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ABSTRACT
ORDER PARAMETER FLUCTUATIONS
. COLLECTIVE MODES IN SUPERCONDUCTORS

Measurements of the frequency and wate vector
dependence of the pair-field susceptibility and the
dynamical - structure factor of homogeneous,?short mean
free pathgaluminum films. have been carriedfout. These
measurements critically probe the dynamical nature of ..
order parameter fluctuations in the vicinity of the
superconducting phase transition. |

The palr field susceptlblllty of an alumlnum film
is obtalned by using a thin film tunnellng Junctlon 1n N
" which alumlnum is one electrode, and lead the other. At
temperatures near T of aluminum, aniexcesS‘current which

is a consequence of fluctuation induced'pair tunneling

is observed in the dc current-voltage characterlstlc of

the Junctlon. This current is a dlrect measure of the

imaginary ?art of the pair-field susceptlbrllty of the
aluminum}film, where the frequency and wate vector depen-

dence of the.susceptibility respectively, are determined

by the dc voltage and magnetic fleld applied to the Junc- |
tion. The order parameter structure factor, related to ‘
the imaglnary part of the susceptlblllty by the fluc-

tuation—dissipation theorem, is determined by dividing

 the excessfcurrent by the voltage.



» Two ‘important results are found ‘The‘first-is

that at temperatures higher than the tran51t10n tem-
perature.of_the aluminum fllm, the fluctuations of the
‘order parameter can be described by a diffusive time-
dependent generalization of the GinzburéehandauAequationm‘
. Detailedtcomparison of the data to the results of theo-
reticaiicalculations of Scalapino, and Shenoy and Lee
are carried out. Except in the immediate vicinity of
the trans1tion, there is»excellent agreement with the
theorles, "and where deviations occur, the&finuolVe’
values,of‘coefficients which are only imprecisely known
for the Junctlons.' A magor dlscrepancy between theory
and experiment does ex1st in. the v101n1ty ‘of the super-
conductlng trans1t10n, in that the pa1r relaxation fre-;
quency falls well below the theoretical predictlons
Poss1ble explanations of this behavior are discussed
Below ‘the transition temperature- measurements of
the structure factor (Fourier transform of the ‘order
parameter order parameter correlation function) provide
the first clear cut demonstratlon of the eXistence of"
a propagatlng, low frequency, order parameter collective
- mode which appears as a finite frequency:peak in the
structurelfactor.v This mode has been identified with :
fluctuations in the phase of the order parameter and has
a lineartdispersion relation over the range in which it
isiobseryed. The propagation velocity is less than

either the Fermi velocity in aluminum or the velocity

ii




of Sw1hart modes in the Junctlon. The velocity is

also found to be temperature dependent only over a
relatlvely'narrow region of TasTc, with a saturation
value greater than the sound velocity inxaluminum.

The modehis‘alsodhighly damped in the range in which

it is obeerved. Theoretical calculationsiare somewhat
controversial and are currently in a state of flux.

A detailed comparison to some of the theoretical explan-
-ations is-made, with‘the conclusion that at this time,
ex1st1ng theorles do not adequately explaln the behav1or
of the mode over the range of temperature and magnetlc

field 1n whlch it is observed.
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I. INTRODUCTION

The belief that physical effects of fluctuations
- of the order parameter in superconductors- above T
would not be observed over a broad enough range of
temperature to be studied in the laboratory was held
for a long time.l It was a consequence'of two factorSsi
a lack ‘of understanding of the possible order parameter )
fluctuatlons w1th1n the Landau theory, and an erroneousc
1dentiflcatlon of the condition for the breakdown of
the Landau theory and the onset of critical behavior
as the conditlon for fluctuations to be observable.
The fluctuation effects discussed in this dlssertationj
are outside the critical reglonz.except posslbly for
some anomalous behavior in the immedfate vicinity of T,.
| The 1nvest1gat10ns were directed at the study of
the dynamics of order parameter fluctuations in super-‘
conductors near the transition temperature. These-
1nvest1gations were carried out by measuring the gener-
alized susceptlbllity both above and below the transition
temperature Determination of the frequency and wave
number dependence of the generalized susceptibility is
the most critical probe of fluctuatlons of the order
parameter.< In most other. phase transitions, the gener-
alized susceptibility measures the response of the order
parameterito an applied field which couples to it. For

ekample; in a ferromagnetic transition thedresponse of




the magnetization to the applied magnetie field deter-
mines the.magneticlsusceptibility X. Ih superfbnduc-
tors, the[analogous charaeteristic susceptibility also
involvee“eoupling to an order parameter;;in this case
the pair;field A\, a quantity which is off-diagonal in
the.number representation. For this reaeon there 1is
no clas31cal field thermodynamically conJugate to the
palr fleld and consequently a direct determlnatlon of
the susceptlblllty had been thought to be impossible. 3

4,5 and experlmental 6-11

However,-recent theoretlcal
work has ‘shown that the generalized susceptlblllty can
be measured by a simple dc tunneling experlment in which
the susceptlbllrty is proportional to ah_excess current,
due to ﬁair tunneling, in the I-V charaeteristic of a
.thin- fllm Jjunction consisting of the superconductor of
1nterest near its transition temperature and a second
superconductor well below its trans1t10n temperature
The coupllng to the order parameter of the film near
its trans;tlon temperature is provided by the non-zero“
pair-fieid,amplitude of the superconductihg eiectrode.-
A ldcel diffusive time-dependent geheralization
of the. Glnzburg -Landau equation is belleved to provide
an essentlally correct descrlptlon of order parameter -

fluctuations in a superconductor above its transition

temperature' Extensive measurements of the precurs1ve

12 13

electrlcal conductivity, dlamagnetlc susceptlblllty,
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and density of stateslu have been carried out. However,
since these quantities involve complicated convolutions
of the generalized susceptibility, the eXperiments can--
not be used as a critical test of the theory.

The first part of the experimental work described
here was. a. continuation of the measurements of the pair-
field susceptibility of Anderson and Goldman6 and was
initiated-in an effort to understand some of the dis-
crepancies between their results and theory. They
found the lifetime of fluctuations above T to be
apprOXimately 30% smaller than predicted by theory and
the magnetic field dependence of the excess current to
be inconSistent with theory. 1In the experiments described
here, extensive measurements on the excess current-
voltagezcharacteristics of Al—AlZOBPb tunneling Junctions
were madelto determine the pair-field susceptibility
of aluminum}above its transition temperature. Aluminum
was chbsen for this investigation because cf its low
transition temperature relative to that ofilead and the
ease with -which films of a known character could be made.
Measurements could then be carried out.at temperatures
sufficiently below the transition temperature of lead
that the single-particle tunneling current was not the
dominant‘contribution to the total tunneling current.
This made an accurate determination of the excess current
due to:pair tunneling possible. The situation in the

tin-lead junctions is much less favorable because the




4
transition temperature of tin is much closer to that of
lead,.reSulting‘in a substantially 1arger single parti=
cle tunneling current at the temperature required for the
measurements Except for a region in the’immediate
v101n1ty of the trans1t10n temperature, and in the high
magnetlc fleld limit, results for the generallzed sus-
ceptlblllty were found to be in excellent quantltatlve
agreementrmith the theory. Results in nigh magnetic
fieids-are‘in.qualitative agreement with an extension of
the theory given by Shenoy and Lee.15~ |

The second part of the dissertation.COntains a
descrlptlon of the first measurements of the pair-
field susceptlblllty of a superconductor below its
transition temperature. Using the asymmetrical'Joseph—
son junctipn geometry described above in,an'applied
magnetic field large enough to quench thefdc Josephsen
~effect, a contrlbutlon to the excess current -voltage
characterlstlc was observed to develop in a continuous
mannher from the generallzed susceptlblllty above Tc’ as
the temﬁerature was reduced below Tc; This excess
tunneling current is also a measure of thefsusceptibility
of the low transition temperature electrode of the junc-
tion. Extensive measurements and analysis of the data
have demenstrated the existence of a propagating order
parameter collective mode with a linear‘dispersion rela-
tion in addition to the nonpropagating diffusive mode

which is also present above TC. The modelpropagates




only in the immediate vicinity'o_f,Tc becoming highly
damped when T} - T>30 mK. The propagating mode has
been jdentified with fluctuations of the: phase of the
order parameter and the d1ffus1ve mode w1th fluctuations

17,18 Above . the superconductlng tran31-

of the amplitude.
tion temperature, no such distinction can be made.

The ex1stence of a propagating mode is 1ncons1stent
with a-deecrlptlon of the dynamics of order.parameter
fluctuations by a diffusive time—dependemt.generalizationAJ
of the Glnzburg -Landau equation. 16 The generallzed sus-
ceptlblllty calculated from the Gor' kov Ellashberg 19
theory:of a~gapless neutral superconductor is qualita- -
tively é’ifnilar to that found experimentally in that it
contalns a ‘collective mode which has a phonon like .
dlspers1on relation below T Other calculatlons21 )22 o
have been carried out which predict collectlve modes
which 1n some limits are qualitatively s1m11ar to the
data. However, no theory adequately descrlbes the
behav1or of the susceptibility over the full range of
temperature and magnetlc field over Wthh it has been
studled." » ‘

In Chapter Ii we describe the theoretical ideas
on whichpthis experimental work is based.' There an
outline of the calculation of the pair-field suscepti-
blllty above the transition temperature is given, along

with a dlscuss1on of related experlmental and theoreti-

cal work which has been carried out by other authors.



Experimental techniqués are discussed in Chapter III.

Chéptef:IV,cbntains the data and analysis,V:The dis-
cussion Qf theoretical calculations of.thé.susceptibility '
below ?é?is also given after the daté in the fégime hasi
been pfesented;A'Conclusions and suggestions for further .

experimental and theoretical work are given in Chaptef V.




IT. THEORY

This'chapter contains a description:of the theor-
etical iceas on which the pair Susceptibility measure-
ments ane.based. In order to introduce the general
concepts which are important in any discussion~of phase
transitions, the first section contains s;brief discussion
of'tnefLandau theory. In the next section_we‘snow how
the dclcurrent—voltage characteristic df an asymmetrical‘
Josephson junction consisting of two supcrconductors with
differént(transition temperatures can belused to deter-
mine thc.ffequency and wave humber depcndént'pair-field
susceptibility of the low transition température super-
conductot}' This discussion is equivalent’to the original
work of‘écalapino. An explicit calculation of the sus-
ceptibility within the context of a diffusive time-
dependent_Ginzburg-Landau theory for T>>Téjis given.

The following section contains a description‘of the
theory ofpShenoy.and Lee which is an exténSion of the
theory oflscalapino to the regime of high magnetic
fields,'pA_brief discussion of other pertinent experi-
mentaléand theoretical work concludes thislchapter. The
discussion of theoretical calculations ofAthe suscepti-
bility for T<T, is deferred until after the data in

that tempcrature range has been presented.

A. PHASE TRANSITIONS
Tnefstudy of phase transitions is~one of the most

interesting and difficuylt problems in physics. A
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system undergoing a phase transition changes drastically
when external conditions are modified only slightly. 1In
liquid Heu, there is a drastic change in the transport
properties‘at the lambda point; in a supenconductor
the conductivity becomes infinite at the tfansition
temperature and in a ferromagnet a spontaneous magneti-
zatlon develops below the Curie point.
The change in phase of a system usually 1nvolves

a symmetry breaking. The specific symmetrles which are
broken are clearly viewed in the cases of. crystals
(translations), ferromagnets (spin rotations), and
antiferromagnets (spin rotations and translations).
The symmetfy breaking is more subtle in the.three .
superfiuid transitions: superfluid HeB{ superfluid Heu,
and superconducting metals where the broken symmetry is
the disappearance of gauge invariance in‘tne ordered
state.

‘ To.cnaracterize the symmetry breaking at a phase

transition, Landau22

introduced the concept of an order
parametef{which is defined in such a way that in the less
symmetrical (low temperature) phase, the order parameter
is nonzero, whereas in the symmetrical (high temperature)
phase it is zero. In a second order phase transition,
the order~parameter goes to zero continuously as the
temperature approaches the critical temperature. In a
first ofder transition there is a discontinuous jump in

the order parameter to zero at the critical temperature.



Examples of order parameters are the spopﬁaneous mag-
netizati&n:pf»ferromagnets, the density difference
between thé liquid and gaseous phases in the condensa-b
tion of gasses, and the'compiex order pafameters of
superfluidé.

| In the Landau theory22 of second order phase transi;'
tions,ithe Helmholtz free energy density-hear T, is ex-
panded.aé7a sum of powers and gradients of the order

A parametef}‘ In particular for a superconductor, the

free energy is -
SRR VAR o || 2

where fN is the energy density in the normal state and
: K is the Vector potentlal. This theory is valid both
above and below T The order parameter'qf, of the
phenomenologlcal theory is related in a 31mple way to

the pa;r.potentlallk(r,t) of the microscopic theory: 23

F,t) = (“%%}e)% Alr,t). (2)

Here N(O) is the single spin density of states calcu-

lated at the fermi energy and € = (T-T, )/T Using

the mlcroscoplc theory of superconduct1v1ty Gor' kov23
determi_ned' the coefficients o (T) and ,8 to be
(1) = oo € and [ = oc,/(N(0) (3.2 kg )%). ()

The limiting forms for the consfant_cxoare3
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24 7 2(ky1,) 2 |
T Tm L) Vg2 1> £ ()
and ' | |
a2 1k, |
@eT Tqrm Vel 1 < é},

The quantity 1 is the conduction'electron‘mean free
path and  f“ is the coherence length of thé BCS theory.
The condltlonjl }>§ corresponds to the long mean free
path or "clean" 11m1t and l'<<§: corresponds to the
short mean free path or "dirty" limit. The Glnzburg—

" Landau equatlons16 24 can be obtained by mlnlmlzlng

the free;energy with respect to the order@parameter

and the vector potentlal

O(W"'IB IM?. \If+_ (-if v_ 2eA 2 w(r 't) =0 (5) |

and

-l

R W STV - Y w?i- (6)

Neglectlng fluctuations and the gradient term, the

equilibrium value of the order parameter becomes

"k

il
o

T>T,
and |

Kb

At finite temperatures, fluctuations of the order

/23  2<LT,

parameter about its equilibrium value can occur because
of the thermal fluctuations in the system. The thermal
averagéﬁaf the order parameter <:Uf(?,t):> is the same

as the average value without-fluctuations, however the
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mean squafe fluctuation, given by

<181lf|2> < (Y (r,1))? - <Y, t)> >,

is not ZEero. ‘ .
The correlation lengﬂqf(T) represents the natural
length.fdr variations in Y (r,t). For a superconduc-’

tor, § .(';.‘) can be related to o (T) by '
Lf'(T) = 1%/(2m o (1)) : (7)

Combiniﬁg;Eq. (3), (4), and (7) the limiting values for

the'température,dependent correlation length are,
§(T) € €] -% 16
f(‘l‘) .85 (fol) ,6] -3 1 <<§o (8)

- E fe]

‘where§(0) is taken in the appropriate limit. The BCS

1

and -

njR

or

it

coherence length é; is given by
o = 2nve/(3.5 TigT) .

Above ché:(T) is a measure of the size of the regions
in whichAsuperconductivity is nucleating prematurely as
a'conseqqéhce of'fluctuations.

THe'Ginzburg-Landau equations are gonéerned with
the thermal equilibrium situation only. Thé extension
of thesereéuations to describe time- dependeht nonequili-

16

brium 31tuat10ns is still a controversial subJect

The ex1st1ng time-dependent generallzatlons are valid
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only in very special circumstances. Above TC a diffu-

sive equation for the order parameter can be derived

25,26

from the microscopic theory. In this equation

the relaxation of the order parameter to its equili-
brium value is determined by the functional derivative

of the Ginzburg-Landau free energy, B

where leglthe electrochemical potential.  This relation

‘defines a-:relaxation frequency which from the micro-

scopic fheqry is

_g BB T ( T-T, ) o | (10)-
c
r; is cdlled the pair relaxation frequency and l/ré is

a measure of the fluctuation lifetimeAab0ve the transi-
tion temperature.

Beléw T, the existence of the gap in the excitation
spectrum makes it difficult to derive a microscopic
equatiohpféf the order parameter. It iS'béyond the
scope ofﬂfhis dissertation to discuss critically the
derivétioh of a time-dependent Ginzburg;Landau equation
in this fegime. In'Chapter IV, we will discuss two of
the timé-dépendent equations which havé‘béén directly
applied tb these experiments. |

To CQpclude this section, we‘define some of the
impoftdﬁtéuantitiesinvolved in the study of phase

transitions. In most second order phase transitions,
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it is pdssible to couple to the order parameter with an
external fleld The response of the order‘paramefer.

to this. fleld determines the response functlon. The
responselfunctlon of a system in whlch a field couples -

lineariyffo the order parameter is given by
: (ll)

R(f- ' t-tt) = 1/n<[qf(r't)w(rt)]>9(t

where[ _] denotes the two- time commutator and Q(X) = O (l)
for x negative (positive). The space and ‘time Fourier
transform of R(F-F', t-t') is |
Y (w;q) = lim 'jd(t-t') R(i«-i«",j’;t'--t') (12)
S €->0" -
;“-:ex"p (-iq-(‘f-‘f")—i'w(t-t') ) exe( -€ (t—t')) ,

which is the generalized susceptibility. The latter is
relatedite_the trahsform of the correlation function,
called ﬁhe.dynamical order parameter structure factor

S(w,q) through the fluctuation-dissipation theorem:

S(w,q) = 2n (l -exp ( ) -1 IAval(w,q), (13)
where “
4 (14)
S(w »a) =fdrdte i (q-%- wt)(lp‘(r t) \[/(o 0)> .

Here Im)((u),q) is the imaginary part of the generalized
susceptibility. In the low frequency limit ﬁcogngT

the fluctuation-dissipation theorem becomes

S(w,a) = 2kT) In X (w,a) /gy (15)
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The quantity S(w,q) is directly measured in inelastic
scattering experiments provided the probe‘particles
(photon, neutron, etc.) couple linearly to the order
parameter._ The advantage of studying the structure
factor is that it provides more direct information

than the susceptibility about propagating modes of the
system that may be coupled to the experimental probe.
Propagating modes appear as peaks at finite frequency

in the plot of S(w,q) at fixed q, versus Q) The width
of the peak igs a measure of the inverse of the lifetime.
Thus the most critical way to probe the dynamical nature.
of a phase transition is to measure the:structure factor.
In the'neXt section we show how S(cutq)-can be measured:

for a superconductor.

'B. CALCULATION OF EXCESS CURRENT

In this section we determine the relationship of
the fluctuation induced tunneling current in a Josephson
junction, in which the electrodes have different transi-
tion temperatures, t6 the pair-field susceptibility of
the low transition temperature electrode. We follow \
the phenomenological approach introduced by Ferrell |
and extended by Scalapino.5 Detailed microscopic cal-.
culations'of the fluctuation induced pair current above
T are:giuen by Shenoy and Lee15 and by Takayama.27
A third method of obtaining the deSired relationship

between the excess current and susceptibility is a

phenomenological derivation given in Refs. 7 and 8
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where the:time rate.of change of the internal energy
due to thefeoupling of the two electrodes'of the Jjunc-
tion is'reiated to the power dissipated in the pair
: tunnellng channel These calculationsAWere carried out
for T;>T however, as we will show, they are ea81ly
extended to the case of T<:T

Slnce the superconductor order parameter is off
dlagonal 1n the number representatlon, 1t was belleved j
that the generallzed susceptibility could not be mea-
sured heeause no classical field could~couple to it.
However',”FerrellLF suggested the use of a tunnellng junc-
tion as a probe of the pair fleld susceptlblllty In
the geometry he suggested, the junction 1s operated
at temperatures at which one electrode -was well below
its superconductlng transition temperature and the other,
the metal of interest, was above its transition temper-
ature.'“The order parameter in the highﬂtransition
temperature superoonductor provides the off diagonal
coupling'to the fluctuating order parameterg The fluc- .
tuatiohsIOf the order parameter in the;metal of interest
give rise to instantaneous Josephson currents which
resultfih an excess conductivity.

5

In subsequent theoretical work Scalaplno showed
that the dc I-v characterlstlc of such a tunnellng
Junctlon 1s related to the imaginary part of the gen-
erallzed susceptlblllty and thus provides direct 1nfor-

matlonvon the dynamics of order parameter fluctuations
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in the loW transition temperature electrode. Because
of theisimultaneoué presence of the usual quasiparticle
tunnelihg!burrent,'the fluctuation induced pair tunnel-
ing curfeﬁt is called an ekcesé current. |
The;geometry of a junction is showﬁ iﬁ Fig.(l).
The priﬁeg,refer to the higher transitiqn fémperature
éupercéhéuétor. Side 1 is the supercpnduétbr of inter-
est wifﬁlfransition temperature Tc' ancé T$=Tc the
pénetréfidh depth A (T) is large and a field applied
in the y‘direction completely penetratesﬁthe film of
thickness d. Side 2 is a superconductof.Wéll below
its trahéifion temperature with.pehetrafigh'depth A
The ordef_paraméter of side 2 has a well,défined aver;
age value1With negligible flubtuations.;‘fhe effective

5

coupling‘Hamiltonian'used by Scalapino to describe
thé coubliﬁg between the two electrodes foliows from
the'uSual.iow temperature Josephson coupiing energy28
with the assumption that the order parameter of the
fluctuatihg side is much smaller than that of the high'
transition temperature superconductor. The céupling
energy7ihv61ves the phase difference ¢)-d§' across

the barrier, a function of both the magnetic field

and the dc voltage applied tb'the-junction, A field ﬁ,
in the y airection produces a gradient in.fhe phase
difference in the z direction along the junction given

by

Tic

%%—.cb) =2 g\ 2, a8
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Fig. (1) ® Tunneling junction geometry used to determine
' - the pair-field susceptibility of superconduc-
tor 1. & is the thickness of the insulating
layer exaggerated for clarity. Magnetic fields
" ..are applied in the y direction. .
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while-a~dc voltage V, applied to the junction produces

time variation of the phase difference of the form
2D-d ) _  2ev ) o (17)
ot - i ‘ e

' USihg the above two equations to describe the
space tlme oscillations of the phase difference across
the Junctlon, the effective coupling Hamlltonlan flrst

introduced by Scalaplno5 becomes
} .

