated on top of the insulating layer. The pa-
rameters of the three junctions reported in this
Letter are given in Table I. Here, RJ is the
junction resistance and E~ (0) is the energy gap of
metal M,. at T = O'K. The quantity p, is the nor-
mal resistivity and d is the thickness of the gran-
ular Al film. The length ((,l)' ' (g, is the Pip-
pard coherence length and l is the effective mean
free path") appears in the expression for the tem-
perature-dependent Landau-Ginzburg coherence
length'~ g(T) =0 85(),l).'"e "'(T), where e(T)
= (T-T„)/T„.

The first derivative dI/dV and the second deriv-
ative d'I/dV' of the junction I-V characteristics
were determined by the conventional technique of
superposing a small audio-frequency voltage e on
the dc bias V and measuring the resulting ac cur-

Table I. Properties of junctions.

Junction
RJ
(0) (mV)

c1
(K) 2b i(0)/kB&~i

Po
(10 8 0 cm)

d
(A)

I
II
III

990
14.4
14,7

Pbo 7Bip 3

Pb() )Bio 3
Pb

1.794
1.766
1.280

Sput.
Evap.
Evap.

2.59
2.36
2.12

3.45
3.54
3.47

840
72
38

2460
550
800

120
420
580

0
The Pippard coherence lengths (0 were computed by multiplying the value $0=].6 ppp A for ordinary Al (7'

= 1.18'K) by ratio of the energy gap A~(0) of ordinary Al to that of the granular film. The effective mean free paths
E were calculated from the formula pol =1.6 x10 0 cm [J. L. Olson, Electron Transport in Metals (Interscience
Publishers, Inc. , New York, 1962), p. 84j.
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rent by means of a lock-in detector. The modula-
tion voltage v must be smaller than the width of
any structure to be resolved. At the highest tem-
peratures, this condition could not be fulfilled be-
cause of signal-to-noise limitations. In these
cases, a correction procedure was applied to ac-
count for the distortions in the derivatives. " An-
other source of distortion arises when the series
resistance due to M, is not negligible with re-
spect to RJ. To minimize the high strip resis-
tance of the granular aluminum films, a modifica-
tion of the usual cross-strip junction geometry
was employed (see insert of Fig. 1). The special
feature of this geometry is the Au current con-
tact which was evaporated directly on M, as
close as possible to the tunneling area.

Our primary experimental observation was that
samples of granular Al, which exhibited fluctua-
tion effects in the resistive transitions, displayed
in the same temperature range structure in the
dI/dV and &PI/dV' tunneling characteristics. Qn
the other hand, as p, of the granular Al was de-
creased, the resistive transitions sharpened and
the magnitude of the structure decreased rapidly.
An example of the structure in the d'I/dV' of
junction I is shown in Fig. I by the upper five
curves measured at various temperatures in the
fluctuation regime T & T„. Above T/T„= 1.6,
the d'I/dV' curve was characteristic of a normal-
metal-superconductor tunneling junction. As the
temperature is lowered, structure appears
around the bias voltage V= ~,. This structure be-
comes more pronounced with decreasing tempera-
ture. For T/T„~0.99, the d'I/dV' and dI/dV
curves were characteristic of a superconductor-
superconductor tunnel junction in which the gran-
ular Al had a well-defined energy gap h, (T), and
the values" of b, ,(T) could be fitted by the re-
duced BCS temperature-dependent gap function"
&,(T/T„)/b, ,(0). The values of T„and 2b, ,(0)/
k~T„determined in this manner are given in Ta-
ble I.

The resistive transitions of the Al samples had
the following properties: Al film I exhibited a
transition which was characteristic of fluctua-
tions in the three-dimensional regime' with $ (T)
«d. Al films II and III displayed transitions
characteristic of fluctuations in the two-dimen-
sional regime" with $ (T)» d. The transition

!

temperatures determined from the resistive tran-
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T/TcI = I.050
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sitions agreed with those determined from the
tunneling measurements.

To determine the EDS of the granular Al it is
necessary to invert the measured dI/OV and d'I/
dV' characteristics using the formula for the tun-
neling current":

FIG. 1. The upper five curves are the second deriva-
tives d2I/dV2 for Al-A1~0&-Pbo &Bio 3 junction I at vari-
ous temperatures above T~. The curves are displaced
vertically, and the reduced temperatures, the vertical
scales, and the ac modulation voltage v are indicated.
The bias voltage V=42 {energy gap of M2) is indicated
by the vertical dashed line. The lower four curves are
the normalized electronic density of states of the alumi-
mum v~g) obtained from the expression for the tunnel-
ing current Zq. (2). The reduced temperatures are in-
dicated. In the insert is shown schematically the junc-
tion M&-I-M2 with a Au current contact. All indicated
dimensions are in inches.