"HI = l%L e_i“)t v(‘dfeiqZZX (f,t)j+ h.c., (18)
| ‘ .

with the frequency and wave vector set by

w=2T and q=FH N+ Y2). (19)
The couplihg constant C is
b1y

Te

it (20)

5;=~3§ (RNA)'l in e

e

where RN'is fhe normal staté tunneling'reSistance in
ohms ah&.A is the area of the junction{- The operator
Z&(r,t) is the order parameter of side{l,'and may be
defined in terms of electron field operators as

A = g qu (r’t)% (I‘,'t) ’
where g is the strength of the BCS pairing interaction.
The intégration in Eq. (18) extends over the volume of

the fluctuating film.




If the thickness of the high transition tempera-

ture film is comparable to the penetration -depth N,

the wave~f§ctor q (Eq. (19)) must be modified 0127
a= 22u (%2 + ) tan Y2\, (21)

tic

For the films used in this work'Eq. (21):represents
a émall'cofrection to the wave vector andldan'be
ignored.jf?

- Tﬁéjﬁéir transfer current induced by the inter-

action Hamiltonian is given by -
o he o= ith’ _ iqz_ A =
<lex>= Tmg ImCe™ dre~ "< A (F,t)>. (22)

The thermél average in the right of Eq (22) is with

respect. to the statistical operator P, where
o /o=e—/8H/Tr (e_BH).

Herel?;ﬁ?kBT and H = H + Hp where H_ -is the Hamiltonian

for the nbninteracting system.

30

Using'the standard linear response .theory to

calculatle < A (r,t)>gives
<A(f’t)> _ <A(f‘,t) >0 + fdt' fdrelwt' eiqz.

< [A(m), A’(f!._,‘t->}>o, (23)

~ where g:'.;>o denotes a thermal average usihg a statis-
tical operator containing only the noninteracting

Hamiltonian of the fluctuating film.
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For‘T)>Té the first term on the right hand side of
N _ _ .
Eq. (23),<:[§(r,t):>o, is zero. The excess current is

C I (nHL = telo|® In X (w,a), (24)

dsi

where )((co q) is the pair-field susceptlblllty which
from Eq. (12) is the Fourier transform of the response

| functidn;for the pair potential

R(F,) = "1/n < [A(f,t), Aﬂo,o)]{>o Gt ). (25)
Here tﬁe:frequency(g and wave vector qlereAset by thel |
dc biasefields according to Eq. (19). Noting that
Im)((Q),q) can be related to the strucfdre'faCtor
through the fluctuation—dissiﬁation theorem, the current
can aleodﬁe written in terms of the dynemical structurer

factor{

_ zelc ] 2aw |
Lex(V/H) = ar_ 7 s{w,a) (26)

Equations;(24) and (26) give the desiredqrelationship
between fhe excess current and the generalized suscep-
‘tlblllty and order parameter structure factor

Below T, the first term on the right of Eq. (23)
is nonzero, in constrast to the case for Tj>TC where
it vanishes, Thus two contributions to the excess
current result. The first term is first order in: the
interaction Hamiltonian, but secend order in the tunnel-
ing matrix element, since € is second order in the tun-

nelingﬁmatrix element. This' term is prdportional to



the iméginary part of the average value of the pair-

field dn:the fluctuating side of the junction and is
recognized as the usual Josephson zero voltage current,B}

I=InC<A (0, 8) D <Al t)>  sin (P-d'),
where qb‘—q)' is the difference between the phases of =
the paifffields of the two sides of the junction.

Théiphysical manifestations of this term are the

usual ac and dc Josephson effects. Joééphson32 showed
that a supercurrent density given by
i=3j, sin (p-¢p"), (27)

could flow across the junction. If a cnemical poten-
tial difference ZXFLéxists across the junction, the

time variation of the phase difference is.given by

_ _284d
h

2(b-d)
Dt

If a uniform magnetic field is applied parallel to the
plane qf the Junction the spacial variation of the phase

difference is given by

2LLeBY) L oze gy w,

and the total maximum zero voltage current as a function

~of H is given by

. SinT% (>\+(>\' +8) HL | ' (28)
IO.(H) = | e (>\+ N _,_SyHL
‘ : hic ‘

Here L is the length of the junction.
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The second contribution to the excess current
is proportional to the imaginary part of the pair-
fleld susceptibility of the electrode below its transi-
tion temperature ThlS component is fourth order in the
tunneling matrix element, and 1s usually obscured by the
dc Josephson effect. However a magnetic field of 10 to
20 Oe is sufficient to completely quench the dec Josephson
current‘(see Eq. (28)), making the second component of
the currént observable. Since f(T), the parameter which
determines the range of coherence of the fluctuating com-
ponent of the order parameter, is always smaller than q l;
the effective wave length of the fluctuating current, the

latter would not be expected to exhlblt:diffraction

effects:analogous to those described by Eq. (28).

©°.C. SUSCEPTIBILITY FOR T>T (H)

The- calculatlon of the explicit dependence of the
pair current on the voltage and magnetic field reduces
to the determination of the pair-field susceptibility
from theory' A microscopic calculation is-given in
Ref. 5. In this section we.outline the calculation
given 1n Refs 7 and 8 based on the Ginzburg—Landau
theory. | :

Two approximations are made in this calculation.
It is assumed that.the thickness of the film'is less
than the temperature dependent coherence length. Then
variations of the order parameter in a direction perpendi-

cular to the plane of the junction can be neglected.
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It is also assumed that the effects of a magnetic field
.can be neglected in the free energy‘and_aﬁpear only in
the phase of the order parameter S

g Us1ng ‘the fluctuat10n—d1ss1pat10n theorem, the
-calculatlon of the susceptibility reduces to determlnlng
the structure factor. Expanding the order parameter

in plane waves

AZA Heer

thermal averages of time 1ndependent quantltles such

as < q{ Ak >can be found by welghtlng ‘the fluctuations

accordlng to the free energy associated with t_hem.33
Quantltles like
<Ak> <OF D s, ‘<A Aw>
vanish-and the only nonvanishing productﬂls
o . (29) .
<ODpo N> 0 Oy T) fBe 2m L1l
KK kk' N(0)e ~ad fTT) k2

The lifetimes of the fluctuations aboye T, can be
obtained from diffusive time-dependent Gihzburg-Landau
equation:(Eq. (9)) which describes the relaxation of
the order parameter in zero field. For a fluctuation
with wavesvector q, the temporal correlation function

decays exponentially

<MM@0) Al > = <|A@n]?>elat (30
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Ty = T, #mZa ) . » (31)
Using Eq (29) and (30) in the fluctuatioh-dissipation

theorem the susceptibility for T>>T becomes '(32)

ImX(Q.‘_{;) = M/n(ore w/T/ ((1 +§(T) qz)2 +

SIE
v

SUbstitmting this intc_Eq. (24)- the fluctustion contri-

bution'tc_the current above T, is

(33)
L v - kealdl? “W/Ts -

Equatiohi(53) is equivalent to the fluctuetion induced
pair current orlglnally obtalned by Scalaplno

An aspect of the calculation of the palr current
omitted 1h'the derivation of Eq. (33) is the role of
thermal‘noise associated with the quasipérticle—tunneling
channeltutWith voltage fluctuations due'tc quasiparticle
noise,'{t is necessary in the above calcmlation of
}f(o),qj to.add an independently fluctuating component
to the'overall phase of the order parameter.in the
normal metai The phase fluctuation is 1mp11ed by
qua51partlcle voltage fluctuations through the Gor' kov—

Josephson”relatlon

Q
<
o
<

Q
ot
=t

where V is the voltage fluctuation. Noise fluctuations
are known to modify the I-V characteristic of symmetric

junctions, at low voltages.ju Since the theoretical



25

calculafion‘is difficult and has not been carried out
in detall for -an asymmetrlcal Junctlon, the full effect
of noise. on the I-V characteristic is not known How-
ever, ;n,thls experinmental 1nvest1gat10n, ‘there is no
evidenéé;that-thermal noise plays a significant role,
31nce the excess current voltage characteristic of
Junctlons w1th high quas1partlcle re51stances did not
differ from the characterlst;cs of Junct1ons with low
qnasipgrtiéle resistances.

Weinnte the experimentally intereéting features
of the~%heory of Scalapino. The quasi-Lorentzian form
nf the éXcess current-voltage characteris#ic predicted
by Eq. (33) is snown in Fig. (2). This éqnation can be
written~inlterms of the values of currenfiand voltage

at the.péék as
‘ v/v

P 1+ (V/v >2

(34)

Awhere this result is applicable in both zero and weak
magnetic. fields. Equation (34) is used‘to:compare the
ekperiméntal form of fhe excess current~f0 theoretical
predictions. In zero field, the peak voitage is directly

related to the pair relaxation frequency by the relation

np, Mg 4
Vp = % = Tre (T - Tc) - (35)

A graph ofAVp versus T is a direct measure of the temp-
erature dependence of the relaxation frequency and

should;bé.é straight line with intercepf-at Tc and
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Fig. (2)- ' Theoretical dependencé of excess current on _
voltage predicted by Eq. (34) in terms of peak
' " .voltage and current. L
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slope dépendent only on fundamental constants. The

current at the peak is given. by

I= 2el l Cl ( T ) (36)

D dN(0)
The inVefsé peék current plotted as a function of temp-
eratureAShould also be linear with intercept at the
transitibn'temperature.' One further interesting quantity.
in zero field is

dloy

T = —— ] y-0

the static'conductivity‘at the origin,.given by

‘4eA ‘5[ 2
o (0) = —3w)e

(37)

o'—JII—‘

A plotlof kcy(o))-% versus T should alsd'Be linear
with iﬁteréept at T,. } '

.Thezeffect of a magnetic field is jo'shift the
peak tofé higher voltage for a given temperature and
at the same time tolshift the transition"%emperature of
the fluétugting film downward without chénging the quasi-
Lorentzian shape of the excess current—vditage character—
istic.  The shift in T, was not included in.the theory
of Scalapino, however will be discussed in the next
sectioﬁ;‘_The plot of V  versus T is still linear with

-1

the slope given from Eq. (35). Both Vp arid'Ip are

linear functions of H2, given by
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. r | )
T e T 25 L rat £° |
| y (38)
r-l_ __dN(O)E (1 -+ q° EZ(T)') '

P Zen |2

 D. THE CALCULATION OF SHENOY AND LEE

TheAreSult of Scaiapino's calculation, Eq. (33)
shows that with the appllcatlon of a dc voltage VvV, and
- a magnetlc field H parallel to the Junctlon only fluc-
tuationsfof frequency W = 2eV/A and wave;vector
q = 2e/(he) ( k.' +d/2)H contribute to the tunneling
currentf These results are a consequence of .the form
of the 1nteract10n Hamiltonian used by Scalaplno, but
which has not been justified explicitly u31ng micro-
scopic thepry. In addition, possible variations of the
order parameter across the film thlckness and the reduc-':
tion of the trans1t10n temperature of the film due to
the parallel magnetic field are not taken into account.

Shenoy and Lee have presented the details of a mlcre-
scopic calculatlon in which they show explicitly that
only fluctuations of wave vector g =‘2e/(he)H (A" + /2)
are picked ont hy the magnetic field. Furthermore they
treat the effect of the magnetic field on the transition

¥*
temperature of the fluctuating film. Thelr results are

A The parallel magnetic field acts w1th opposite
signs on the two members of a Cooper pair promoting pair
breaking. ' The effects of the pair breaking are to lower
Tc and to shift the temperature dependence of the relaxa-
tion frequency. The first effect is treated by Shenoy
and Lee, while the second is neglected. The effect of
depairing-is discussed in Section IV-E.
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also not restricted to the cases of films thinner than
the coherence length and-weak magnetic fields. They |
find asimight be expected, that for high fiélds, non-
uniformyfluctuations of the order parameter across the
C film afgfimportant. A brief outline of their éalcula-{
tion follows |

The 81ngle partlcle tunneling Hamlltonlan is given
by. i | SR ©(39)

HT.:____vfd'f‘d'f" M (r r)lef - (r)\}fo_L (r') + H.C.,

where UICYR ('¢fCTL) refers to an electron field on the
right- hand (left- hand) side of ‘the Junctlon, and M (r,r')
is the: tunnellng matrix element. ‘The tgnnellng~current‘.

is then calculated from the equation of motion

?_I = -eNp = ie [HT’ NLJ . ‘._' (UQ)
- Its average value is-

I - zetn [ abat eIy @) W F>)

A nonlinear response theory is then-usedAté determine the
fluctuation-induced Josephéon current which is fourth-
order initﬁe tunneling Hamiltonian. The current is then
writteﬁ‘ihiterms of the Fourier transform with respect

to time of the correlation function§

- | (42)
1,r2.t> i < [Ar,vy A(r,0)]>0 (1),

A T(r

In the presence of a magnetic field;'T(rl,rz,Q))

is expandéd in terms of the solutions to the linearized
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time-dependent Ginzburg-Landau equation for an iso-
lated'film.in a parallel field, a.procedure‘more gen-
eral thénfthe earlier method of expandihg the correla-
tion»fune%ion in plane waves.

The.GinzburgéLéndau equation near Té is

; 2 | . : .
€, +§-2<0)fﬂT +€p (S B At = o,

? 2eh 2 o
where qu ( + Zxo-)7. For an isolated film of
thlckness d, with x ax1s perpendlcular to the film
plane, - the condltlon that there be no supercurrent
leaving the film gives the boundary condlﬁ;on
24
00X

1+
V] feN)

vz, t) =0 (44)

With the magnetic field in the z direction the order

parameter can be written in terms of the functions

Uf () = elkz Jiay fy (2b)2 (x - xo) (45)
Vkq )
which are'eigenfunctions of the operator35
(46)

g (0) Fﬂ" kaq (%) —(5 k2 4 (2y+ 1) bg Z)Wz/kq(f)

satlsfylng the boundary condition given in Eq (4b).

The bar denotes a length measured in unlts of d4/2.

The dlmens1onless field variable is given by

b:.= ge—nH— 472 ) , | - (47)
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and the.ceptering position x, of the functions fb’(t)
is proportional to the wavejnumber q, and 1is given by

- d
X, = 4 /2b.

Theifunction fb,(t) is a linear éombihation of
the Weber functions D, (t), D, (-t):
(-).

f (t) =D, (}) + & , D

1% "4

The eiéeﬁ?aer V is not an integer but is a function
of b.and1q determined by the boundary condition that
fL/(t) should have zero slope at the film surfaces. This

can be written as

(48)

K% ol (&) /ol (-5))- D(Vl)(;f“-:) y Dl(/l)(_%‘_‘:)

(1)

and D (t) is the derivative

: —é— + : -
where %, .= (2b)® (-1 - xo)

of'the.WeBer function with respect to the whole argument.

The correlation function is then written as

T( rl,rZ,"w) = 21/ kq T(/kq %kq(fl) WL/qu (rz) (49)

This expansion was first used by Tan:3§ However with
the film 1Ying between x = d/2, he chose the boundary

conditions
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with}i = T@éi , where T is the tfanmisSion coefficient
of thelberrier The boundary condition inmolving T
would seem appropriate to the surface of the film adJa—
cent to-the oxide layer of the Junctlon.’ However Shenoy
and Leéihave argued that since the effeet itself is the
result of a perturbation calculation in the tunneling
matrlx element the appropriate boundary condltlons are
those.of:an isolated film. It is 1ncons;stent to use
the bomndaryvconditions of Tan in that’thej:are eQuiva-
lent tofmixing in a higher order in the tunneling
Hamiltonian. o

U31ng the expansion for the correlatlon functlon ;

in terms of Weber'functlons, the current . through the

junction becomes o - (50)
o S 2eive -1
. 2 - 2 0
I = 2eIm |C° E € +(2y + 1)b - —
eXJm_. 0 [-o | f rb. y
. Vv '

with cs'

2 TN(0) 2y Pg dCy 5%,_) M, 2

where flls the volume of the superconductlng side and

Cl(x) = Z r}f+ 1 [(n + ;) + x2]
.n>0

The sum overl/ls over the ground state and the excited
state solutlons. 2V + 1 must be determ;ned by solving
the boundary condltlon, Eq. (44).

For weak fields only the lowest elgenvalue in the
sum over..ls important. The current peaksAat a voltage

given by .




, n | N
v = 2610[ 1+ (22 $EN? + (5 +<‘>\f +8)% £1m
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P (51)

- 822 (HY g2m) (9P s —é % N +B)

The firetjperm on the right is the expreSSion for the

relaxafien frequency in zero field. The first field
dependenp term is'the'familiar Ginzburg—Landau lowering‘
of theifnaneition temperature of a film infa parallel
magnetic-field. The second field:dependent,term is just
the field:dépendent term obtained by séaiapiho. The
hlgher order terms correspond to increasing spatlal
varlatlon of the order parameter across ‘the film, leadlng
to. dev1at10ns from the simple linear dependence of Vp
on H2 given by the first two fleld-dependent terms.
The'quadratiC'dependence of Vp and H2>is then due
to both the supres31on of T by the fleld and the picking
out of fluctuatlons of a partlcular wave-vector
q = [ze/ﬁq] (' + d/2)H. The departure from the linear
dependeneetof Vp on H2 at high fields'ie,due only to the
selection. of fluctuations of a particular'wave—vector.
For thigk (d > £(T)), "dirty" films in high magnetic
fields, the,excited states of Eq. (SO)'sheuid contribute
to the cnrrent The current will be a snm of quasi-
Lorentzlans and the excited states will appear as peaks

in the I V characterlstlc




34

E. QTHER RELATED THEORETICAL AND EXPERIMENTAL WORK

“We{conclude this chapter with atbrief'discussion
. of;othertpertinent theoretical and experimental work
,relating'tb the fluctuating conductivit&‘problem in
an asymmetrical junction above T,

Earljlstudies of fluctuation conductiVity, magnetic
susceptlblllty and quasiparticle tunnellng involve
complex convolutlons of the susceptlblllty. They can
prov1de only indirect information about the pair—field
susceptibility and thus will not be compared to this
work . - | |

As dlscussed earller, FerrellLP was actually the
first worker to suggest that there mlght be a connectlon
] between fluctuatlon induced pair tunnellng and the
generaliaed susceptibility. He showed that the frequency
dependent'conductivity could be used to determine)((a))
and that, in principle, the pair relaxaticn frequency
could be determined from these measuremente.

After Scalapino's calculation of the relationship‘
of thezdc I-V characteristic to thelpair—field suscep-

27

tibility, Takayama carried out microecopic calculations
of the fluctuation induced current and foﬁnd agreement
with the freqnency dependence of J (0) obtained by
Ferrell. In his calculation of the I-V characteristic,
he included the effect of the magnetic field on the
transiticn temperature of the fluctuating film, however -

neglected the field dependence of the phase of the

order parameter (1 e. he let q = 0).
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The calculation of the pair tunneling current
. of Scalapino, and Shenoy and Lee were carrled out
_ ssuming SPecular transmission of electrons through
the barrier, Takayama27 also calculated the fluctuation
induced, tunnellng current for the case of diffuse
transm1ss1on and found qualitatively different behavior
of the excess current. For zero magnetic field the
expreseion for the peak voltage given by Takayama is

f_ vy = (—ZT%O—%—)‘l (€ (1 + 52‘:(0) kj) y, (52)
where k <is a cut off wave vector which.is expected
to be on the order of (§(T) l)2 whenl<<§ and f
when].>>~§ Since the films used in thls ‘work have
mean free paths of the order of 20 R and zero tempera-
ture coherence lengths of 500 3 the difference between
diffuse and specular transmiss1on should be eas1ly
recognizable

A calculation of the effect of pair breaking
mechanisms37 (parallel magnetic field, paramegnetic
impurities, etc.) on the pair-fleld'susceptlbllity
of a superconductor above T has been carried out by
Schmidt and co-workers. 17, 38 39 They found that in
addition to the usual shift in %he trans1tion tempera-
ture of a superconducting film characterized by a depair-
ing parameter P, that: 1. the apparent~lifetimes of

fluctuations l/T; are increased, 2. the apparent range
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of coherence of fluctuatlons is enhanced and 3. the
quasi- Lorentzlan shape of the pair- fleld susceptlblllty
is the’ same as in the absence of a palr breaking mechan-

ism. The~slope of de/dT,‘belng a measure:of r;, thus

provides a direct measure of the pair breaking strength.

The explicit form of the susceptibility_and-a discussion -

of depair;ng mecnanisms is given in Chapter IV where

they ageguged in the analysis of the data for T<T,
Otner theoretical contributions have_been made

by éimanek and'lWalkerLl'O who consider theieffect of non-

unlform coupllng on the temperature dependence of the

peak voltage, Tan,37 who carried out a calculation of

- the magnetlc fleld dependence of the excess current

and Kullk il wno considered the problem'iof the fluctua—

‘tlon palr current between two 1dentlca1 superconductors

above Tc‘_ Ichlkawau'2 has calculated the" temperature

dependence of the static excess conductitity for various

dimensional contacts and found that

-2
J

g€ or €
depending'upon whether the dimensions of the junction
are large or small in comparison with the temperature

dependent coherence length. He interprets this as being

due to,diffuse transmission through the barrier.

Measurements in qualitative agreement'with Ferrell's

calculation of the excess static conductivity have been

43, bl

reported'by several groups. Yoshihiro and Kaji-

murauu confirmed the ((T - T(:)/T(:)"_2 temperature dependence
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of theuexcess static cqnductivity in Pb—AlZOB—Al junc-
tions abore T, Yoshihiro, Yamaji and'Kajjl.mura&5
investiga%ed the effect of an electric field on the
fluctuatlon induced junction conduct1v1ty ' This situa-
tion 1s phy31ca11y different than the work reported 1n
this d;ssertatlon SO0 no comparison can be made to 1it.

6,7

TneiexPeriments of Anderson and Goldnan meas-
ured the full current voltage characteriefics of

Pb-Sn Oy Sn and found qualltatlve agreement with the
‘theory of Scalaplno Several qualltatlve differences
merefound ‘however. The dependence of the peak voltage

on H2 was - not linear as expected and the relaxation
frequency I-1 was 50% larger than predlcted by Scalapino's
theory. ;The latter problem was explalned;by later experi-
mental work8 as being a consequence of the-limited range
in temperature hear T over which the neaeurements were
made. The theoretical work of Shenoy and Lee, and Tan

was carried out to explain the effectS;of large magnetic
fields en the excess current. Although the theory of
Shenoy‘andﬁLee predicts a fall off of the linear depen-
dence of'Ybupon Hz'at high fields, it deee not seem to

be enoughifo account for the saturation seen in the work
of Andereon and Goldmari. However the experimental errors
in the-determination of peak voltages.were large in this

investigation so that no quantitative statements can be

made.
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III. EXPERIMENTAL TECHNIQUES

Initnese experiments thin film Josepnson tunneling
Junctions were fabricated and theilr current -voltage
characteristics were precisely determined as functions
of both'temperature_and magnetic field. As in most
experiments using Josephson'tunneling junctions, a
major effort was required to make reliable insulating
layers between the electrodes of the Junctions.‘ It was
a formidable matter to obtain the right conditions in
the sample.preparation system that woulq give junctions
that were'strongly coupled enough to be_abie to see the ,
fluctuation inducedvcurrent, yet still free from fila-
mentary'shorts through the insulating'layer. As evi-
dence Qfﬂthis, of the 140 junctions made;jonly_nine were
suitabie?for measurement. |

The: basic sample preparation techniqnes and data
acquiSition system were designed by John Anderson and}
are described in detail in his thesis. 7 No attempt
will be’made to repeat such descriptions. Only special
features pertaining to the present work‘along with an
outline of the general procedures will be given in this

chapter

A. EVAPORATION SYSTEM
Junctions were prepared in a oil-free high vacuum

system capable of maintaining the pressure in the evap-

-8

oration chamber at less than 5 X 10 torr during most




stages of sample preparatlon The system consisted

of three;parts: a pumplng section, an evaporatlon and

collimation sectlon, and a sample holder and masking

hsectlon Wlth this system it was not necessary to

expose. the sample to atmospheric condltlons during

any stage of sample fabrication.

The pumplng section consisted of a. tltanlum sub-
11mat10n pump, a 100 liter per sec Ultek 1on pump, and
a Welch 1397B mechanical pump. Durlng the ‘actual prep-
aration. of the sample, only the ion pump and sublima-
tion pump were used. The mechanlcal pump, separated
from the evaporator by a molecular s1eve trap to prevent

contamlnatlon of the evaporation chamber by 0il, was used

. only for the 1n1t1al pump-down and bakeout of the system.

Fllms were evaporated onto a 2. 5# X 2:54 cm glazed
alumlna substrate from resistively heated boats. The
substrate was held approximately 40 cm: above the evapor-
ation sOurce on a rotatable disk. A substrate could be
positioned over any of the six sources. Masks were
held onfa second disk approximately 1 mm below the
substrate;v Any of the 12 masks could be.positioned
between'the substrate and a source. Film‘thicknesses
and depoSit}on rates were measured in-situ'with a Sloan
quartz#crystal thickness monitor.

Junction properties were very sensitive functions
of the background contamination that was present in

the evaporation chamber. To characteriie_the back-
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ground;.a Ultek partial pressure analyzer (PPA) was
mounted ou the system, enabling the residuel gas back-
ground lﬁ‘the system to be monitored continuously dur-
‘ing sample preparation.

Care ‘was taken to keep the evaporatlon system in
a clean state. Materials with high vapor pressure were
not used lh the system. Wheneﬁer the system Was opened
to atmospherlc conditions, heaters on the system were
turned on to reduce the absorbtion of water vapor on
the surfaces. The system was baked out for at least

eight hours at 375 K before any materials were evaporated.

B. SAMPLE
~ The structure‘of'the tunneling junction is shown
in Fig (3 ) They are of the crossed fllm varlety with
the 1nsulat1ng layer formed by thermally ox1d1z1ng the
“lower electrode in an oxygen env1ronment at room temper-
nature.; Forgmost junctions, aluminum was used as the
lower electrode and lead as the upper} ‘Both metals had

05””6 A1l but

1mpur1ty levels lower than one part in 1
271 X 271 mm area of the lower electrode was covered

with at‘least 1000 R of B1203, to eliminate edge effects

'which‘teﬁd;tovbroaden the resistive. transition producing

an ambiéuityAin the transition temperature. The area

of theAtuhneling junction was then defined by this

small window in the center of the lower electrode. The

electrical leads B, H, and F were used to make electrical

measurements on the aluminum film.




Fig. (j) Junction structure used in these experiments.
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Alumlnum films were all of a "dlrty" character,
in that they were characterlzed by conductlon electron
mean free paths short in comparlson w1th the BCS coher-
ence length The usual way to produce such'fllms is to -
evaporate aluminum from a tungsten fllament in the pres--
ence of'a_partial pressure of oxygen or other gasses.

In thi$HWOrk aluminum was evaporated frcmian alumina
coated mclybdenum boat. When heated 4the.aiumina coat-’
1ng on the boat released a con81derable ~amount of oxy-
gen, hydrogen, nitrogen and water vapor 1nto the system.
'For example, the partial pressure of water(vapor at

the poedticn of the substrate'was measured‘with_the PPA
to increaee from less than 1 X 1077 to 2 X lOf7 torr.
Films formed in the presence of these gaeees were gran-
ular with short conduction electron mean'free paths.
Since relatlvely little control could be exer01sed over
the gas background phy81cal properties of the aluminum
fllms such as the transition temperature and resistivity,
varied from sample to sample.

The.insulatingtlayer was formed:by;allowing dry
oxygen}intc the evaporator at a pressure‘Of 100 microns
for a pericd of from 1 to 5 minutes. A 10 to 20 8
layer of aluminum oxide then formed on the surface of
the aluninum film. 'This was a most.difficult step to
perform?eince factors other than oxygen pressure and
oxidaticn:time play an important part in the growth of

the oxide -layer. The success of making good tunneling
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Junctlons depended on the control of the various factors
whlch determlned the oxidization rate Some of the para—
meters whlch were involved and which could be controlled
were: re31dual gasses in the system such as water vapor,
hydrogen and chlorlne, temperature of the substrate‘
durlng’ox1d1zatlon and fllm.deposltlonp and substrate
smoothness ‘and cleanliness. ; |

The most 1mportant factor affectlng the ox1de
layer was:the level of water vapor in the system._ This
could be reduced by a bakeout at 400 K_for 72 hours with
only theAmechanical pump running, followed by a bakeont
for 24 honrs with the snblimation and ion:pUmp running;
After thds processing, the partial pressdre of water waS'
found to be less than 1 X 1077 torr.

A procedure which most readily resulted in usable
junctions:was to leave the system at a‘high vacuum

8 torr) for two to three weeks before making

(1 X 107
any evaporations. Junctions could then7be,made in a
reproducable manner. Of course, this procedure was
1mpractlcal since the same evaporatlon system was used
to make samples for another experlment_ln the laboratory.
In practice, when the evaporator was ayailable, it was
necessary to be very careful that condltlons remained
constant from sample to sample, so that one parameter,

usually . ox1dlzat10n time, could be varled until a good.

oxide layer resulted.



evaporation which followed the oxidi-

The B1203
zation step also affected the oxide layer During this
step, 1f “the rate of evaporation was too fast large |
amounts‘of oxygen were released into the system, because
some of the bismuth trioxide was: converted to- bismuth
metal. By keeplng the deposition rate below 100 R per
mlnute; the oxygen pressure could be kept below 5 X 10 -7
torr, a level that would not lead to further ox1d1zat10n
of the alumlnum film.

Immedlately after the junction was fabrlcated it
- was removed from the evaporator, placed in the cryostat
and cooled to liquid nitrogen temperature.. : Nerlectrical-
checks were made on the Junctlon until’ 1t was cooled
to??K ' |

After coollng below the transition temperature
of the aluminum film, several tests were,performed on
the junctions to determine their quality;?;Of primary
concern was the requirement that junctiohsfbe free of
filamehtaryAshorts that might support sdpercurrents
above.Té'anduthus might be confused with’the excess
curreht,; Strong shorts are easily detected as. they are
insensltiVe to weak magnetic fields, and their presence
makes it impossible to see the nonlinearrfeatures of the
quasiparticle tunneling characteristic. -A test for weak
shorts is the presence of zero field steps in the I-V

characterlstlc, which Matlsoo b7 has shown can result

from metalllc wiskers. In unshorted junctions, steps
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- appear in'homogeneous junctions only inAthé presence of
a magnéfié'field. The magnetic.fiéld dépendence of the
Josephégnicurrent was examined for the'Fraunhofer pattérn,
Eq. (28),  If the‘junction céupling werélnonuniform,
éécondgry-maxima would bevreduced in méghitude.
Distortion of the current-voltage chafacteristic
of a juncfion due to nonuniform current‘fiow across
the barrief is poséibie if the barrier fesistance is
the ordériéf the resistance of the normai.électrode.AB-
When théyfesistance of the film is small~in'comparisonA
with théfbérrier resistance, the effectfis negligible. -
This was fhe'case for all juhétions usedfin this'experi-

ment.

| 'C. LOW TEMPERATURE APPARATUS

The5§fyostat shown in Fig. (&), was'carefully
designed~to give maximum isolation of the tuhneling
junction from electromagnetic noise and temperaturé
flucfuafions. An earlier apparatus used fbr measure-
ments on sahples Al-5, 6, 7, and 23 is nqt‘described
here. Thé.apparatus consisted of én outer OFHC copper
vacuum‘cénlwhich was immersed in the b.2 K'helium bath.
Suspended from the upper plate of this can by 3 stain-
less stéei tubes was a copper helium pof wﬁich could
be pumpea to below 1.2 K. The sample was:ﬁounted in
the holdef Shown in Fig. (5). The holdefﬁwas attached
to the bésélof the helium pot with a nyidn:screw. A

1.25 mm.ﬁida spacer was placed between the holder and
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Fig. (5) Sample holder designed by J.T. Anderson. The
alumina substrate was attached to a copper sub-
strate holder with Eastman 910 contact cement.
The two halves of the holder were bolted to-
gether and the copper can with the heater
attached slipped over the cylindrical block.
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base of the pot, to provide thermal isolation of the
sample from temperature fluctuations of the pot. A
second vacuum can around the sample holder allowed

for the possibility of using helium exchange gas while
still maintaining the isolation of the helium pot from
the bath.

Electrical leads into the inner can (7 twisted
pairs of #36 Cu wire) were passed through a room temp-
erature feed-through at the top of the cryostat and down
the inner can pumping line. The leads‘were thermally
anchored to the 4.2 K bath by attaching them to a copper
post in contact with the bath. Approximately two feet
of the leads were wrapped around the post, covered with
"N" grease and lens tissue and tied securely to the post.
The same procedure was followed to heat sink the leads
to the helium pot. To reduce the heat leak to the sam-
ple from the copper electrical leads, #36 manganin wire
was used from the helium pot to the sample block. The
manganin leads were clamped to the sample holder to
insure that they were at the same temperature as the
sample. Electrical contact to the sample was made by
eight spring loaded berylium-copper contacts which pressed
against contact pads evaporated on the substrate. Con-
tacts were wet with a solder that was liquid at room
temperature to give a more reliable electrical connection.

Several steps were taken to shield the tunneling

junction from electromagnetic interference. All elec-
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trical leads entering the inner can were filtered with
subminiéture pi-section low pass fil”cersL"9 which gave
about 60 db of attenuation at frequencies above 5 MHz.

The complete experimental apparatus was housed in a

10" X 10" X 8' shielded room, which attenuated signals

in the range from 10 KHz to 10 GHz by better than 120 db.
Magnetic shielding was provided by two cylindrical, con-
centric, high permeability shields enclosing the lower
part of the cryostat external to the dewars. The magnetic
field measured at the site of the sample was less than
5K 10_4 Oe.

As evidence that the electromagnetic shielding of
the cryostat itself was effective, electromagnetically
noisy instruments such as digital voltmeters and oscil-
loscopes could be used near the cryostat with no effect
on junction current-voltage characteristics.

A small persistent current superconducting Helm-
holtz coil, mounted on the outside of the outer vacuum
can provided a magnetic field parallel to the plane of
the junction. The coil was carefully centered on the
sample and provided a field of 43 Oe per ampere. The
component of the magnetic field perpendicular to the

plane of the junction was estimated to be less than

.7% of the applied field.

D. THERMOMETRY AND TEMPERATURE STABILIZATION

The temperature of the sample was determined by

50

measuring the resistance of germanium thermometer,
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the calibration of which was based on the NBS He

vapor pressure scale. The absolute aécuracy of temper-
atures determined from this thermometer were © 2 mK.

A resolution of 10 X 10_6 K was easily possible with
the resistance bridges used.

Short term stability of the temperature of the
sample of better than ZOfLK was obtained in three
stages. Coarse temperature stabilization was obtained
by holding the vapor pressure of the liquid helium pot
constant with the mechanical pump. In addition two
servo feedback loops were used to stabilize the sample
temperature. These systems worked by using the change
in resistance of a resistance thermometer to control
the amount of current to a heater. The first system
used a 470 ohm % watt Speer carbon resistor mounted
with "N" grease in a slot on the top of the helium pot,
and a 100 ohm noninductively wound heater made from
33 ft. of #36 manganin wire varnished with GE 7031 to
the outside of the helium pot. The second system em-
ployed the germanium resistor, used to determine the
sample temperature, and a second noninductively wound
heater mounted on the sample block.

With the first two systems, long term stability
of the sample temperature was better than .5 mK. When
the third system was included, fluctuations in the

temperature of the sample were less than 20 M K.
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Once the system was adjusted to a selected temp-
erature, it could be left over 6 hours with only minor
adjustments necessary to keep the temperature constant.

Magnetoresistive corrections to the thermometry
were experimentally insignificant for the range of

magnetic fields and temperatures explored.51

E. CURRENT-VOLTAGE CHARACTERISTICS

The current-voltage characteristics of the junc-
tions were obtained using four terminal ac techniques
with the junctions current biased. The ac method was
used to eliminate the effect of thermocouple voltages
that are present in dc measurements at low voltages.
Current biasing the junctions eliminated the need for
a low temperature resistive shunt and low temperature
noise filters that would be necessary if the junctions
were voltage biased. Negative resistance regions of
the I-V characteristic cannot be studied with a current
biasing technique.

A block diagram of the electronics is shown in
Fig. (6). Except for the minicomputer and its peri-
pheral equipment, they are the same as described in
Ref. 7. Only a brief sketch of the operation of the
system is given in this section.

The ramp produced a slow, linearly increasing
voltage that was chopped at 400 Hz. Since the chopping

rate is large compared to the ramp rate, which is typi-
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Block diagram of the current-voltage charac-
teristic acquisition system. The preamplifier,
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J.T. Anderson. The minicompueter was a Nova 1200
purchased with a grant from the Research Corpor-
ation. The computer diplay terminal, hard copy
unit and magnetic storage unit were purchased
from Textronics Company.




ically 0.25 volts per sec, the output of the chopper

appears as a square wave of slowly increasing amplitude.
The chopped voltage was converted to a chopped current
by using a large resistance in series with the low
impedence junction. The voltage drop across the junc-
tion was amplified by a broadband preamplifier mounted
on top of the cryostat. The lock-in amplifier detected
the 400 Hz component of the voltage. The dc output of
the lock-in related to the voltage drop across the junc-
tion, and the signal from the ramp, proportional to the
current through the junction, were displayed on an X-Y
recorder. By changing the resistance in series with the
junction and the gain of the lock-in amplifier, any
position on the current-voltage characteristic could

be studied. A voltage drop across the junction as low
as 1 nanovolt could be detected with this system.

To eliminate pickup of electrical noise on the
voltage leads, the preamplifier was mounted on top of
the cryostat. The leads from the sample were soldered
directly to the input of the preamplifier. Noise cur-
rents in the junction from external sources were esti-
mated to be approximately ol

Signals proportioned to the voltage across the
junction and the current through the junction were
transmitted to the analog-to-digital converters in the
minicomputer where they were digitized. After the com-
pletion of a sweep of the I-V characteristic, the data

was displayed on the CRT screen for preliminary analysis.



The raw data was then either stored on paper tape or

magnetic tape for further analysis.

F. QUASIPARTICLE CURRENT SUBTRACTION

Figure (7) shows the full current-voltage charac-
teristic of junction Al2-36. The total junction cur-
rent contains contributions from both the fluctuation
induced pair tunneling current and the quasiparticle
or single-particle tunneling current. The latter must
be subtracted to determine the pair-field susceptibility.
Other tunneling channels such as conduction through the
Bizo3 masking were estimated at less than 0.1% of the
total measured current and were ignored.

Two methods were used to determine the quasiparti-
cle current. For junctions Al-5, 6, 7, and 23, the
graphical technique described in Ref. 7 was used. 1In
this method a linear extrapolation is made from a point
on the I-V characteristic where the pair current is
small to the origin. The excess current is then the
portion of the current above the line. This procedure
is not unreasonable because at low voltages the quasi-
particle conduction is approximately ohmic.

The actual quasiparticle current across a normal-

5%

insulation-superconductor junction is given by

, (53)

ZS' zg; m+ 1 A ! meV
qu = ZCNN % (=1) Kl(m T ) sinh (—T_ )
m
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Total I-V characteristic (points) for Al2-36 at 1.96778 K. The
solid line is the quasiparticle background determined from Eq. (54)
and a least squares fit to the data from V = 150 LV to 2004 V.
The excess current is the portion of the curve above the solid line.
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This expression is very nonlinear except close to the
origin. To improve the characterization of the quasi-
particle current, the first term of the above equation
was used in the analysis of the data for sample Al2-5,
36, 61, 64, and 79. For every temperature and magnetic

field, a fit of the experimental I-V characteristic to

I = A sinh %K (54)

was made with A and B treated as adjustable parameters.
This fit was carried out for voltages between 150 fLV
and 200 MV, a region where the pair current due to
fluctuations is small. The coefficients A and B were
then used to compute the quasiparticle background at the
very low voltages (0 - 50fLV) which were of interest.
This procedure was also used to approximate the
background current when both halves of the junction
were superconducting. Near TC, where thermal smearing
is large, the difference between the results of a fit
based on this procedure and a more complicated calcula-
tion with two full energy gaps is negligible. Care
must be exercised in the interpretation of the excess
current obtained using the above analysis since the
relatively elementary theory used to calculate the
quasiparticle background does not include contributions
from higher order single-particle processes or electron-

pair interference effects. Thus some of the features of
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the excess current-voltage characteristics may arise ‘
from processes not removed by the subtraction which
are not related to the pair current associated with order

parameter fluctuations.
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IV. DATA AND ANALYSIS

The data53 presented in this chapter was obtained
from eight samples studied over an extended period of
time. Sample preparation techniques and data acquisi-
tion methods were essentially the same for all samples,
however, increasingly sophisticated techniques were used
to handle and analyze data during the course of the
investigations.

Measurements on samples Al-5, 6, 7, and 23 were
made using apparatus built by J.T. Anderson. On-line
data processing equipment was not available at the time.
Consequently graphical techniques were used to determine
the quasiparticle current, peak current, peak voltage,
and zero voltage conductivity.

Measurements on sample Al2-5 were made with the
apparatus described in Section 3-C. A minicomputer and
teletype were used to analyze the data. With the computer
the quasiparticle current could be characterized accurate-
ly by a nonlinear least squares fit to the leading term
of Eq. (53). The values of the peak current and peak
voltage were determined by plotting the digitized values
of the voltage and ekcess current from the computer and
picking the maximum from the graph. A linear leasts
squares fit was carried out to determine g (0) from the
low voltage data.

Measurements on samples Al2-36, 61, 64, and 79

were carried out with the electronics described in
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Section 3-E. The usual procedure followed was to deter-
mine the I-V characteristic of the junction in the range
from 150 to 200 FLV at each temperature and magnetic
field. An accurate fit of this data to Eq. (54) then
determined the parameters of the quasiparticle current.
The voltage gain on the lock-in amplifier and the series
resistance in the measuring loop were then adjusted to
permit a sweep of the I-V characteristic over the low
voltage range required for the determination of the peak
voltage and peak current. A simple program was written
which subtracted the quasiparticle current from the total
current and which could display any portion of the excess
current-voltage characteristics on the screen of the com-
puter display. The display was equipped with a cross-
hair cursor with which the coordinates of any point on
the screen could be input to the computer. This was

used to record the peak voltage and peak current. A
more accurate determination of the peak values was made
by tracing a small region of the I-V characteristic
around the peak with a high density of data points.

Then with this portion of the excess current-voltage
characteristic displayed on the terminal screen, the
theoretical form of the excess current-voltage character-
istic using Eq. (34) was superimposed on top of the

data. The values of Ip and Vp were then adjusted to give
the best agreement with theory. Below TC(H) Eq. (34)

was not used for the determination of the peak voltage

USRS Ayt e



and current. In most cases the peaks in the excess
current-voltage characteristic were sufficiently well
defined that the cursor alone could be used to select

Vp (for example, see data in Fig. (21)). In some cases
a detailed multiparameter fit to the data using a remote
computer was carried out. This is discussed in Section
IV-C.