I(V, T) =& 'J v, (E,T)v, (E-V. ,T)[f(E-V)-f(E)]dE.
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Here E is the quasiparticle energy and f(E) = [exp(E/k, T) +1] '. The quantity v~ (E, T) is the normal-
ized EDS of metal M, such that v, (E,T) = 1 when M; is normal. The tunneling current may be regard-
ed as being made up of two contributions I(V, T) = Io(V, T)+5I(v, T), where Io is the current in the ab-
sence of fluctuations v, = 1 and 5I is the current due to the perturbation 5v, (E, T) = v, (E, T)-1 in the EDS
of M, . The derivatives of 6I(V, T) with respect to V are

, 2 al(v, r) =z, ', 2f v, (z, r)6v, (z-v, r)[f(z-v)-f(z)] dz. (2)

To compute 5v, (E,T) from Eq. (2) we require the EDS v, (E,T) of M„ the values of It , and. d"6I/dv"
= (d"I/dv") (d"-I,/dV"). The values of R~ were measured at V» (b, , + b,). To determine d"I,(V)/
dV", measurements were made on junctions in which the Al was sufficiently clean so that no fluctua-
tion effects were detectable. For v, (E,T) we chose the BCS density of states" v, (E,T) =E[E'-b,'(T)]
where 6,(T) was determined from the tunneling measurements. The computed EDS for junction I at
four temperatures above T„are given in the lower part of Fig. 1. The EDS v, (E,T) exhibits a depres-
sion 15v, (O, T)l at the Fermi level E = 0 and rises to the normal-state value v, = 1 at the crossover point
E,(T). For E& E,(T), v, (E,T) goes through a maximum and approaches asymptotically the value v, = 1.
We use the crossover point E,(T) and the depression 16v, (O, T)l to characterize the shape of the EDS
curves. In Fig. 2 are plotted the values of the quantities E/b, ,(0) and 15v, (O, T) I for the three junc-
tions.

%e propose that the observed structure in the derivative and corresponding structure in the EDS of
the granular Al for T»

y
arise from fluctuations in the superconducting order parameter. A theoreti-

cal treatment using the microscopic theory is in preparation. " For the purposes of the present Letter
we choose a simple semiphenomenological approach. For the EDS we assume the form"

~,(z) = 1+—,'~,'[E'-I"'(T)] [z'+ I'(T)] -', (3)

in which I'(T)/k is the decay rate of the Cooper-pair density. Equation (3) was derived" for the case
T & T„and the condition

L,'/I'(T) «1. (4)

We apply Eq. (3) to temperatures T & T„by replacing b, ' by the thermodynamic mean-square value of
the gap parameter (lb, (T)l') and setting I'(T)/k equal to the decay rate of zero-wave-number fluctua-
tions":

I"(T) = (8/m)kBT„e(T).

We compute the value of (lb, 'I} using the Landau-Ginzburg free-energy function in the Boltzmann fac-
tor" to weight fluctuations of wave numbers less than" k „=(),l) '~', the maximum wave number al-
lowed in the Landau-Ginzburg theory. In the classical fluctuation regime the quartic term in the Lan-
dau-Ginzburg expansion can be neglected, and one readily obtains

(Ib, '(T) I') = k, T,[ 2mN, )'(T)de(T)] 'in[) (T)/(), f)"'] for d «$(T), (6a)

= k, T,[ 2w'N, $'(T) e(T)] '($ (T)/(), l)'~'-tan '[$ (T)/(), l)'~']) for d» $ (T). (6b)

The form of the EDS function Eq. (3) is similar to that obtained from tunneling measurements. Accord-
ing to Eq. (3), the crossover point E,(T) for which v, (E) = 1 is I'(T), and the value of the depression of
the EDS at the Fermi level is 15v, (0, T) I=-,'(lb. ,'(T)l)/I"'(T). The theoretical curves for I'(T)/b, ,(0) and
15v, (0, T) I given in Figs. 2(a) and 2(b) were computed from Eqs. (3), (5), and (6) using the parameters

given in Table I and the value of the normal" EDS for Al, N, 1 09x10' erg ' cm '. For sample I we
used (lb. ,(T) l ) appropriate to the case of fluctuations in the three-dimensional regime given by Eq. (6b),
while for samples II and III we employed Eq. (6a) for the two-dimensional regime. This choice was
consistent with the character of the observed resistive transitions. As can be seen in Fig. 2, the quan-
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FIG. 2. The reduced crossover point energy E ~/A&(0)
[and the reduced decay rate I'(T)/Ai(0)1 and the depres-
sion 15vi(0, T) I in the EDS at the Fermi energy versus

The points were determined from the tunneling mea-
surements on junctions I, II, and III; the curves were
computed from Eqs. (3), (5), and (6) using the parame-
ters given in Table I.

tities I'(T) and E, coincide only over a limit-
ed range of e(T). For small values of e(T) 0.1,
condition (4) is not met, and we are not able to
identify the crossover point E, with I'(T). For
large values of e, the values of E, appear to sat-
urate, whereas I'(T) increases linearly with e(T).
The source of this discrepancy is not known. The
calculated values of 15v, (O, T)l for samples I and
ll (M, was Pb, ,Bi, ,) are about a factor of 2 larg-
er than the experimental values, and for sample
III (M, was Pb) this factor is about one order of
magnitude. Some of this discrepancy is believed
to be due to the assumption of the BCS function
for the EDS of M, . The actual EDS's of Pb and
Pbp 7Blp 3 contain strong coupling effects and, in
the case of Pb, there is the further complication
of multiple gaps. ' Overall, the qualitative agree-
ment between theory and experiment indicates
that fluctuations account for the observed struc-
ture in the tunneling characteristics.
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