All junctions exhibited negative dynamical resis-
tances at low voltages over a range of temperatures in
the vicinity of the superconducting transition. The
width of the range was from 10 mK to 100 mK depending
on the relative magnitude of the quasiparticle current
as compared with the excess current. Peak voltages
and peak currents could not be determined in the region
of negative dynamical resistance because of a high sus-
ceptibility to noise which lead to switching instabilities
in the current-voltage characteristics. g (0), the
dynamical conductivity in the zero voltage limit is
believed to be unaffected by these negative resistances
and was therefore the only quantity determined in this
region.

In this chapter we will present representative
results of excess current-voltage measurements carried
out on Al-AIZOB—Pb tunneling junctions. With the addi-
tion of digital data handling equipment to the laboratory,
extensive data could be taken and immediately analyzed

"to document in detail the behavior of the excess current




61

as a function of both temperature and magnetic field.
Only a small fraction of the data will be presented,
since all junctions (except Al12-36) exhibited the same
general behavior. Transition temperatures, zero temp-
erature Josephson currents and aluminum film resistivi-
ties parameters over which there was little experimental
control, varied from sample to sample. It is important
to note that although these parameters varied, no sample-
to-sample variation in the effects reported here were
observed (except for Al2-36). Earlier data analyzed
without the aid of the computer was not significantly
different from later data except for larger scatter.
No data was obtained below Tc(H) for samples Al-5, 6, 7,
and 23 and Al2-5.

The properties of the junctions used in the analysis
are summarized in the nhext section. The presentation
of the data is divided into two sections. First the
data for T>TC is presented and compared in detail to
the theories of Scalapino, and Shenoy and Lee. Since
theoretical calculations for T<:TC(H) are somewhat con-
troversial and are currently in a state of flux, the
next section contains only the experimental results
for T T,(H). A discussion of the comparison of the data
with some of the theoretical explanations is postponed

until after the data in that regime has been presented.




A. SAMPLE CHARACTERISTICS

The properties of the eight aluminum lead junctions
analyzed in detail are summarized in Table I. Ry is
the normal tunneling resistance, RD is the quasiparticle
resistance at zero voltage at a temperature of 2.K in
zero magnetic field, I, is the dc Josephson current at
approximately 1.1 K, ¢(F) is the capacitance of the junc-
tion determined from the spacing of the Fiske steps,54
and Tc’ d, and F)(N) are respectively the zero field
transition temperature, the thickness and the normal
state resistivity of the aluminum film. The thickness
of the lead film is denoted by d'. The area of the plane
of the junction is 7.34 X 10_4 cm2.

The gzero field transition temperature of the alumi-
num film was determined by extrapolating the graphs
Vp, Ip—l and (CT(O))—% versus temperature. By Egs. (35),
(36), and (37) these quantities are linearly decreasing
functions of temperature with intercepts at T = Tc' The
three values of T, determined in this manner were
usually within 1 mK of each other. The region near TC
where nonlinear behavior was observed (see Fig. (14))
was not used in this extrapolation. Tc could also be
determined from the resistive transition of the film,
however as a consequence of the edges of the film not
being scribed, the transition temperature obtained in
this manner was approximately .1 K higher than that

1
obtained from the extrapolation of Vp, Ip'l ot {ar (0) )=,



TABLE. I

Junction® (§3) Ry AR Jo T aimAle VIR ) a' (B) a (&) N (-cm) C (F)
Xiige oy
Al-5 .069 3.75 2.4 1.751 2250 1280 5.8 15.6
A1-6 i 8. 64 ey 1.765 2400 1300 7.5 31.9
Al-23 451 280 32 1.860 2670 1600 3.81 61
Al2-5 . 513 301 .9 1.800 2400 1240 3 79
A12-36 .952 129 1.6 1.935 2250 1280 6 16
A12-61 .5 360 .6 1.679 2475 1240 2.75 L
Al2-64 .39 81 2.6 1.786 2250 1280 1 4
A12-79 .6 140 (e 1.945 3000 1240 9 not measured

a Al1-7 not shown here but similar to Al-6.

£9
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Film edges which are excluded from the junction by
the masking, are responsible for the higher transition
temperature. No conductivity measurements were made on
films with scribed edges. A third possible method to
determine 1 is to use the temperature dependence of
the zero-voltage current. For an asymmetrical junction,
the zero-voltage current should approach zero with infin-
ite slope at T = Tc' No junctions were observed to exhib-
it such behavior. Zero-voltage currents were found to
approach zero with a finite slope, actually extrapolating
to zero at temperatures from 3 to 7 mK higher than
those determined from the extrapolations of the 'I‘>TC
behavior. Also, a tail in the zero-voltage current was
present above the extrapolated transition temperatures
(see Fig. (14)). Possible mechanisms responsible for
this tail, discussed in the next section, may also ex-
plain thellinear temperature dependence of the zero
voltage current noted below Tc' A detailed fit to the
theoretical temperature dependence of the zero voltage
current well below T, was not carried out. This fit
would probably have indicated a Tc in agreement with the
Tc determined from the T>TC behavior.

The aluminum electrodes of the junctions were all
disordered with transition temperatures in excess of
the 1.2 K bulk transition temperature of aluminum. The

enhancement of Tc is believed to be a consequence of

the granular nature of the films. Various explanations
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of the correaltion of T, with the grain size have been
proposed.55 The most widely accepted, implies that the
presence of free surfaces in the granular film lowers
the phonon frequency, thereby increasing Tc relative
to that of bulk material.56 The understanding of the
actual mechanism responsible for the coupling between
grains and the enhancement of TC is not necessary for
the interpretation of the results of this work. However,
it is important that the granular films behave as
homogeneous "dirty-limit" superconducting films. This
is thought to be the case for films with short conduction
electron mean free paths as long as grain diameters are
smaller than the temperature dependent coherence length
§:(T).57 As discussed in the next paragraphs, the alumi-
num films used in this investigation fall into this cate-
gory.

Transition temperatures and resistivities of the
films used were in the range expected for aluminum
films with grain sizes the order of 100 ﬂ.58 Electron
microscope studies of grain sizes of films were not
carried out. However, such studies were made on a film
prepared under the same conditions as used in the present
investigafion. This film was a granular film which was
found to have an average grain size of around 100 8.59
The Ginzburg-Landau zero temperature coherence

e

length for these films is of the order of 520 - 50 R.

This was determined by relating the shift in the transi-
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tion temperature of the aluminum film in the presence

of a dc magnetic field, to g (0) through the relation

2 () - T (55)

b e Tir 2.2 2 2.9 2
€ (i eyt © GO [e°a% £%(0)/(n%") | K

The transition temperature in the presence of a magnetic
field was easily determined from the dependence of the
peak voltage on temperature in the vicinity of TC(H).
When the temperature was reduced below TC(H), the
temperature dependence of the slope of Vp versus T

changed sign as a consequence of the change in sign

Pioe - T CH)
Y C : e g
of € = __T;TET_ _ This point was defined as TC(H)

(see Section IV-L). The values of é?(o) determined
with Eq. (55) are also consistent with the coherence
length calculated from the data for T>TC by using the

relation for the peak frequency derived by Shenoy and

Lee (Eq. (51)): (56)
Byie DL R SEEsie G 65T
The mean free path was estimated to be about

20 R by using the "dirty-limit" value for the tempera-

ture dependent coherence length (Eq. (8)):

wj-

£(m) = .85 (£, 1% (e,

with the BCS coherence length §5 = 16000 % and the
Ginzburg-Landau coherence lenth §(O) =520 2. Thus

the aluminum films used in this work should behave as

homogeneous "dirty-1limit" superconductors.



The critical field Hc2(0) was not determined

experimentally for any of the films studied, but would
be expected to be the order of 1000 Oe based on results
from films of similar thickness, coherence length and
grain size.57
Transverse junction dimensions, .271 X .271 mm,
were small compared to the Josephson penetration depth
so that spatial inhomogeneities of the current flow
pattern across the junction would not be expected.éo

Thicknesses of the lead electrode were large in

comparison with the penetration depth of lead so that

the modification of the wave vector g, due to a variation

of the field in the film is negligible (see Eq. (21)).

B. DATA FOR T>T_(H)

B.1l Zero Field Results

In this section we present experimental excess
current-voltage characteristics obtained in the tempera-
ture regime between the transition temperatures of the
two electrodes of the junction. According to Eq. (24)
this current is a direct measure of the pair-field
susceptibility of the aluminum electrodes and enables
us to critically probe the behavior of fluctuations
above Tc' We have carefully examined the temperature
and magnetic field dependence of the excess current.
The result and comparison to theory are described in

this section.
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Figure (8) shows typical excess current-voltage
characteristics obtained at several different tempera-
tures in gzero magnetic field. The points are experi-
mental data and the solid line is the theoretical
excess current determined by using the experimental
values of Ip and Vp in Eq. (34). The difference between
the experimental and theoretical curves at high voltages
is a consequence of neglecting the small contributions
of the pair-current to the total tunneling current in
the range of voltages over which the parameters that
characterize the quasiparticle current are determined.
The resultant discrepancy between experiment and theory
can be removed by carrying out an iteration of the
analysis. The theory is used to calculate the pair
current in the region of the I-V characteristic where the
parameters of the quasiparticle current are determined.
A corrected quasiparticle current can then be obtained
and the whole fitting and subtraction procedure can
be repeated. Since the values of the peak voltage and
peak current were not significantly shifted by the small
changes in the subtracted quasiparticle current result-
ing from the above analysis, this procedure was carried
out only at a few selected temperatures. With the
corrections, the various curves are in excellent agree-

ment with the quasi-Lorentzian shape. It should be

noted that the quasi-Lorentzian dependence of the excess

current on voltage was observed qualitatively at tempera-

tures as high as 1 K above T in some samples. However,
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Excess current-voltage characteristics of junc-
tion Al2-5. Curves (a) - (c) correspond to

Mis==
Solid line is computed from Vy and Ip using
Eq. (34). The deviation at high voltages can
be corrected by a model dependent analysis.

1.84726, 1.93276 and 2.09892 K. respectively.
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at the higher temperatures the excess current is such
a small percentage of the total tunneling current that
quantifative measurements are difficult. In this regime
small errors in the determination of the quasiparticle
currentvhéve large effects on the excess current obtained
using the subtraction procedure.

Shown in Figs. (9) and (10) is the dependence of
Vp on T, for samples Al-6 and Al2-64. The region near
T, is not accessible to experimental measurements be-
cause of the previously mentioned negative resistances

which are found there. The dashed line in the figures

is the theoretical value of the peak voltage, proportional

to the relaxation frequency calculated from Eg. (35).
Quantitati?e measurements of the peak voltage were
carried out on junction Al2-5 to temperatures 250 mK
above Tc with no departures from a linear dependence
on temperature observed, except for the region near TC.

Equation (35) predicts a theoretical slope of

av
—2 = 1,098 X 10-4 V/K dependent only on fundamental

aT

constants. The experimental slopes shown in Table II,
are in gbod agreement with the theoretical predictions.
Data from the first sample, Al2-5, was taken only in

the nonlinear region close to TC which explains the large
value of the slope. The.value of Tc for this junction
given in Table I is also suspect since the extrapolation
to find i from Vp versus T was also carried out using

only data in the nonlinear region. As can be clearly

seen from the data of the later samples, an extrapolation
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TABLE II

Junction de/dT (V/K) dI';/dT (A—l/K) dcy’%/dT (52%)

x 107% S X 107

Exp. & EXD. Theory EXD. Theory
Al-5 P Bi07 & .1 7.1 gL o 63.3
A1-6 1.26 Th\is Loy 2.45 Bp L o 2950
A1-23 L 1B e 58 Sb 5= 10 185
Al2-5 1.026 £ .05 1851 26 g3’ Sy 123
A12-36 1.066 T .03 e sat 1o 7l b 90 e e S
A12-61 P .98 ¥ .06 2oL 8 105 ] 238
Al2-6L4 1.069 £ .03 2L .05 29.6 63 L .5 129
A12-79 1.099 * .01 Bp Z 105 72 not measured

a The experimental
the linear portio

values were determined by a linear
n of the data.

b Only limited data was taken on sample Al2-61.

least squares fit to

€L
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from the nonlinear region will not give the correct T,.
The nonlinear behavior near i will be discussed at the
end of this section.

The quantity de/dT was determined more accurately
for junctions Al12-64 and Al12-79 than for fhe earlier
junctions. The reason for this was that after the
experimental results for junction Al2-36 were published
it was suggested that the aluminum films used in this
work might be characterized by a rather large depairing
parameter F).37 The manifestation of depairing above Te
is a shift in the position of the peak in the excess
current from that given by Eq. (35) to a form given by
Eq. (88). The slope of vaersus T would directly reflect
this change. This motivated the extensive measurements
of the temperature dependence of the peak voltage above
TC which were made on samples Al2-64 and Al12-79, to
obtain an accurate result for de/dT.

Equation (52) gives the expression for the tempera-
ture dependence of Vp, if the transmission of electrons
across the barrier were diffuse in nature rather than
specular. In the short mean free path limit Eq. (52)

becomes

T gT%
V.= —z—g e —1(—1) (57)

which is inconsistent with the experimental observations.

Thus we conclude that the experimental results can be
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taken as evidence that the dominant tunneling process
involves specular transmission of electrons across the
barrier rather than diffuse transmission.

In Figs. (11) and (12) the inverse of the peak
current, Ip_l is plotted as a function of temperature
for samples Al-6 and Al2-64. Except in the region close
to Tos Ip—l is a linear function of temperature as pre-
dicted by Eq. (36). This linearity was observed in
sample Al2-5 out to T - TC = 250 mK. The dashed line
is drawn in the figures to indicate the linearity and
to determine Tc. Table II contains the experimental
values of de—l/dT for the junctions analyzed along
with the theoretical value expected from Eq. (36).

For most junctions the experimental value is only in
qualitative agreement with theory. That this is true
is not sufprising, since the calculation of de_l/dT
from theory depends on values of junction parameters
which are imprecisely known. The errors in d, RN and
N(O) are probably large enough to account for the dis-
. crepancy between theory and experiment in most cases.

Except for junction Al-23, the experimental peak
current is larger than the theory predicts. It is
possible that this is due to locally thin regions
of the insulating barrier resulting in an anomalously
large excess current.

The experimental behavior of the inverse peak
current in the region near TC in which nonlinear

effects are observed in the peak voltage is not repro-
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Fig. (11) 1Inverse peak current Ip"l versus T for Al-6. Errors in the deter-
mination of Ip-l are approximately.2 X 10+6 A-1, The dashed line
is to indicate linearity and determine Tc.
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ducible. In some junctions Ip—l appeared to rise as T

was decreased and in others it appeared to fall off
with decfeasing T, before the negative résistance
region was reached. |

Figures (13) and (14) show the variation of the
reciprocal_of the square root of the conductance in
the limif 6f zero voltage, as a function 6f tempera-
ture, for junctions Al-6 and Al2-5. It should be noted
that the data in Fig. (14) is a linear function of
temperatﬁre over almost 500 mK. The dashed line in
Fig. (13) is drawn to indicate linearitiQSJ In Table II
the expérimental values of the slope in the linear region
of this plot, are listed and compared with theoretical
values calculated from Eq. (37). Again the agreement’
is only qualitative, due to the imprecise'knowledge of
the parameters characterizing the aluminum film and the
junctioh;.

It‘is iﬁportanf to note that.although'the values of
the slopes listed in Table II do not agree well with
theory (ekcept dvp/d'I') for a particular sémple, they .
are completgly consistent. Once the magnitude of the
peak current is determined at a particular témperatufe,
it’is possible to show that the excess current-voltage
characteristic and the values g (0) and’Ip at all other
temperatures, are consistent with theory.

The conductivity at zero voltage can be measured

in the nonlinear region close to T, where the peak current
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and peak voltage are inaccessible because of the negatlve
re81stanoes. The left insert in Fig. (14) shows the
departure{from linearity for sample Al2-5 near T e

Shown in:Figs. (15) and (16) is the conduotance for
Al12-36. The second figure is a log- log plot of the con-
ductance as a function of € = (T - T, /T where T_ has
been chosen to be 1'93350 K. . The linear reglon for
large € tms a slope of -2, as expected from theory.

If a llne 1s drawn through the data for small €, a
slope of’~6 is obtained. The value of this latter slope
cannotAoe taken too seriously since it‘is;highly depen-
dent on the choice of the transitionltemperature.

As the temperature is reduced towarde T, the conduc-
tivity apbears to become infinite aoove chand a zero
voltage current appears. (The minimum detectable volt-
age drop across the junction is less than 1 nanovolt.)
This effect is illustrated in the right 1nsert in Fig.(14)
where the temperature dependence of the apparent zero -
voltage current is plotted. Only for T<T, (T, = 1.800°K)
does the zero voltage current increase rapldly The infin-
ite valae of _g;p_ at T = TC, expected for asymmetrical
junctiohs was never observed in any of the juhctions
investigated. Though the current that is present in the
temperature range from 1.80 to 1.81 K in éample Al2-5
appearsﬂto‘be a zero voltage current, the maximum value
of the;cﬁrrent does not exhibit a well -defined quasi-
periodio'diffraction pattern in a magnetic field that

would be expected of a zero voltage Josephson current...
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To conclude thls section on the zero magnetic
field results, we consider some of the mechanlsms
which may be responsible for the drop in the relaxation
frequehey_and increase in 'the static conductivity in
the immeaiate yicinity of Tc and which‘also may account
for,the'aptearance of a zero voltage cufrent above the
extrapolated transition temperature of'the’aluminum 5

film. One such mechanism whlch is suggested by the tail

. in the temperature dependence of the zero. voltage current

above @duis the possibility of local regidnsAof higher
transithn temperature occuring'ln the_area of the alumi-
numvfilﬁfsample%;by the junctioh. If thehdistribution"
of'TC'S'ahout an'average transition tempefature T; is
highly peaked, then variations in Té would'be of no
consequehee to the excess current-voltage characteristic
far abquefT;T These contributions would be expected to
be quaSlfLerentzians with slightly shifted resonances

and sighificantly reduced magnitudes if the areas of

such regions were a small fraction of the "total junction
area. Houever, when the temperature is feduced below one
of the‘hiéher transitien temperatures, a small zero volt-
age curfeht could result. The quasiperiodic dependence
of the ﬁaximum current might not be evident because of
the small linear dimensions of the regions of higher |

transition temperature (see Eq. (28)). Only.when T was

,reduced.below T_ would the magnetic fieldidependence of

zZero voltage current behave as that of a Josephson junc-

tion because only then would there be phase coherence




across the entire junction. For most junctions, the

onset of the tail in the zero voltage Cerent was from
5 to 15 ﬁK above the extrapolated T. Varlatlons in T
of this magnltude may not be unreasonable : In all of
the Junct;ons studied, there was no 1ndlcat10n that the
excess éurrent-voltage characteristic far.ébove Tc did
not agreé well with the predictions of Scaiapino,‘so
that if there were regions of varying Té thpy were a
small fraction of thé total junctionbarea; 'The above
conJecture could also explaln the fall off of both Vp
and (CT(O)) -3 from a linear varlatlon w1th temperature
near T since the extra conductivity near T could be
due to weakly coupled Josephson Junctlons near their
tran31tlon temperatures. Additional ev1dence that

the béhgyior near Tc could be a result df.Josephson
tunnelithCurrent, is the data taken in a magnetic
field.':In ﬁagnetic fields of the order of 25 Oe, which
are largé:enough to destroy the Josephsqh phase coupling,
no drop;iﬁ Vp or (CT(O))_%Aversus T was ndted in the
vicinity of TC(H). This suggests that the fall-off in
Zero magnétic field may beAdue to coherent pair transfer
which'ié.éﬁppressed by a magnetic field. These argu-
ments sﬁbﬁld be treated as conjectures aé'there may be
other-ékpianations for highly magnetic field dependent
behavior. At present there does not seem to be any
critical test of the hypothesis that these effects are

a consequence of a spread in the transition temperatures

of the aluminum films.
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A“éﬁggestion by éimének and Welkeru?,that the non-
lineerlrehavior is a consequence of the{ﬁohuniform
coupIihé;ecross the junction is not satiefactory. Assum-
ing a moduiation of the junction coupling:energy of the

form (1 + ‘a cos q, x), they show the susceptlblllty to be

of the. form

w L w
Im -('w.q) ——— + 3 a —
X = 1"02 +w* : I"oz(l_‘_:f‘é:z(fr)qg)ﬁwz

The resonance is at
LT 2 2
. I-‘ a €

1 + — .
6;20 . -

(58)

For snmll € this model predlcts a peak voltage that is
larger than the theoretlcal value opp051te to the behav1or
which is observed experimentally. |

Inva more realistic calculatlon,rthe.regular coupling
energy vériétioh described by a single'Q6 would be re-
placed‘by a distribution of qo's. 'This would lead to a
broadeﬁ;hg of the excess current-voltage oharacteristics
from the‘quasi-Lorentzian shape. Since the data fits a
single quesi—Lorentzian for T:>Tc, the‘prooosed explana-
tion is'probably not correct.

Another possible source of nonllnear ‘behavior near
T whlch should be con81dered is that the theory may
break down when € is small because of critical behavior.

For two reasons it seems highly unlikely that this
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mechanism is responsible for the observedAnoniinearities.
First, estlmates of the width of the crltlcal region

for thls system are usually an order of. magnltude smaller
'than the temperature interval over which nonlinear
effectS<are observed. Second as Ferrell4 has shown.
1nclu31on of the fourth order term in the- free energy
functlonal tends .to suppress fluctuatlons and postpone
the onset of the phase trans1tlon in the tunnellng junc-
tion. ThlS is equlvalent to- the relaxation frequency,
decreaslng less reapidly w1th temperature’ in the criti-
cal reéioh‘than in the high temperature{iimit. This is
oppositehto what is seen experimentallyglthe phase
trans1t10n in some respects is occuring at a higher
temperature than that which would be 1nferred from an
extrapolatlon of data taken at hlgh temperatures.

It has also been suggested that the change in the
character of the data near T is due to atchange in the
nature of -transmission of electrons across:the barrier
from specular to diffuse transmission.uzpiIf the trans-
mission were diffuse, then the reciprocal of the dynamic
conductance rather than the square root of the reciprocal
would Vary linearly with temperature. However, this does
not appear to be borne out by the data 1n the vicinity
of T, (see Flg (16)).

Finally we consider the suggestion»that the
-proximityfeffect may be associated with‘the behavior

near T,. In fact, the excess current observed above T,
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can belthought of as resulting from a type of proximity
effect ‘in which the Josephson phase coupllng energy -
between the pair-field of the lead fllm apd the fluc-
tuating‘ﬁair—field in the aluﬁinum £ilm iﬁduces a finitei
value offére order parameter in the_alqﬁinum film abovev
T;. Ferreil‘and Scalapino61 have derivedrfhe excess

current by writing the free energy as
‘V 2 _ )\,Llj'cosq) (59)

and usihéfa form of the time-dependent Glnzburg-Landau A

.F=F +a

equation . ~ .
5‘&} ) N - . . |
A PG

where ip'is treated as a vector in the‘twefdimensional

space spahned by its real and imaginary'ﬁarts. The excess‘

current which flows across the junction is then given by.

2 V/vO

J = . -—y— .
02 1 + (V/Vo)4*

(61)

This result is equivalent to Eq. (33) derlved by Scala-
pino. rn the above equations X’ is a parameter describ-
ing the- relaxatlon of the order paramter, )J Uf‘ cos qb
is the, Josephson coupling energy, V X 4I describes

the effects of a voltage V on QI', and V_ =a ¥
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In "conventional® proximity effecf eXperiments,
a norméi‘metal N is deposited on top‘pf;a'superconduc-~
ting metéi»s. If the electrical contadtfis good, Cooper -
paifs can.leak from S to N-énd N may'take 6n supercon-
dﬁcting ﬁfépertiés. If N is a superconduéfor, its tran-
' sition.féﬁperaturé is raised as a conseduehce of S,
while fhé'transition temperature of S is lowered because
of N. 'Wifh good electrical contact, the proximity effect
is comﬁafétively long range. The peneffaﬁion depth of
the pairffield of S into N is of the‘brder?of 107 R.

Howevef;_if there is a thin insulating’iayef between
N and Sf:;he Coopef pair density or pair-field decays
very répidly in the layer and a proximity effect usualiy
is notédbServed. In the insulating lajer:é reasonable
form for the wave function is exp - (kf-X)§'a barrier

of only 10 8 thickness will reduce the-Coéper pair
density by e ’20, whereas with no oxide; the pair-
fieldhiﬁifhe normal metal will have only dropped_by a
few pércéht at 10 ® into the normal metal.

Although a "conventional" proximity:effect occuring
across anfbiidé layer would thus be vefy wéak, it would
tend. to raise the transition temperature of the aluminum
film, |

Ih dfder to explain some of the effects seen in this
investigétion near Té,_it may be argued that when the

temperafure’is far away from TC the effect proposed by

Scalapino dominates the behavior and the film appears




to have aatransition temperature Tc’ When T approaches

T the:oonventional proximity effect might become large

c’-
enough.tofproduce an observable shift to'a higher tran-
'sition"temperature» This conjecture is- not yvet supported
by detalled calculatlons of a proximity: effect of this
type in Junctlons

Ev1denoe that may poss1b1y rule out the prox1m1ty
effect 1s that there is apparently no correlatlon
between the width of the temperature range over which Vp
and (c{(Q)) -% fall below theoretlcal predlctlons and the
magnltude of the low temperature Josephson current If‘
the prox1m1ty effect acting across the ox1de layer |
were respons1ble for the apparent shlft 1n T one would
expect the magnltude of the shift to depend on the |
strength of the tunneling interaction. . The latter
would be proportlonal to the magnltudeiof the 1ow temp-
erature Josephson current. B

We thus conclude by stating that at the present
time 1t 1s not clear as to the origin of the behavior
in the 1mmed1ate Vlclnlty of T It may be a consequence
of one or 'a combination of the above mentloned mechanisms

or some other mechanism not considered.

B.2 Finite Field Results for T>T_(H)
The'magnetic field dependence of excess current-
voltagetoharaoteristics for junction Al2-5 is shown in

Fig. (17) along with the field dependence of the inverse
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peak cﬁf;éﬁt. ‘The excess current—voltagef=gharacter—

isticsAére:quantitatively idenfical to tﬁé:quaSiQLorent—
zian shépé;in zero_magnétic field. The‘fit:to Eq. (34),
using fhé;§alues of'Ip énd Vp is in exééiienf agreement'

with tﬁégékperimental data. For small'magnetic fieldé;

Eq. (50) .predicts the same quasi-Lofenféian shape for the.
'Vexcessﬁéﬁf?ent—voltage characteristic. ii;ﬂf ‘ |

Both Egs. (37) and (51) pfedict_a-liﬁéar_temperaQ
.ture'dégéﬁdenée of the relaxation ratle§; finité q |
valuesﬁf§ihis is shown in Fig. (18) foféééﬁple A12—36.
The théb?b#ical.slope, dvp/dT is indepéﬁdént if H and
is'ideﬁfiéal to the zero field result;l;ﬁér larger
fieldsélfﬂe slope of Vp versus T 1is moéifiéd by a
term depéﬁéent on the pair breaking paraﬂé%er fD. These
- effects gfé small for the magnetic fieldé'uSed in this
work:- ‘. 

Sﬁb@ﬁ in Fig. (19) is the dependeﬁge:of the peak
Voitagéfbﬁ H2 at several temperatures fof.junction
A12-36.>1Equation (37) prédicts linear depéndence of
Vp on H? fqr all fields while Eq. (51) isfiinear, only
for sma1} fie1ds. The slbpe of the lihear'region differs
in the:fwé cases since in Eq. (37) the Shift in Tc due
to theaﬁaénetic field has been neglected while it is
includéd'in Eq. (51). For this reason, ﬁhe latter
equétidn'is used for the comparison ofldaté to theory.
Using & (0) = 540 8, 4 = 1280 8 and A' = 390 %, we
have deféfmined‘dvp/de according to Eq. (51) to be
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5.98 * .6 X 10710 V/Oez. Slopes calculated from the
data in Fig. (19) are 5.63 ¥ .3 x 10"'101"1;#1.-& |
5.375 “—L: 3X 10710 V/Oe2 for T = 1.9701,@5& 1.9895 K
respeoti?eiy.. It is important to noteftnefslope calcu-
lated froﬁ:Eq. (75) is highly dependent -on the choice
of g’ 5 'Tne'insert in Fig. (17) shoWsAtne expected

-1

linear. varlatlon of Ip with H2 for small magnetlc

field. Slopes determined from the data are 845 (upper)

' and ?97 A lOe (lower) compared to 880 A lOe 2

-from
theory |
The abrupt increase in Ip-l as tne:negnetic-field
is 1n1t1a11y applled shown in Fig. (l?O'is not under-
stood and is an effect which was only seen in this sample.
To crltlcally test the theory of Shenoy and Lee,
the nonllnear hlgh field region of Vp versus H2 must
be 1nvest;gated. The solid line in Flg (20) is the
predicfeo7behaVior of Eq. (51) for 1arge‘H. The coher-
ence length hae been adjusted to §7(0)1=_546 R to give-
theAcorreot experimentallslope for small Hf The agree-
ment between theory and experiment is onl&?qoalifetive
becausefof the uncertainty in determiningiphe value of
the peak voltage when the magnetic field is high.
Aifhough the agreement with theoryAis'only quali-
tative; the deviation of the data at high field from the

2 is a real effect;*_Thié result

linear dependence on H
is important because it is a qualitativeffeature of

the data whose explanation depends on the idea that
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- dashed llne indicates the departure from

linearity for high fields.
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fluctuations of a given wave vector q =A%e/ﬁc ( )} % d/2)
are pickéd;out by the magnetic field. If3fhe shift‘ind
the paf%ern‘in a magnetic field were onivlthe result of
the dependence of T on H, there would_beenc departure
from llnearlty at hlgh fields. At 1cw:fieids,.the depen— '
dence on magnetlc field through the shiff‘in T and bv |
pthe selectlon of a partlcular wave vector have 1dentlcal
functlonal forms " Their s1multaneous presence can be
determlned only by accurate parameterlzatlon of the
slope.: ‘

No‘&dantitative ccnciusions can be draWn‘from this
work about the contrlbutlon to the excess current from
the ex01ted states of Eq (50). The condltlons necessary
to observejthese effects (dirty, thlck.d )> § (T) films)

were not-satisfied in any of the junction used.

C. DATA FOR T T, (H)

In jhis section we present experimenfal excess
current-voltage characteristics obtaineddwhen both
metals were superconducting. As has been discussed
in Chapter II, the excess current-voltage characteristic
observed below T is expected to be a measure of the
palr—fleld susceptibility of the aluminum;film. 'Measure—
ments are nade only at finite q because:of'the necessity
of applying a magnetic field to suppresS;fne dc Josepn—
son effecflso that the higher order effecfs may be
observedfz'It should be noted that the magnetic field

applied in the plane of the junction was not greater



than the crltlcal fleld of the lead electrode Care
was taken to dlstlngulsh the structures in the excess
current voltage characteristic which could be attri-
buted to fluctuatlon induced pair tunnellng from rem-
‘nant features of the standard Josephson effect In the
regime of weak coupling of the metals of the Junctlon
near T thermal fluctuations can cause a roundlng of
the zero voltage Josephson current, whlch could be
confused w1th fluctuatlon induced pair. tunnellng 63
A deflnlte trans1tlon between "Josephson llke behav1or
(I 1ncreas1ng as T is decreased and 1nterference
effects due to an applied fleld) and "non Josephson—

like" behav1or (decrease in the magnltude of the excess

current as T 1s decreased and ho 1nterference effects)

was observed for magnetlc fields of the order of 10 %o

15 Oe, dependlng on the junction.

Also care must be taken in the 1nterpretat10n of
some of the structures in the excess current as they
may arlse from quas1partlcle tunneling processes or
quas1partlcle pair interference processes not removed
by the»background subtraction. These features would

not be related to the fluctuating pair current and
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would thus not be a part of the pair-field susceptibility

of the alumlnum film.,
We flrst present the data analyzed in terms of the
excess:current or equivalently the pair-field suscepti-

bility;-'From this data it will be evident that the
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dynamlcal nature of the fluctuations below T is quanti-
tatlvely dlfferent from that above T, (H) By studylng
the structire factor rather than Im )((co q), the
‘nature of the fluctuations is more clearly demonstrated
Therefore, ‘in the second part of thls sectlon we analyze,
the data 1n terms of S(w,q) or equlvalently I, /V.

_ Flgure (21) shows the main features of the excess
current for junction Al2- 36 as the temperature is reduced
below theftrans1tlon temperature of the ‘aluminum film.

' The applled field is 100 Oe. 1In Fig. (ai'a) the tempera-
ture is above T, (H) and the behavior is the same as
dlscussed.ln ‘the previous section. Flgures (21.b - d).
show the behavior‘for 1T _(H).

The offset in Fig. (21.d4) is a cohseQuence of an .-
asymmetry in the I-V characteristic fzsample Al12-36
resultlng,from a ground loop in theveleotronics which
was laterfoorrected. Figure (21.d) isAtheh only a
qualitative representation of the behavior of the excess
current 1n thls voltage range. - ‘.p

The_solld lines in Fig. (2l.a - c) are fits to the
theory us1ng Eq. (34). Data in Figs. (21 b - d) were
obtalned below T, (H) and are not in agreement with the
form of. the theory which holds above T, (H)

F1gures-(22) and (23) show the detalled behavior
of the excess current'ln the vicinity of Tw(H) for sample
Al2-64, The magnetic field is 125 Oe and the transition

temperature in this field is 1.780 p OOl K, where
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Excess current-voltage characteristics of junctions Al2-36 at
H = 100 Oe. Points are experimental data and solid lines . are
calculated from Eq. (34). Curves (d4), (b), (c), and (d) corre-
spond to T = 1.95465 K, 1.93341 K, 1.92719 K, and 1.89329 K
respectively. ' o ‘
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Fig. (22), Detailed temperature dependence of excess
. current-voltage characteristic for Al2-64
at H = 125 Oe and T,(H) = 1.7995 K.
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for H = 125 Oe and TC(H)== 1.7995 K.
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the method used to set T, (H) will ve descrlbed shortly
The hlgh voltage peak shown in Fig. (21 d) is not in
the range of these traces. These flgures clearly indi-
cate how the contribution to the excess current below

T (H) develops in a continhuous manner from the features

above observed T (H) that are known to be a measure of
the palr fleld susceptibility of the alumlnum fllm
| Thus werare naturally led to the conclus1om that the
excess cdrrent—voltage characteristic.vexcept for the
‘secondary peak which we will show shortlv'ls most likely
due to quasiparticle processes, is a measure of the pair-
field susceptlblllty of the aluminum fllm below T (H).
The dlstortlon of the excess current -voltage char-
acterlstlc from the behavior of T;>T (H) beglns several
mK above T (H) In this region, ‘close to‘Tc(H), the’
1nverse~coherence length é-'(T)"l is comparable to thed
wave vector q and the system is in the:nonbvdrodynamic
limit. :The.transition is also smeared:out over a temp-
eratureeinterval of several mK. This is also evident in
the plots of Vp.versus T (Figs. (28) amd (29)) where
the change in slobe at TC(H) is gradual"rather than abrupt.
Three features of the excess current should be
noted.'<Flrst, at‘the transition temperature, a shoulder
develops on the low voltage slde of the main peak. As
T is reduced below T, (H) this shoulder moves to a
lower voltage and for some junctions becomes a peak in

the excesslcurrent-voltage characterlstlcs at low
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temperatures For very low temperature, itfusuaily
appears as a rounded step at the orlgln whose magnltude
slowly decreases or appears to remain constant as T
is decreased At flxed T if the magnetlc fleld is
reduced the shoulder grows slowly unt11 for small’
flelds (10 - 15 QOe) the dc Josephson effect becomes
dominantiand»obscures the fluctuation'induoed pair
current. . | ‘

The second feature of the excess current is a
change in- the behav1or of the maln peak as the trans1—
v'tlon temperature is crossed. The shape‘of the peak
dlstorts from the quasi-Lorentzian shape of T§>T (H),
to a much more peaked function for T<(T ( ). In. addi-
:tlon, theAs1gn of the temperature dependence of the
positionAof the maximum of the main peak:changes, at
the transition temperature. As T is decreased, the
amplituderf the peak gets smaller and the shape becomes
less peahed, although.it does not become quasi-Lorentzian
again inLthe temperature range in which the effect is
observed;‘ | B

The third feature of interest is theAhigh'voltage
secondarytpeak shown in Fig. (21.4). The development
of this{peak from the main peak is shown in Fig. (24)
Measurements of the position of the maximum as a .func-
tion of témperature were only made When:the secondary
peak was'sufficiently far removed from theimain peak

for it to be well defined. The insert ionig. (28)
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shows the;temperature dependence of thegeecondary peak
'.voltage:which is found to be equal to the;voltage cor-
respondlng to the energy gap of the alumlnum film. This
,1s shown-ln Fig. (25) where we have plotted data from
sample AlZ -64 obtained in a magnetlc field of 75 gauss.
The SOlld llne is the temperature dependent energy gap

of the alumlnum film near T (H) calculated from

AN (T) 3.1 kT N
ey AL T 1
'nyg. - e e 2 /T (H)) (62)

where only T, (H) has been adjusted to glve the best
fit to the theory

Flgure (26) shows the temperature dependence of
the magnltude of the current at the peak, "Since the
peak ie found atvhigh voltagee, small errors in the
subtraction of the background quasipartlcle current can
cause significant errors in the amplitudelof the peak.
Another source of error 1in the magnitudelof the secondary
peak is_the main low voltage structure in:the excess
current “Since the height and position of the secondary
peak were determlned without subtracting the contribution
from the main peak, the apparent magnltude may be
larger, however the position is not affected because
the magnitude of the tail of the main structure‘does
not changelover the voltage region where’the secondaryi
peak is;ohserved.‘ For these reasons the data shown in

Fig. (26)‘should be taken only as approximate. The fall




110

.69 | B .80
| T (KELVIN) 3

Fig. (25) Temperature dependence of the secondary voltage peak for sample Al2-64
in a field of 75 Oe. The points are data while the solid line is the
fit to Eq. (62) for the temperature dependence of the voltage corre-
sponding to the energy gap. ' Only T.(H) has been adjusted.
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Peak current of secondary voltage peak for
Al12-36 as a function of temperature for sev-
eral magnetic fields. . The fall off at low
temperatures may be due to errors in back-
ground subtraction.
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off at low temperatures is probably the result of errors
in the base line subtraction s1nce the peak is moving
1nto the<region where the quas1particle“subtraction
parameters ‘are determined. 'ii”

In Fig (27) we show the low temperature total
current voltage characteristic of the Al2-64. The struc-
tures at the voltage of the energy gap has moved to approx-
imately 23 mV which is very close to the low temperature
energy gap of aluminum . determined by other measurements
The low voltage shoulder is a small step at the origin -
and the main peak has become a very broad peak As the
field is 1ncreased these structures are reduced in mag-
nitude appreCiably, however they do not disappear It is
surpr1s1ng that other experiments have not observed
these low voltage structures in the I- V. characteristic

Several mechanisms have been suggested which may
- be respon31ble for the secondary peak. The fact that
the pos1tion of the peak is found at the same voltage
as the. energy gap of the aluminum film and is only
weakly dependent on magnetic field suggests that i1t is
a consequence of quasiparticle processes.rather than'
coherent pair tunneling processes. One such mechanism
suggested by §imanek and Haywardéu is dynamical pair
breaking'produced by oscillating electromagnetic fields
in the .junction. They have shown that the interaction
of theforder parameter in the aluminum film with the

ac voltage'induced_by the ac currents in the junction
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Fig. (27) Total I-V characteristic of Al2-64 at T=1.12 K
.- and H = 75 Oe. The step at the voltage of the
+ . gap is evident at V = .23 mV and the excess
current at lower voltages is.still evident.
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can produce a structure at the gap voltage ' WhenAthe dc.
bias across the junction is such that the Josephson
frequency Q)— 2eV/h becomes equal to the gap frequency
21¥A (T /h real excitations of quas1partlcle palrs
begin to contrlbute to the dc current. The position of
the secondary peak as a function of temperature is
4'ass001ated with the threshold of this ex01tatlon process
.and is- a measure of the temperature dependence of the
energy gap Slmanek and Hayward found - that at the gap
Voltage the I-V characterlstlc exhlblts a dlscontlnuous
jump. The 1nclus1on of pair breaklng effectsy7 due to
.the magnetlc fleld rounds off this step at the &ap
voltage 1n ‘a manner qualltatlvely 81m11ar to the experi-
mental_roundlng. The magnitude of the dc current peak
is given-by |

e2 Vg /A (T) g N(O) & lu |
A1 = IO 2 H (63)

h2q2vf

Here g isythe strength of the BCS interaction and V_
is the;anpiitude of the acvvoltage. A numerical estimate
of thedéurrent jump for H = 100 Oe and.zxAl(T) = 70 X 1070
is approrimately 10 X 1077 8 which is in qualitative
_agreement with the experiment. : A

Another mechanism which may be related to the struc-
ture we observed at the gap is the multiparticle tunnel-
ing processes originally proposed by Wilkins and Schrief-
fer 65 to. explaln the gap structure observed in supercon-

ductlng tunnellng Junctlons.66 Slmanek67 has estimated
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the magnitude of this effect in the temperature range of .
interest&and'finds a current jump at<£¥ﬁv(f) to be three
ordersfof-magnitude smaller than the effects,experiment—
: ally»observed' ”
| A thlrd explanation of the secondary peak which
should be cons1dered is that pair- field susceptlblllty
itself. contalns a peak at Aw =2eV = ZZX(T) Under-
standlng thls mechanism would requlre a detalled theory
for X (CO qa). . i
Flgures (28) and (29) show the temperature depen-
‘dence of the maximum of the main peak 1n the excess
current Voltage characteristic for several values of o
magnetic fleld for samples Al2-36 and Alz- 64 The position
of the peak was determined by selectlng the ‘maximum in the
excess, current from a plot on the computer display rather
than from a detailed flttlng scheme whlch folded out the
various’ structures in Xf(u),q) The onset of supercon-
ductivity in the alumlnum film is marked by the "turn-
around"'of the data. This is a consequence of the fact
that € ) the quantlty characterizing fluctuatlons near
TC(H), is an increasing function of temperature when
T:>TC(H)nand a decreasing function of temperature when
T<TC(H:)', The gap in the data for fields of 50 and 75
gauss is due to the existence of negativecresistance
regions in I-V characteristic for this temperature range.
Measurements in this range are unreliable‘because of

switching.' At larger fields and lower'temperatures
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main peak of the excess current for Al2-36
for several magnetic fields. Data is not
shown for low fields in the vicinity of T¢
due to the negative dynamical resistances.
In the insert the temperature dependence of
the secondary peak is shown for various mag-

" netic fields.
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Fig. (29) Temperature dependence of the peak voltage in‘the excess current for
sample Al2-64 for several magnetic-fields.
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the fluctuatlon effects are smaller, resulting in
pos1t1ve dynamlcal resistances over the: entlre range
of the I-V characterlstlc. o
The{transition temperature of the £ilm is defined.
as thetteu;erature'at which the plot of Vp.versus T
in finite field changes sign. This temperature'was notd‘
well deflned from -the data as a result of roundlng of
the Vp versus T curve in the vicinity of T (H) If the
temperature at Wthh p/dT 0 was used as T (H), then
the value of the coherence length calculated from Eq. (55)
did not agree w1th values of §'(O) determlned from ‘A
dlfferent values of T, (H) in different magnetlc fields.
The tran81tlon temperature was actually determlned from
the 1nteract10n of the extrapolated behav1or for T:>T (H)
with that“for T<:TC(H). Then the valueslef §:(O) deter-
“mined from Eq. (55) with different values;of T, (H) for
dlfferent fields, were within 5 to lO% of each other.
In.Flgs.~(30) and (31) we plot the inverse peak
currenthp_l as a function of temperature_in several
~magnetic fields for junctions A12—36>and.A12—64. The
anamalousendnmonotonic variation of Ip";i&ersus T in the
form of a?%eak in Ip_l near T_(H) was ebserved only in
sample Al2—36. This behavior is observed at the same
temperatures as the step in Vp versus T and is most
evident;in data of Fig. (28) taken in‘l50 gauss and
at 1.925 K. At the present time, it is not known if

this effect is an unusual consequence. of sample inhomo-
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(31) Temperature dependence of inverse peak current Al2-64 for several

magnetic fields.
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geneity’such as a multiple transition or-is a fundamental
property of the Junctlon. : . |
A theoretlcal calculation of Xf(o) q) below T,

" for a gapless neutral superconductor, whlch is discussed
in Sectlon IV D, predlcts this type of behav1or for the
temperature dependence of the inverse peak current
below T However as discussed in that sectlon, the
ev1dence for such a description is not strong, especially‘
since the effect was only observed in one . sample, Al12-36,
whose phys1cal properties (fDN, v To (O) etc ) did not
differ . s1gn1f1cantly from those of other samples. There
may stlll be a undeflned parameter in the ‘'system which
characterlzes th1s type of behavior whlch 1s not understood.

More characteristic behavior of the temperature

dependence of the inverse peak current 1s shown in

Fig. (31) . The fall off of Ip "1 from the llnear behavior
of T:>T (H) occurs at T, (H). The rapid increase in the
peak current as TC(H) is crossed is not well understood

at thls time. It is unlikely that the decrease in Ip_l
is a consequence of the presence of the secondary high
voltage peak under the main peak. If the.explanatlon
given byréimanek and Haywardéu is correct,]the magnitude
of the'peak is proportional to the temperature depen-
dent gap, Near TC(H), the magnitude of;the peak is too

1

small to account for the decrease in Ip' . As the peak

current ig.a measure of the strength of the fluctuations,

the drop in Ip'l in the vicinity of TC(H) implies an
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enhancement of fluctuation effects. Agaln this behavior
occurs over a temperature range within. Wthh the inverse
correlatlon length 5 CP) is of the order of the wave
vector so that effects occuring in thlsbregion may be
manlfestatlons of critical behavior. As in the discussion
of the drop in the relaxation frequency above T any- |
' enhancement of fluctuation effects is opp031te to what
would be expected in the critical reglon However for
sample A12 36 the inverse peak current falls, near T
1nd10at;ng a supression of fluctuations in a manner 1
which isfexpected in the critical'region.lA' | .
The data presented in Fig. (21) suggests that ‘
fluctuatlons of the order parameter cannot be described
by a dlfqulVe tlme—dependent Glnzburg-Landau equatlon,
but rather should be described by an equatlon w1th propa-
gatlng solutlons In this case the structure factor,
S(Q).q), should be studied rather than Xf«u q) since from
the former it is easier both to demonstrate the nature
of such modes and, in principle, to ascertain their
disperslonwrelations. A peak in the-structure factor
at non:zero frequency implies the existence of a propa--
gating mode, with the damping of the mode proportlonal
to the half width of the peak. The structure factor is
easily obtained from the data by dividing tbe excess
current byythe voltage (Eq. (15)).. So that these results

will be displayed in a manner more consistent with data

presented for the study of other phase transitions, the-
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voltage';s:writtern in terms of frequencchQ= _%%K__ and
the magnétic-field is written in terms of;wave vector
a= Eu (X + Y2,

The structure factor for sample A12 64 is shown
in Flg (32) The magnitude of the structure factor is
in arbltrary units. A magnetic field of 125 Oe is applied
to the Junctlon, reducing the trans1t10n temperature from
1.786 K to approx1mately 1.7795 K. Although only the .
(U:>O portlon of the data is shown, all curves are
actually symmetrlcal about W= 0. The hlgh frequency
peak 1n the excess current at the gap 1s out of the range
of the graphs Above T (H) the structure factor is
Lorentz1an centered at W = 0, with a half w1dth equal to
‘the palr relaxatlon frequency I" BeIOannd in the
1mmed1ate;v101n1ty of T S(u),q) has a peak at finite
frequencYELup in addltlon to the usual peak at the origin.
As thetteﬁperature is reduced below ch;thls peak moves
out intthe_frequency, its half width broadens and finally
for T (H)'4 T~ 40 mK the peak becomes very-broad and is
obscured by the tail of the central peak The amplitude
of the peak at the origin grows as T (H) is crossed and
decreases;slowly below Tc(H)' Tts half width after
decreasing at Té(H) appears to increase as the temperature
is reduced,further.

ShoWn in Fig. (33) is the magnetic‘field dependence
of §(0,q) at € (H,T) = 6.3 X 1072 for sample A12-64.

The nonmonotonlc behavior as a functlon of" magnetlc field
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Fig. (32) Structure factor (Iex/V) in arbitrary units for Al2-64 plotted as a
function of temperature. The magnetic field:is 125 Oe. -.Curves are
only shown for the W > 0 portion; they are actually symmetrlcal
about W = 0. Tc(H) = 1.780.
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~ Value of the structure fgctor at zero frequency
."for € (H,T) = 6.32 X 10~

..~ The nonmonotonic behavior was present in Al2- 61
“. and 79 also.

for junction Al2-64.
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was observed in Junctlons A12 61, 64 and 79, which were
the only Junctlons for which this quantlty was measured.
It may be poss1ble that the observed behav1or 1s a conse-
quence of locally thln reglons or even small filamentary
shorts through the 1nsulat1ng layer whlch result 1n
,coherent pair transfer with 1nterference effects The
perlod;of;the nonmonotonic:behavior 1mpl;es a wave
1engthdoff2000 2 (Eq. (28)) which may be'afreasonable
size fortsuch.regions The nonmonotonic"behavior may
also be a real feature of the central mode in S(w,a)
not contalned in any known model

The dlsper81on relatlon for the propagatlng mode
can be determlned by measurlng the wave vector dependence
of the flnlte frequency peak in the structure factor,
where the wave-vector is set by the- magnetlc field in
the plane of the junction. Figures (34) and (35) show
the resuits for‘junctions Al2-64 and A12—79; In Figs.
(34. a) and (35) the dlsper31on relatlon 1s plotted at
fixed temperature and in Fig. (34 b) at flxed € (H,T)

Eq. (55) , The bendlng over of the curves in Figs. (34.a)
and (35) is a consequence of the approach to the super-
conduct;ng—normal phase boundary with 1ncrea81ng magnetlc
fieldrﬁfBecause the applied fielddshifts T, as well as
determines the wave vector, the physically significant
curves are believed to be plots at fixed reduced tempera-
tures. These'are shown in Fig. (34.D). ~ The curves A

 and B correspond to € (H,T) = 6.32 x 10° “3 and 1 x 1073,
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a) Position of finite frequency peak in S(W,q) plotted as a function
of g in units of magnetic field - ')) of sample Al2-64
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= 1.77104, 1.76740, 1.76379 and 1.75317 respectively.
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respectdvely~where at each field, € (H;T} Was calculated
from Eq. (55) with £ (0) = 5.46 X 1076 cm and T_(0)=1.786 K.
Over the apparent ‘linear range where the. dlsper31on rela-
tion 1s measured the propagation ve1001t1es can be
obtalnedufrOm the slopes of the ourves_and they are

+6
6

1.74 X 10%° cn/sec for € = 6.32 X 1073, and

1.35 X 10 cm/sec for €= 1 X 1072, The;propagation

ve1001ty appears to be 1ndependent of 6 for‘€:>4 X 10 -3
to the extent that it is poss1ble to observe a peak in
S(w,q).: For € > 4 X 10 3 the velooltles are greater
than. the sound velocity in aluminum (5 X lO5 cm/sec) |

08 cm/sec)

but are 1ower than the Fermi velocity" (2 02 X lO
in alumlnum _QIR 4

From the data in Flgs (34) and (35) it is evident
that the. extrapolatlon of the linear portlon of the dis-
pers1on relatlon to small q gives an apparent negative
frequency‘lnteroept. It should be emphas;zed that this
experlment does not measure the d1spers1on relatlon for
low q. For small wave vectors, quantltatlve measurements
on the flnlte frequency peak cannot be oarrled out for
several reasons first in low magnetio”fields the
Josephson effect dominates, second, the I V character-
istic has reglons of negative dynamlcal res1stance and
flnally,‘the width of the central peak at small q and
large ‘€ 1is usually large enough to obscure the behavior
of finite frequency peak at small w. Measurements on

voltage. biased junctions that are carefully shielded

from external noise, along with a detailed fitting scheme



127
could possibly probe more of the small wave vector
regionz'”' |

However, the negative-frequency 1ntercept of the
curve suggested by the hlgh data is not: 1ncons1stent
with a model in which a phononllke mode 1s coupled to a
plasmonllke mode. 68 | .

Shown in Flg " (36) is the temperature dependence
of thewflnlte frequency peak  for Al2-64.in two magnetic
fields: The saturatlon of Q)ﬁ for €j>5¢-x‘10—3 is
con51stent w1th the saturation of the propagatlon‘
ve1001ty for low q, evident from the dlspers1on curve,

In Flgs (34), (35), and (36) the llmlts on the ranges
of q and Q)for which data are plotted are determlned by
llmltatlons on the quantltatlve deflnltlon in the peak
of S(o) q) whlch is a consequence of the graphlcal
technlque used to analyze the data. Instead of deter-
mining. the peak frequency w1th a detalled flttlng scheme
in Wthh the various components in the structure factor
are folded out from the raw data, W p was found by
selectrng the maximum from the graph of S(w ,q). The
lower.limit for the range of g was thuS‘set by a require-
ment that the peak be far enough separated from the tail

of the zero frequency peak that it could be well defined.
-2

For values of q and (W as large as 300 Oe and 6 X 10
respeotively, an effect was still evident but could be
characterized only in a marginal manner.u Over the range

plotted, the error in the determinationiof peak frequencies
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Fig. (36)1 Temperature dependence of peak of S(W,q) in
. .. fields of 150 Qe (A) and 125 Qe (B).
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using a graphlcal technique rather than a fitting scheme
was estimated to be at most t 3% 10 -9 rad/sec if all
the peaks :were Lorentzian or sh1fted_Lorentz1ans.

The:errors in determination of thé”péék frequencies
are not large enough to account for the fact that all
the graphs of cup versus q extrapolated to a small
negative frequency as q goes to zero. A systematic
error 1n the analysis may possibly be respons1ble for
the negative 1ntercept A contribution from~a remnant
of the fluctuation broadened dc Josephson current would
make an 1ncreas1ng contribution to the- excess current
at low voltages as the magnetic field is. reduced This
would appear as a contribution to the central peak in
S(ou q) and would shift a)p to a lower frequency. How-
ever, 31nce the height of the central peak ‘decreases aslT,
is loweredgbelow TC in fields in excess.of’lS Oe, this
effectiisfprObably unimportant. A contribution to the
centrallpeak from the Josephson effect would increase
with decreasing temperature. o

We.haVe also obtained preliminary results using a
nonlinear,fitting scheme applied to-the;data‘shown in
Fig. (32)% The structure factor has been'assumed to be
the su@fof a central Lorentzian and tWoAshifted Lorent-
zians at(Q = tcup. The parameters characterizing the
‘peaks determined from the fitting program are given
in Table:lII, along with the value for tneppeak frequency

which had been determined graphically. . We ‘can conclude
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from the values listed in Table III that the fitting

technique:does not significantly shiftntheiposition of
the flnlte frequency peak from the values whlch had been
prev1ously determlned graphically. The.flttlng technique
does glve-lnformatlon about llfetlmes andirelaxation
times ass001ated with the finite frequency peak and the
central mode respectlvely Because errors ;n this tech-
nique appeared to. be large, the use of morevsophisticated
flttlng technlques is belng explored -No;quantitatiue
statements can be made at this time as to “the validity

.of the relaxatlon tlmes and lifetimes llsted in Table ITI.

It 1s of some interest to indicate expllcltly the
reglons of the superconductlng normal phase dlagram in .
which measurements have been made. ThlS 1s shown in
Fig. (37) . The ‘boundary of hydrodynamlc'reglon was
determlned ‘with condition f(T)/)~, whlch is actually
only a qualltatlve measurement of the w1dth of the non-
hydrodynamlc region.

To summarize this section, we list the important
features of the data to be explained by theory First
the peak;of the excess current which 1s,a_measure of the
pair-field susceptibility, distorts as the transition
temperature is crossed. Analysis of the structure factor
suggests thls peaking to be a consequence of the existence
of a propagatlng mode in the system whloh appears at
T = TC(H)u_iThis mode has a linear dispersibn relation

over the range it is observed however it'appears to



132

Fig. (3?)5:
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Regions in the H-T p1ane where measurements -

. ‘on sample Al12-64 were carried out. Similar
. drawings could be made for other samples. The

" heavy solid 1line corresponds to the supercon-

ducting normal phase boundary. The shaded

-region in the center is approximately the non-
- hydrodynamic region. The dotted line below

Te(H) corresponds to the lower temperature

-1limit where the propagating mode-is observed.



133

extrapolate to a.negative frequency as quoes to zero.
Second;gon_the low frequency side of thevmain peak in the
susceptibility, a shoulder deuelops _ Thls shoulder is
ass001ated w1th the diffusive peak at zero frequency |

1n the structure factor.

| D DISCUSSION OF DATA FOR ’I‘<T (H)

Although there has been substantial’ experlmental
and theoretlcal 1nvest1gat10ns of dynamlcal fluctuation
effects above the superconductlng tran81t10n tempera-
ture, llttle quantltatlve ‘information about the dynamlcs
below Tc ;s avallable The measurements of Lehoczky and
Briscoe;é9 of the effects of order parameter fluctuations
on the ac' conduct1v1ty of thin lead fllms below T have
been clalmed to be in agreement with a descrlptlon of
fluctuatlons by a diffusive time- dependent Glnzburg—
Landau equatlon However, this equatlon does not
adequately descrlbe the effects reported in th1s investi-
gation for T<:T (H). R

That the diffusive time- dependent Glnzburg Landau
equatlon_ls 1nadequate below T, is well known. As
derived_from microscopic theory by Abrahams and Tsuneto,26
it is strictly valid only for ™1, or Al(r,t) =o0.
In their"derivation they found the following three
equations for the relaxation of the order.parameter,

for supercurrent density, and for the charge density:

é(SS_tPI;ﬁ E (64)
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igom Aoy A Y- el (65)
N S S VAN (66)
8P =Byt (L BE Oy e
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2
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In’theiabo?e L is the electrochemical potential, K’ is-
a paraméfér characterizing the relaxatioﬁwfatez
T n? )
| e S SORE

and eV ;iéithe electrical potential enéfgy?z Unfortunately,
when azgapfexists, Eqs. (65) and (66) dqwﬁdt satisfy a -

continuity equation

0 -
1
O

§73.+ 3t - %> _g f: (67)
where R . R
i=dg+ iy
and

s +Fn .

PR

This viéiétionAdf chérge conservation isfthe central
difficu;tyfwifh the time—dependént generaiizations of
the-Ginzbﬁfg-Landau theory and appears.tolarise from the
nonlocaiity of the theory of superconduéiivity when there
is an énéfgy gap. Physically the problem of the conver-
sion offhérmal fluid (thermal excitations) to superfluid

"has not been treated properly.
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To aV01d the dlfflcultles as3001ateddw1th the
energy gap, Gor'kov and Ellashbergl94cons1dered the case
of a superconduotor with a sufficient conoenfration of
paramaéneuic impurities to exhibit a gapless regime
below‘T:;; They derlved a set of local- charge conserving,
time- dependent equations valid in the gapless regime,

In thelr theory, a new function, the- anomalous term U
was 1ntpoduoedvto describe the coupllng-oﬂrorder parae

meter quotuations to density fluctuations:

3ne2

ff;Ui= V + ;_lﬂfi__ ESFD f'p v (68)
Here eU ‘may be identified with the electrochemlcal
potentlal Ass001at1ng the electrochemlcal potential
with the anomalous term U, the time- dependent Glnzburg—
Landau equatlon (Eq. (64)) derived by Abrahams and
Tsuneto 1s seen to be equivalent to the equatlons of

Gor' kov and Eliashberg in the gapless reglme However

the chemlcal potential is glven by

R (69)

and the:onarge density is not given by Eq.'(66) but

is calcuiated from Eq. (60), the equation of continuity,

and Eq. (65), the equation for the superouffent
Detalled calculations of the pair- fleld susceptl-

bility have .been carried out by Brleskorn et al. 17 and

Maki and Sato18 using the Gor' kov-Ellashberg equations .
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The pr1n01ple feature in these calculations is the
appearance of a collective mode involving: fluctuatlons in
the phase of the order parameter, Wthh resembles the
"fourth sound" mode of llquld Heuf '..d

| Another time- dependent generallzatlon of the
_Glnzburg Landau equation which is of 1nterest is that of
Schmid . and Schon. 70 They have used the mlcroscoplc
theory. of Eliashberg and Ellenberger to derlve a set of
llnearlzed equatlons for the dev1at10ns from equilibrium
of both the quasiparticle distribution functlon and the
order parameter Recently they have used these equations
to derlve ‘a dlspers1on relation for a collectlve mode
in the phase of the order parameter Wthh is similar
to the’ mode seen in this 1nvest1gatlon 23};

Slnce it is apparent from the data that a propa—
lgatlng mode exists in the Junctlon superconductor
system, the next section contalns a brlef rev1ew of the
subJect of propagating modes in Josephson Junctlons
and superconductors.- Following this a dlscuss1on of
theoreiioal calculations of the pair-fieid susceptibility
and coiiective modes which have been carrded out as a
result of these 1nvest1gat10ns is glven 'To conclude
this sectlon, a brlef dlscus31on of the relatlonshlp of
this 1nvest1gat10n to other experlmental work on non-

equlllbrlum processes below Tc is given.
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D 1 Collectlve Modes

The flnlte frequency peak rn the structure factor
clearly-demonstrates the existéence of a:propagatlng
low frequency order parameter collectlve ﬁede iu the
superconductor Junctlon system. 1In thls section we
dlscuss5$he known collective excitatioue of Josephson
.junctiéﬁeﬁénd superconductors that coul@fpe related
to.the'ﬁﬁeﬁemena observed in rhis‘inveStiéefion.

The;QOllective excitations in the’ﬁheee'differ—
ences écrees a Josephson junction.are deeeribed by the

equatioﬁgbf motion60

where the‘geometry of the junction is thatZShown in
Fig (l) Here qb is the phase dlfference across the

Junctlon, )\J is the Josephson penetratlon depth given

by

N

. ‘— ( hc ' . )
>\J N 8Te (N\+ )\' +§ ) ip , (71)

where Esgis the thickness of the‘insulafihg barrier

and the penetration depth of the electrodes are N\ and
At TheFWave velocity is | |

[( ii- '-+8 ]A:, (72)

where € is the dielectric constant and c‘is the

(¢ B
1]
I\)IH

(h||-'

velocity of light.
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Magnetlc fields completely penetrate the low
tran81tlon temperature electrode in this. 1nvest1gatlon
because measurements were carrled out at temperatures
close to T Consequently, the penetratlon depth may be
replaced by the thickness d. The electric' field in the
junction ;s related - to the phase difference by thebGor'kov—'

‘Josephsoniequation

e 2HE g

T

UsdngiEq, (73:) in Eq. (70), the free.fluctuations'
of the. electrlc field are found to be the 80~ -called
Sw1hart modes of a superconductlng ;junctlon.7l These
are slow transverse magnetic waves in the Junctlon
“which have_a phononllke dispersion relatlon and a phase
velocityffand group velocity) c. For thetjunction'used
in thls 1nvest1gat10n, c is approx1mate1y 1/20 the speed
of llght ( A\' =370 B,\=d = 1200 R, €= 5). Swihart
modes have'been observed in experiments With superconduct-
ing strip transmission lines72 and in an:ekperiment by
;‘Eck et al 73 in which they were both dr1ven and detected
by the Josephson current.

In the experiments of Eck et al., the ac Josephson _

current dens1ty across the junction is glven by

J =3 sin (w, t - ay +¢§) o (74)
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where‘Eq (19) gives the relationship between Wo and |
qQ, and the de voltage and magnetlc fleld respectlvely
When the phase velocity o) /q matches the’ phase velocity
~of the Sw1hart modes ¢, the Josephson current transfers
energyflnto the TM electromagnetic modes of the Jjunction.
The energylis dissipated by losses in the barrier region
and by external radlatlon The dc current—voltage
charactertlstlc of a voltage -biased Junctlon is affected
by the bulld -up of the fields in the barrler in a fashion
qualltatlvely s1m11ar to what was seen here, but quanti-
tatlvely very dlfferent The wave ve1001ty c is always
much hlgher than the velocity of the mode of the present
v 1nvest1gat10n 73 o _ 5{'_3 z

If" Eq (70) is solved for small fluctuatlons of
the phase about zero, the so-called Josephson plasma
0801llat10ns are obtained. 32 pheir dlsperslon relation
is

<,w=.[wp + cq] e (75)

Here cuptis the Josephson plasma frequenoy:which is
given by = L
o : 2 S
(2e)° B, % -
P n°c

where.E1 is the Josephson coupling energ&_and C is the
capaeitance of_the junction. Q)p is approx1mately

l1to 5 X lQlO sec -1 for the junctions 1nvest1gated in

this work§in the temperature range of 1nterest.
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The plasma mode is quantitatively different from
what is Observediexperimentally. The positive inter-
cept of the frequency Which would be largerenough to
be ev1dent is not observed and the ve1001ty of these
plasma modes is also much larger than the velocity
of the- experlmentally observed mode. G
There is also the pos31bility of collectlve modes
'assoc1ated-w1th the motion of vortices found in the
barriers of w1de Josephson Junctions in: a magnetic field.
Since the linear dimen81ons of Junctions 1nvest1gated
were small compared to )d" it is. unllkely that modes |
of this type play any role in explainlng the observations.
The most convincing evidence that an order para-
‘meter collective mode rather than a Junction mode
is belng observed is that the features of the excess-

current voltage characteristlc below T which we have

ass001ated;w1th the mode, develop continuously from the
behavioraabove Tc which may be_related to;the pair-
field susceptibility. There is no’reason‘to‘believe
that any mode of the junction itselflwouldébehave in-
this manner. o

‘Inithe past, the existence of a loW-frequency
collective‘excitation of the order parameter with a

phonon—like dispersion relation in an isolated charged'

?4

‘ superconductor has been thought to be highly unlikely
It is well known that when the long range ‘Coulomb

1nteract1on is taken into account, any phonon—like




141

mode involying charge density fluotuationsiuill be
shifted to'a high frequency plasma mode. If the collec-
tive mode 1nvolves only oscillations in the phase of
the order parameter, the Gor'kov- Josephson relatlon
implies. the ex1stence of a time- dependent fluctuation
in the electrlc fleld which will produce charge dens1ty
fluctuatlons. The Coulomb interaction agaln drives the
frequenc&;up to the electrom plasma frequency.

The above d1scuss1on neglects the poss1b111ty
of a screenlng of the Coulomb 1nteractlon Three
.poss1ble screenlng mechanisms have been’ suggested
First, s1nce the frequency of the collectlve mode found
in thls work is low, the 1ons of the lattlce could screen
the electrons by following their os01llat10ns 67 A second
idea 1s that normal fluid itself could move relative to
the superfluld to maintain charge neutrallty. A third .
poss1b111ty is the conjecture that the mode is not
a free mode of the superconductor but propagates only
because of,the presence of the Junctlon That is, one
might conjecturevthat the ac currents in‘the Junctlon
somehow%provide a screening mechanism. The first two
ideas are discussed in the next sectlon

In. neutral superfluids (He II and He3) or super-
conductors in which the Coulomb interaction is com-
pletely screened, conditions are favorable‘for the
existence of propagating order parameter'modes; In

particular; there is a question of the existence of
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hydrodynamlc modes in superconductors,’ analogous to .
the second and fourth sound modes in llquld helium
that ex1st below the lambda p01nt In hellum, second
~-sound 1s a temperature entropy wave w1th a phonon-like .
d1spers1on~relat10n. In a two-fluid model it corresponds
to a relatlve oscillation of the normal and superfluld
such that the total dens1ty of the fluld 1s constant.
There has been some d1scuss1on in the llterature as
to the’ poss1b111ty of the propagatlon of second sound
in superconductors, with most authors comlng to a .
negatlve conclus1on 75 77 Since second sound is a
wave in the amplitude of the order- parameter with
constant total density, ‘the Coulombllnteractlon would
not preVent its existence, however the hydrodynamic

T
istic thermalizing length,” is not satisfied in the

‘requirement that ).;>LT where 1. is a character-

normaljeiectron fluid. 1In most practical;supercon-
ductors”and in particular, in the disordered films used
in thisfinrestigation, the electron electron scatterlng :
length 1s -much longer than the electron lattlce 1nter—
action-length. Thus the normal fluid is not in local
thermaifequilibrium and a hydrodynamic mode involving
the motlon of the normal fluid is not poss1b1e

There’ has also been some dlscuss1on of the exist-
ence in a 'charged superconductor near Tc'of a nonhydro-:
dynamic;seCOnd sound like mode, in which the normal

fluid and?Superfluid are in relative motion but neither
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are in local thermal equilibrium. A waue—tike motion
somewhat;simiiar to this mode is discussedgin the next
sectlon | |

The sltuatlon in Wthh the normal electrons are
strongly scattered by lattlce 1mpur1t1es and phonons
lresembles the fourth sound mode in hellum There, the
motion of the normal fluld is 1nh1b1ted by its v1scos1ty,
as the geometry of the contalnlng vessel 1s one in
which the llquld hellum flllS a porous statlonary
matrix of SOlld materlal Fourth sound~1s a temperature-
dens1ty wave in Wthh only the superfluld 1s in motion.
In a superconductor a fourth sound llke mode would be
one in Wthh the normal fluld is clamped to the lattice,
with the'motlon of the superfluid satlsfyrng a phonon-
like d1spers1on relation. Such a mode has been pre-
dicted: to propagate in neutral superconductors in the
gapless reglon by Brleskorn et al. 17 and 1ndependently '
by Makl'and Sato.18 Its velocity in the q > O

WY Qslimit is given by
= (77)

W[AR B el g prn]
" The quantitiesth and uf'(t) are the depairing parameter
characterdaing the gapless state and the trigamma
function r_éspectiVely.37 The fourth soundtmode corre-
sponds toea wave in the imaginary part of.the order
parameter;;which to first order is equivalent to a

wave in the phase of the order parameter. This mode
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is - dlscussed in the next sectlon

It must be emphasized that there is- a danger that
analogles between propagating modes in hellum and super—
conduotorslmay be superflclal. Fourth sound in hellum
involvesﬁfiuctuations in the amplitude of.the order
parameter whlle the mode suggested to be‘the analogy
in a. superconductor 1nvolves fluctuatlons 1n the phase
Aof the order paramater. In helium, local thermal
equlllbrlum is requlred for the existence of fourth
_sound whlle the fourth sound mode 1n a gapless super-
conductor is a microscopic mode which ex1sts outside
the hydrodynamlc regime,

Flnally, no discussion of 0011ective modes would
be complete w1thout mentlonlng both the. well known

4, 78, 79 79

Anderson- Bogolluvbov mode and ex01tons.
The Anderson Bogolluvbov mode is longltudlnal long
wavelength nonhydrodynamlc dens1ty fluotuatlon of the
electronlc system as a whole. 1In. a neutral super-

oonductor.at T =0 it has a d1spers1on relatlon of the

form

| fwz\/l—B Ve @ (79)
This md&éjwas originally included in the BCS theory
to restbrepgauge invariance. It is a plasmon in a
charge.system. |
Thesexistence of a microscopic, gapless, low-
frequencyhcolleotive mode appearing at the}phase transi-

tion followsvfrom the Goldstone Theorem 79"8O:and the
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idea that symmetry breaking occurs at theitransition.
Qualitati;ely.79 the Goldstone Theorem'etaies that if
an infinitesimal uniform change of the_ércund state
produceglatnew ground state degenerate:with it, an
infinifesimal‘slowly_varying change in the state (which
interpolafes between the ground states) Wiii result in
a state of low energy provided only (as 1s almost always
the case) that the restoring force is proportlonal to
the gradlent of the varlatlon In an 1sotroplc ferro-
magnet the fact that there are ground states for each-
dlrectlon of magnetlzatlon implies that states in
which the magnetlzatlon direction varles slowly in
space, have a low energy. These states are spin waves.
In a supeyconductor, the degeneracy is connected with
- the phégé’bf the condensed pairs of fermlons which make
up thefenperconducting ground state. Thue a low energy
‘wave in %he phase of the order parameteriis expected
at the.euperconducting phase transition. This mode, a
Goldstone-Boson is identified with the mcde which has
been callec fourth sound which is discussed»in Refs. 17'
and 18 an&'the Anderson-Bogoliuvbov mode. ThatA
oscillaﬁicns in the phase of the order parameter couple
.to lonéiﬁudinal density fluctuation isAeasily seen from
Eq. (69) and the Gor'kov-Josephson relafion@

‘We‘cdnclude this section by mentioninéiexcitons.79

Roughly speaking, exciton states having energies lying

within the energy gap may be pictured as excited bound
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pairs..;prever, it is not known whether these modes
cohtrieUﬁe to the\susceptibility, or indeed if they

are releVant to this work.

D.2 Pertlnent Theoretlcal Calculations
In thls section we will describe theoretlcal
calculaplons of the pair-field susceptlblllty of a

superconductor and of collective modes-in:a super-

COnducteffwhich have been carried out teweXplain the
‘resultSfof‘these experimental investigatibne The

'calculatlon of X(w, q) for the 1deallzed case of a

gapless neutral superconductor descrlbed flrst

Althoughﬂlt is probably not actually appllcable to the

‘presentiinvestigation, it does provide:&eluable insight

into tﬁeﬁihterpretations of the<resultsm:VAfter the

results of‘these calculations were pUblished Simanek

Asuggested a phenomenologlcal method whereby ‘a phonon-

like mode 31mllar to the fourth sound mode could be
obtalned.fer the case of a charged supereonductor by
considefing the coupling of electron density to the
lattice‘phonons. Thie calculation is déseribed next. .
Finally:we describe the recent calculatiehicarried out

by. Schmid.end Schon in which a propagating.erder parameter
mode is:found near T, in a charged superconductor'with.aA

gap. The;dispersion relation of the mode is qualita-

tively similar to that observed in the experiments.
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D.2.a Calculatlon of the Susceptlblllty for a Gapless

Neutral Superconductor The calculatlons of Brleskorn,

Dlnter and Schmidt, 17 and Maki and Sato,18 of the pair-

fleld susceptlblllty of a neutral gapless superconductor
yleld results qualltatlvely very similar to the data
These calculatlons are carried out for the gapless
reglme because 1n this regime a set of tlme dependent
macroscoplc equations for the order parameter have been
derlved from microscopic theory -The case of a neutral
superconductor is considered to av01d the problems asso-
ciated w1th the long range Coulomb 1nteract10n

A gapless superconductor37 1s characterlzed by
depalrlng parameter f3 which is a measure of the strength’
with whlch a partlcular perturbation acts "to destroy palrs{
A thin. fllm in a parallel magnetic fleld w1ll have a de-
palrlng~parameter given by

| 2.2 .2

1 e®H%d
127TkgT, A h2 2 SN

Paramagnetic impurities in a film-provide a depairing
mechanism:with a value of F>4given by

o ~ (81)
nm p

- 1
P = 27TkBTc 277.2

(s + 1) | 7 2

Here n isfthe density of magnetic impurities, m is the

mass of the electron, S is the impurity spin, p, 1s the

Fermi momentum, and J is the exchange integral.
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A nonzero value of F> has several quantltatlve
effects on the superconductlng state of .a film. The
trans1t10n temperature is shifted to a lower value

given by solutlons of <
. (82)

1rif’Tf,gf<o)/Tc(p) R AR .S AL

where QI(fD is the digamma function. | Oter a range of
temperatures below T (f)) the superconductcr may be
gaplessij The boundary between the gapless region and
.the reglon where a gap in the ex01tat10n spectrum exists,
is glven by the temperature at which the order parameter

is equal_to,the pair breaking strengthk-A:
. n;'I“. = AN(T) = 21pP kBTc(P) L (83)

For T>>T (F)) the pair- fleld susceptlblllty is also
modlfled : A time- dependent generallzatlon of the Ginz-
burg- Landau theory including the depalrlng mechanlsm,
and the maghetlc field can be used in the region above
Tc to calculate Xf(g),q . - The result glven in
Ref. 17°is | |
ay = Tkt - 20 .

TS R

Here Diis}the diffusion constant, related. to the coher-

ence iéngth through

1 BkpTy S .
D—§Vfl = g(o) (5)
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and c{,islthe coefficient ofzﬁf(T) in the»free energy,

U ax(r-1(p)) o
It B o
X = D f(p)" 2 (86)

where ;;:ﬁ ’ 5 ' ; .
ripP) = ’TZ— . -p W (’O+ 2) e (87)

The quéSiQLorentzian shape of the excess5eurrent

(I X Im. Xf(cu q)) is the same as in the absence of

a pair‘breaklng mechanism. However, the peak in

Im )((co q) is not at the pair relaxatlon frequency E;
_but is shlfted to a lower frequency Th1§~1s easily
seen by max1m1z1ng Im X (w,q) at flxeld.{T, o and' H.

The max1mum is at

wm= Dq® + (P, | (88)

Thus theffﬁnction f(f)) determines the ehift of the peak
of the,e#eess I-V characteristic, and~nmeasurement of the
peak veltage of the excess current-volfage characteristic,
in pr1nc1ple, can serve to determine the palr breaking
strength through Egqs. (87) and (88).

In‘References 17 and 18 essentially eguivalent
expressions for the pair-field susceptieility are obtained.
The fluetuétions of the order parameter are found to con-
sist oﬁlf&o distinct modes: one associated with amplitude
fluctuaiiens and the other, phase fluctuations. Fluctua-

tions of the amplitude are described by a diffusion equa-

tion and are thus nonpropagating, whereas the fluctuations
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of the_@hase of the order parameter propagate with a
phonon—like dispersion relation in the;hydrodynamice
limit. . "

| 'The;oalculation of the pair-field susoeptibility
below Tééis carried out either by usingzthe Gor'kov-
Eliashherg equations for a gapless neutrai superconduc-
tor w1th paramagnetlc impurities or equlvalent micro-
scopic. methods The order parameter in the‘gapless
lstate is llnearlzed with respect to its dev1at10n about

its average value
‘“' A: AO + A“ + 1 A 1 »

~ where Z&fhis associated with amplitude-flnetuations
and ZS.L to first order, is associated w1th phase fluc-

tuatlons.z The deviations A le then satlsfy the

"’
equations of Gor'kov and Eliashberg. The amplltude
fluctuatlons couple to the real part of. the anomalous
term'U,,whlle phase fluctuations couple to the imaginary
part of'U;TTThe anomalous term UII + iUi describes the
'coupllng between the order parameter and dens1ty fluc-

tuatlons ' ZSII satisfies a diffusion equatlon and Zl

satlsfles ‘a wave equatlon The pair-field susceptibility

obtalned by Breiskorn et al. is
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‘X(‘ ‘) 27 kT
V w4/ =
L N(O) Y (p+ %
"z'}‘ . - ’ . A ( ) v -1
{1 w. ¥ D(q2 -bmex) - W ° P J
. 4 (inw + ‘th ) 7Tk TY(R+ 3
° | o [ o talved e (89)
’ Dq - LN
R i Aﬂﬂf<P+§+ J |

Here A 2 O</,8 where ‘X is given by Eq (86), andB
is the" coefflclent of the fourth order- term in the
expa,nsmn of the free energy which in the gapless regime

is glven by

p
W”(P+—“*3 W“"P* (90)
7 mkgThD ' (,O+—)

8-

The quégfities A and g(P) are functioné~0f the depairing
parame'%é'rjp given by 'A
.:A-é, 1+A /(Trkah(lw-Dq) 5 (91)
d o . o
an ’LV (,O+—) +P\}f (P+—) (92)
° . g(P) = 20 .

If the Gor kov-Eliashberg equations are used to deter—
mine X (w.q), B = 0, however in the alAtern.ate micro-

scopic calculation

A | %] mo) A2
B = -ifw 5" > - (93)
T kg™ (-iey -Da”)
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where >p is the strength of the effective electron-
electrOh‘ihteraction. X (w,q) determined'by Maki

and Satoigﬂis qualitatively similar to fhe above expres—
sions, however it differs quantltatlvely because of
technlcal theoretlcal errors in its derlvatlon

The flrst term in the brackets of Eq. (89) repre- -

sents the contrlbutlon to the susceptlblllty from the
'nonpropagatlng amplitude fluctuations. ;The second term
is a céhéeduence of the propagating phaee flﬁctuations.
In the 11m1t q — o, w — 0, the dispe}r"Si.o“n relation

for thexiéfter is given‘by
(94)

A% hD\V(P*‘)) o - ( lzfos) 0

T kT 3fP

where fDSAO is the superfluld fraction deflned by

For finite q the dispersion relation is notjactuaily
a lineéfifﬁnction of wave vector and must be explicitly'
'calculetealfrom the q dependence of the peak in the struc-
ture factor. |

The“felevance of the above resulte ﬁefthe present
experimeﬁts depends on the existence of aagepless region
in the,phaée diagram of the aluminum film below Tc(fD)-
in whichjthe theory can be applied. If the pair breaking

is assumed to be entirely due to the applied magnetic

field,‘fhe width of the gapless region ie.the order of
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1X 10-5'K However, if there are paramagnetic impuri-

tles 1n the aluminum film, the pair breaklng increases
s1gn1flcantly, with a corresponding 1ncrease in the sige
of the gapless reglon With a concentratlon of magnetic
1mpur1t1es of 100 ppm, f3 is approx1mate1y .075 and the
alumlnum fllm is gapless in the temperature range

(T - T )/T = -2 X 10 2. There is no reason to belleve
a prlorl that concentrations of this magnltude could

exist 1n the fllms Analys1s of the actual films used

in the;measurements was not possible. Auger analysis of

an alumihﬁm film prepared in the same manner as the film

used in the experlments indicated a contamlnatlon of

iron at,a;concentratlon of .1%, unlformly dlstrlbuted
throughfpme film. This was extremely surprlslng since
the assay ‘of the aluminum wire Wthh was supplled by
Unlted Mlneral and Chemical Company reported an iron
1mpur1ty concentratlon of less than 5 ppm A subsequent
analy31s of the alumlnum wire showed a 1arge concentra-
tion of‘iron (5%) and trace amounts of;cﬁromium.and nickel
in a sufféée layer (1000 R deep). The wire apparently
had beemedrawn.through a stainless steel;oie leaving
impurifies in the surface layer. This'contamination is
most 11ke1y the source of the iron in the test films.
Junctlons A12-61, 64 and 79 were made with.this w1re
while A;2€36 was made from a differernt batch of wire
obtainedffrom Johnson, Matthey and Company. We are

presently attempting to determine the iron impurity
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level of the latter by ana1y21ng an old fllm used in a
dlfferent experlment which was made from w1re specimen.
As of the time of this writing, results were not avall—
able If films made from the earller batch do not have
iron contamlnatlon, then it is possible - that the absence
lof such contamlnatlon may have produced the "anomalous"
behav1or noted in sample Al2-36. 4 |

Admlttlng the p0881b111ty of contamlnatlon does not
1mply the ex1stence of significant depalrlng however.
It is well known that dilute concentratlons of iron in
alumlnum do not exhibit localized moments 81 The effect
of the iron on the superconducting state has been termed
a pair weakenlng rather than a pair breaklng effect.82
The former produces a downward shlft in the transition
temperature not accompanied by a reglon of gaplessness

Further experlmental and theoretlcal work is necessary.
Experlmentallyg films must be made that are known to be |
free from magnetlc or paramagnetic 1mpur1t1es, while the
effect of pa1r weakenlng mechanisms on the pair-field
susceptlblllty should be investigated theoretlcally

If the contamination of the alumlnum film does result
in a depalrlng, then Egs. (87) and (88) in principle, give
a method to determine fj directly from the experimental
data of Vp versus T in zero field for T:>T Brieskorn
et al. haye determined a value of P of ;074. In their
analysislﬁF)was found by using the data shown in Fig. (28)

for sample Al2-36, which had been published previously
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in Ref.. 10: Because of the limited data shown in
Flg (28) thls determlnatlon of F) is subJect to
large errors. | ‘

We have determined llmlts on the values offg
for samples Al2-3, 36, 64, 79 by using detalled
measurements of Vp versus T for T;>T obtalned in
zZero field The values of the depalrlng parameters
determlned in thls manner are listed in Table IV
along w1th ‘the corresponding width of the gapless

region calculated from Eq. (83). P was - determlned

by assumlng the shlft 1n the slope of Vp versus T was

entlrely a. consequence of the ex1stence of a palr
breaklng mechanlsm Sample AlZ 61 is not 1ncluded
because only limited data was taken on thls sample,
making an accurate determination of p/delmposs1ble.,
Extens1ve measurements of the temperature dependence
of Vp were make on samples A12-64 and 79 to obtain an
accurate value of /dT for the determlnatlon offg
Although;these values are very close tolthe theoretical
prediction, the scatter in the data stilliallows a
81zable value of F’to be chosen if one used the
largest error in - p/dT to determine P. -

The4values of f listed in Table IV do not provide
evidencepfor the existencerf a relatively large
depairing parameter, but set an upper 1limit on P
The depairing parameters determined in this manner

are a reflection of the experimental errorS:in the
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TABLE IV

Junction” i . Depairing Wldth of Gapless
' Parameter ‘. '.:'*Region (K)

Al2-5 5iff" o6 158 x 1070
a12-36 .020 . 32x107
A12—61::331 .078 ‘ 5Q42F2 X 1077
alz-64 024 ' .6 x 1073

a12-79 0 o
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calculation of the slope of Vp versus T.rather than

an indication of pair breaking in the aluminum films.
Thus, because of the errors involved'in the calculation
of p/dT (usually around 3% to 5%) Eqs: (87) and (88)
do not prov1de-an accurate method to.deternine the
value of p when O is small (p < .06).

Further evidence against the ex1stence of a large
depalrlng mechanlsm in the aluminum fllm can be obtained
by cons1der1ng the secondary high voltage peak in the
excess current voltage characteristic Wthh occurs at
the alum;num gap voltage. If the explanatlon of this
peak givenhby éimahek and Haywardéu is correct, then the
existence of this peak is dependent on'the‘existence of
‘the gap 1n the excitation spectrum at that partlcular
temperature An upper limit on the w1dth of the gapless
region can be set by noting the temperature at which
the peak flrst appears. In all the Junctlons studied,
this 1s about 8mK below T which corresponds to an
upper llmlt on f) of .032., Also, the shape of the
peak is strongly dependent on the strength of the
depairing. A P of about 1 X 10 4, due entlrely to
the applied magnetic field, is enough to‘aocount for
the expériﬁental shape. If F) is increaSeo to .024,
the peak is substantially washed out and becomes only a
broad max1mum at the gap voltage. 83 A

Considering the preceding dlscussion;Awe believe
there is no strong evidence to indicatevthat the

films are’gapless over a wide enough range.of‘tempera—
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ture for the calculations of Brieskorn et al and Maki
and Sato to be appllcable to these experlments. However,
we will assume for the sake of. comparlson to theory
that the values of f) listed 1n Table IV Wthh are
upper llmlts on F) actually describe the fllms When
we compare~the data to theory over the temperature
range below T, (H) in which the superconductors are
gapless then substantial differences between theory
and experlment are still observed.

Brieskorn et al , using a value of F) 074 found
that the. theoretlcal results reproduced qulte well
the observed excess current voltage characterlstlc
(see Flg (l d)of Ref. 17). Using a more: reallstlc
value for P from Table IV for sample Al2-64, we
flnd the agreement between theory and experlment not
nearly so good. FlgureQ%Dshows the susceptlblllty
calculated from Eq. (89) with B=0, H=125i0e, compared
to the data for sample Al2-64 at T 17?768K and H=125 Oe.
The constants in Eq. (89) have been adJusted so that
the magnitude of the theoretical excess current agrees
with the experimental maximum. If a larger value off)
is chosen; the theoretical distributiOn,Apeaks up more,.
beoomlng closer to that seen experlmentally

Shown in Fig.(39)is the temperature dependence
of the peak voltage and inverse peak current determined

with p .024 from Eqs. (84) and (89) for T > T, and

T L T respectlvely and compared to data from sample
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Theoretical ékcess current (solid line determined from Eq. (89)-at
H = 125 Oe using O =.024, $(0) = 520 & and T = 1.77768 compared to

the data (points) for Al12-64., The constants have been adjusted to
make theory agree with experiment at the peak.

69T
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Fig. (39) Temperature dependence of experimental peak voltages (0) and peak cur-
- rent () of the excess current for A12 64 compared to theoretical pre- o
dictions of Eq. (89) with B = 0 and =.024. Solid line is theoretical

peak current and dashed line is the theoretical peak voltage. The mag-
netic field is 125 Oe. ‘
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A12-6L4 at H 125 Oe. The constants in the“theoretical
express1on for the excess current again- have been
adqustedfto give the experimental slopepand intercept
forAIpfl'versus T. | The theoretical prediction of the
temperature dependence of the position of the peak is
is excellent agreement with experiment for T L T
over a w1der range of temperature than the w1dth of
the gapless region. However, the theoretlcal behavior
of the;;nverse peak current is substantlally different
from experlnent.' Whereas the theoreticalfinverse peak
currentghegins to rise at the transitioniand fall off
a few nK.helow TC(H), the experimental gug&e falls
off at T'(H) and turns around at 3-6 mK belew T, (H).
| Increa81ng f) tends to level off the peak in Ip l
versus T

Iffﬁhe theoretical predictions for the behavior
of Ip_l;tersus T are compared to data fron:sample
Al2-136, the'agreement between theory and_eXperiment
is qualitatively better; however there are,etill
dlfferences As the field is increased;-the relative
nonmontonlc behavior at T increases fer éample Al2-36
(see Flg. 30) However, Eq. (89) predicts that as H
is increased, the amplitude of the peak-ln Ip-l versus T
should get smaller rather than larger. ,The:nonmontonic
behavior »in:_Ip'l versus T below T, has still not been

adequately explained; however it does not seem to be a

property of the gapless state.
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Brleskorn et al. have also determlned the structure

factor and- found qualltatlvely the same behav1or as
‘is observed experlmentally As T is reduced below Tc’
a peak appears in S(w;a) at finite frequency This
peak is a sens1t1ve function of fD If 1nstead of
the value3cf P +they use, we take P —.Oé4 as is
indicated;for sample Al2-64 in Table IV, we:find<the
finite freduency peak in S(w,q) to be substantially
washed out It does not emerge from the central peak

until the- temperature is well below the gapless region,

. where the”theory does not hold. In Fig. .(40) we show the

dispersion relation for the finite frequency peak in

S(w»a)- where we have only included the contrlbutlon to

S(co,q) from fluctuatlons in the 1mag1nary part of the

order parameter; i.e. we have neglected the first term

on the riéht side of Eq. (89) in determining w By

p.
adJustlng parameters such as §'(O) and T, (0) within

the range of values cons1stent with the allowed experi-

mental errors, we were not able to brlng the theoreti-
cal curve;lnto agreement with the experlmental data.
The dispersion relation does appear tc be‘linear and to
have a negative frequency intercept as is‘observed
experimentally. |

if me use F)=.074 and compare the temperature
dependence of the finite frequency peak in'S(Q),q)

determined'from theory with experiment, we”find that

the theoretlcal frequencies fall well below the observed

frequen01es. For smaller F)the dlsagreement becomes
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Fig. (40)  Dispersion relation (solid line) determined
- from Eq. (89) with the first term in the
. -.‘brackets -set equal to zero, compared to the data
.. for Al2-64 at T = 1.77 K. A depairing para-
- 'meter of P =,024 with D = 18.9 was used.
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1arger;thhe theoretical values of a)p drawn in Fig. (3)
of Ref;;TO as solid and dashed lines,were_determined
by usiné:the hydrodynamic limit for theitelocity c,
Eq. (94), Wthh only applies in the w = df; 0 limit.
However; over the narrow gapless region (4 7 mK) the
dlfference is small. |

The fact that experlmental frequen01es are higher -
than the theoretlcal ones may be a consequence of the
coupllng of the collectlve mode to charge fluctuatlons
~which are. not included in the Gor'kov- Ellashberg equations.
A neutral theory would be expected to glve a lower fre-
quency than a theory including charge. |

The follow1ng comments on the gapless theory seem
to be noteworthy at this time: | )
(a) There is no strong evidence that the ‘aluminum films
are characterlzed by large depalrlng parameters In
fact, there seems to be strong 1nd10atlons that the-
only palr breaklng mechanism involved 1s the applied
magnetlc fleld
(p) The values of P listed in Table IV, rather than
indicatlng a large pair breaking parameter are a reflec-
tion of the‘errors in determining the peak_Voltage.
(¢) If‘(a)‘is the case, then the region1of gaplessness
is extremeiy small and no conclusions from this work
can be draWn as to the validity of the theories of
Brleskorn et al. and Maki and Sato.

(d) If”(a) is not true and the mode seen‘ie~actually
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a consequénce of the superconductor being gapless, then

Egs. (87)fand (88) which give the value of P from

the peak-voltage measurements above Tc are incorrect

since fhey:predict a value of ,3 too sméllito explain

the w1dth of the gapless reglon Thisiwould be a signi-
ficant result since 1t implies that the theory Wthh
relates palr breaklng mechanisms to the relaxatlon

38

(e) If (a) is not true and the values of fD listed

in Table IV are characteristic of the alumlnum films,
then although there is qualitative agreement between
theoryaéhdfeXperiment, there are stillAéevgral serious
discrep?hoies between the theory. and theidata in the
temperétufé region where the superconducfor would be
gapless.,

(f) Although 1t does not seem that the theorles of
Brieskorn- et al and Maki and Sato are appllcable to

this experlment these theorles do provxde’valuable
1n31ght 1nto the physical processes occurlng in the
fluctugtlng films. From them we can 1nfer that the flnlte
frequehoyhpeak in the structure factor ;s'a83001ated with
fluctuations in the imaginary part of the order parameter
(phése fluctuations to the first‘order),'while the central
peak is associated with fluctuations is the real part

of theiofder parameter (amplltude fluctuations).

(g) Thé'possiblé existence of iron in some of the films

is a complication whose implications to this work are
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not well;uhderstood at this time. If as mentioned
earliereﬁhe iron in aluminum is a pair weekening rather
than a;pair breaking mechanism, then the gapless theory
is not}éﬁ epplicable and a theoretical'eeleulation of
the effect of pair weakening on the susceptlblllty

should be carrled out.

D.2.b ca;culation of Simanek In Section IV.D.l it

was stefed that in charged superconductere} the Coulomb
1nteractlon prevents the occurence of an order parametef
phonon llke mode, replacing it w1th a plasmon After the
calculatlons of Refs. 17 and 18 were publlshed Slmanek
suggested that by including the coupllng of longltudlnal
lattice phonons to the eletron density fluctuatlons, a
phonon~1;keAmode in the order parameter‘would be obtained..
Since tﬁeffrequeney of the collective mOdeVis comparable
with the frequen01es of the longitudinal. phonons, the
ions follow the motion of the electrons and malntaln
charge neutrallty.

§iﬁéhek21 has proposed the following set of equatlons
to descrlbe the coupling of lattice phonons to a wave-

like motion of the superfluid where the normal fluid

is fixedi ( ) o
Q k,T _ :
2 + QLQ(k,t) = - vkp(k,t)
Is - 'l$ ) dn =0V =0
dvs S (96)
a S — _VIJ' + ;— E '

<
11
|
=
3
O
0
©




167

th longitudinal lattlce mode, §2 L

Here Q(k t) is the k
is the’ 1onlc plasma frequency, VK is the‘electron ion
coupllng, }L is the electrochemlcal potential, and F>L
is the 1onlc charge dens1ty These equatlons can be
reduced to two coupled wave equations whose solutlons

exhlblt both optlcal and acoustlcal branches The

d1spers1on relatlon of the acoustlcal branch is

Lot Q. : v X '
ST wZxq, .

Here Q)p 1s the electronic plasma frequency and X

is the superfluld fraction given near T by

(98)
P;s - 2 L(3) N (1) ( 2 (0 2) .
P on 1 Trzkg Tg(H) 55¢&,

Simanek also found the contribution to the structure
factor due - to fluctuation in the imaginary part of

the orderkparameter to be proportional to

2 : .
: X W : : '
(1+—2— ) 1. (99)

L

. . ~ 2, _ -5
U31ng» P &iven by Eq. (98) and S}L /u)pz = 5 X 10
for aluminum, we have calculated W as a function
of temperafure according to Eq. (97). These results
are presented ln Fig. (41) and compared to the data for

sample A12-64 at H = 125 Oe. Although the behavior is
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Fig. (41) Dependence ofWyp on temperaturejdetermined
‘from Eq. (97) with D = 18.9 and “H = 125 Oe
- compared to the data for Al2-64.
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qualitatively similar, the agreement between theory
and experiment is not good. Also the dispérsion
relétion,détermined using Eq. (97) will not predict
the,appé?ént negative frequency intercept observed
in theidﬁta; since Eq. (98) is a linear funéfion‘of
wave'vectér with intercept at zero frequency.

It isfsuSPeCted that the discrepanc& between theory
and experiment is due to the fact that‘the'set of equa-
tions_uségzto describe the oscillations'is‘hot complex
enoughfié.provide a valid description of ﬁhe processes

occuring in the experiment.

D.2.c Tﬁé Calculation of Schmid and Schah-'The most
recent thedretical explanation of the propagating order
parameter mode has been given by Schmid'and:Sch'én,20

‘who haweACAfried out a microscopic calcuiation on a
charged&difty superconductor with a gap. .They have

found tﬁét,neartTc(H), wave-like motionléf the superfluid
is possibie with 1ittle damping. The screening of the
charge flﬁctuafions is accomplished by the,ﬁotion of the
normal flﬁid. The calculation is based on a set of
coupled -li'ﬁéar equations for the changes in 8fE and SA
which are the quasiparticle distribution function and

the ordéf parameter respecfively. These equations have
been derived from a generalization of the microscopic

theories of Gor'kov, Eliashberg and Eilenbe_rger.70

Instead of determining the pair-field susceptibility,
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only the oScillations in the imaginary‘part of the order

parametéffhéve been determined. 1In the limit of

Al < R AT, (100)
and > ' ‘
" <Kw ,
the following equations for the displacement fields
XS andTXn-of,the superfluid and the normal fluid respec-
tively are found
X, = c” Vv (7 Xs) + °/m E‘

: (101)

where 754iS‘the collision time. The eledfric field

is relatéd to the charge density by Maxwell's equation.
NVE = A4Te 7+ (X ng + X n) . (102)
With n, =n wave-like solutions to Eq. (101) of the

from exp (igr - () t) are possible with

(103)"

w= 1 O (1) + 2/N\(T)D — TI/(T) 2
S hmk_T ;\/(n ) a - ( =)
fikp kT ,

where E is parallel to q.

| Physically this mode corresponds to relative motion
of the normal and superfluid where neither fhe normal
nor the sﬁperfluid are in local thermal‘équilibrium.

The motion of the superfluid is wave-like. The resulting
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charge separation induces a counterfiow of normal
fluid such that the total electric currenf is almost
zero. '$H¢ motion of the normal fluid is‘responéible
for thg_déﬁping, however near Tc*the supérfluid is'a o
relativelyismall fraction of the total flﬁid so that
the Chgfge separation can be compensated~by small
oscillations of the normal fluid and the démping is
subtantially reduced.

Theggharacteristics of this mode are similar to
what iéibb$erved experimentally. As shown in Fig. (32)
the daﬁpihg of the propagating mode seen -experimentally
increaéeg'@s T is decreased from TC(H), while Eq. (103)
also predicts that the damping, which ié»pfoportional‘
to the 1mag1nary part pf the dispersion relatlon,
1ncreases_as T is lowered. Shown in Fig. (42) is the
real pgff Sf Eq. (103), plotted as a funcfion of tempera-
ture céﬁpared to data from sample Al2-64., A value of
D = 16;9 has been chosen to obtain the‘besf agreement of
theory to data. It is important to nofé that the theory
is an extrémely sensitive fucntion of D; if D = 18.9
is used, the agreement is not nearly as good |

The dlspers1on relation predicted by Eq. (103) is
not phonon-llke‘for small q, but rather it exhibits a
cutoff wave vector below which the mode does not propa-
gate. This behavior is plausible, sincé for large
wave length oscillations of the superfluld the normal

fluid, whlch does not move freely, cannot move enough




172

 608x10°

(VU;VS(.secf"")v” S

.73 I.:74 175 176 L77 |

T (KELVIN)

Fig. (42) Temperature dependence of Q) calculated from
-, Eq. (102) with D = 16.9 an = 125 Oe (dashed
line) and 150 Oe (solid llne) compared with
data for Al2-64, .



173

to maimtain chargelneutrality and thus the mode becomes
highiy'damped. Shown in Fig. (43) is theldispersion
relation‘predicted in Eq. (103) compared to the data
for samplesAA12—64 and 79. As shown in Fiés (43.a)
and (b)" the agreement between theory and experiment is
very good for temperatures close to T, (H) The shaded
region- of the plots indicates the range of Q)p versus q
glven by Eq (103) consistent with the maximum allowable
errors 1n'the experimentally determined parameters.
However, dlsagreement between theory and experlment
becomes very ev1dent at low temperatures because of a
cutoff wave vector which is an increasing function of
decrea81ng temperature. This is shown in.Fig. (43.c)
where we:have determined the theoreticalicurve by using
the parameters that gave the best agreemeﬁt'with the
theory fer‘the data of Fig. (43.2). The temperature
dependencefpf the low g behavior is not?e?ident in the
data. 'fﬁe,data shows that at a fixed q;ﬁu)p is indepen-
dent ofgtemperature; that is, the velocity (dco/dq) is
temperature'independent while theory‘preuicts a tempera-
ture dependent velocity.

Alsc’fcr the above reasons, Eq. (103) does not pre-
dict theiapparent negative frequency intercept of the
experimentally determined dispersion curve. It predicts
a fall dff from a linear relationship between q and w
. where the high q values would extrapolate to zero. The

data indicates the linear region extrapolates to a
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"a) Dispersion relation at T = 1.77104 K for

Al12-64 compared with the prediction of Eq. (102).
The shaded region represents values of theory

- consistent with uncertainties in experimental

parameters.
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Fig. (43). b) Dispersion relation at T = 1.93341 K for

. Al2-79 compared with the predictions of Eg. (102).

. The shaded region represents the values of theory

~-consistent with uncertainties in. experimental
parameters. o

-c) Dispersion relation at T = 1.75317 K for
Al12-64 compared with the predictions of Eq. (102).
The experimental parameters used in Eq. (102)
are those which give the best fit to the data
in Fig. (43.a). : ' :
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negatlve 1ntercept. One is thus forced to conclude
that the behav1or of the mode of Schmid and Schon is
' quantltatlvely different from what is seen experlmentally
. for low q .

The dlsagreement between theory and experlment
may be a consequence of the comparison belng made outside
the ranges of temperature and magnetic field over which
the théofy‘is valid. Eq. (103) sets a lower limit on
T since. at fixed q as the temperature is reduced, the
mode flrst moves out from zero frequency, then turns
around and moves back to the origin. At this tempera-
ture, the frequency is purely 1mag1nary "and the mode is
'nonpropagatlng. It is not clear whether the theory
breaks down before this temperature is reached There
is no experlmental evidence that the mode.ever moves back
to the crigin. _

Theli;mits on the4magnetic field are set by the
conditicn qu <<w . This is not generaliy valid for
the: flelds used in this work. Schmid and Schcn have
found that for qu w the damping'of the mode increases
s1gn1flcantly, however they have not carrled out a
detalled calculatlon in this region. They have also
assumed that hr1<3( n(), that is, they are far outside
the gapless region.

In conclusion we find that close to T, (H) and for
relatlvely large q values the parameters of the theory

can be adjusted to give good agreement between theory .
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and experiment however .for small q and large (T (H) -T)
the theory does not adequately describe the experimental
data. A further critical comparison of the theory,

with experlment cannot be made until the full pair-
field susceptibllity, 1nclud1ng both fluctuatlons of

the real and imaginary part of the order parameter is

made available.

D.2. d Related Experiments Below T, (H)- The theory and

experimental measurements described in .this dissertation
offer a clear 1ndicat10n that dc tunneling measurenents

on Al-Al -Pb Josephson junctions are a dlrect probe of

20 3
the spectrum of order parameter fluctuations in the alu—
minum film near T ~ Above T the fluctuatlons diffuse
with lifetlme‘TG_L l/I“ where T L 1s a characteristic
time ofythe time-dependent Ginzburg- Landau theory. 7E}L
sets the time scale for fluctuations of‘the superconduc-
ting order,parameter. TE}L is easily determined by
measurimg;the freduency of the resonance‘of the pair-
field susceptibility or equivalently, the halfwidth of
the orderiparameter structure factor. ‘Below Tc measure-
ments oftthe structure factor indicate that there are
significant changes in the dynamics of-order parameter
fluctuatlons from a s1mple diffusive behav1or The
theoretlcal discussion of the last sectlon has shown

that 1t.1s possible to associate the finite frequency

peak with'fluctuations in the phase of the order para-
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meter whlle the zero frequency peak is connected with
amplltude fluctuatlons. The halfw1dthlof these peaks -
is a measure of the lifetimes associafeo' with the parti—
cular ﬁluctuafing component of the order.parameter.
| Mosffhonequilibrium experiments inrolﬁe creation
of an excess qﬁasiparticle density in the‘superconductOr
by applyihg a pulse of heat or light, orvby injection
of quasiparticles'through a tunneling barrier or a
normal‘ﬁefal—superconductor interface 8&; The character-
istic tlmes assoclated w1th these processes are: 7'T,

a measure: of the thermallzatlon time for ex01ted quasi-
particles ° to come into equilibrium by photon or phonon

emiSsion'or by pailr breaking; T the. characterlstlc

n’
time for recomblnatlon of quas1partlcles to pairs or
establlshlng equilibrium between pairs and quasiparticles
and ‘TQ, a measure of the relaxation time for equili-
brium to be reached after a change in the relatlve
density of.quas1part1cles in the two branches k<kf
~and k>>kf'of the quasiparticle excitationicurve.
To;ﬁn&erstand_the»explicit relationship between the
above reiaxation times and the widths of the peaks in |
the strﬁcture factor, requires a detailed theoretical
- analysis of the relaxation processes involved in the
present'eiperimeﬂt. Such an analysis has not been
carrled out We would expect however,. that experiments

Wthh measure the relaxation of the Cooper pair density

below Tc,:such as those of Peters and Meissner, 85 to be
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related;to'the relaxation of the central mode, while
_ experiménts which perturb the supercurrént should excite
the phégé mode and be related in some manner to the life-

time of the finite frequency peak.
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V. CONCLUSIONS AND SUGGESTIONS'FOR FURTHER EXPERIMENTS

We?ﬁa&e demonstrated that the tunneling technique

can be.an extremely useful means of obtaining detailed

.informatioh on superconducting order parameter fluctua-

tions in the vicinity of the phase transition.

We hafe'used this technique to detefmine the pair-
field sugééptibility and structure factqr of "dirty"
alumihum films. Measurements carried out:above T, are
in excéiient agreement with predictionsbbased on a
diffuéi&éltime-dependent generalization of the Ginzburg-
Landau.fhebry. In zéro field, away from_Té, the pair‘
relaxatiqh;frequency is quantitatively eduél to the
thedreti@é}‘valﬁe. Déviations which oc¢u? are only.in
the magﬂitudes of coefficients which aré dependent on
parameﬁéfs of the sample which are only-imprecisely
known..?In finife fields above Tc’ the low field results
are in agreement with an extension of the zero field
theory.. High‘field results are in qualitafive agreemen%
with thébry. The difficulties appearing in the imme-
diate ?ibinity of T, are not well undefstood and require
furtherféxperimental and theoretical study.

Measgrements carried out below TC clearly demonstrate
the existence of a low frequency propagating order para-
meter.collectivé mode in "dirty" aluminum:films. The
mode is bbéerved as a peak in the structﬁre factor and

has a linear dispersion relation over the range in

which it is characterized. Theoretical calculations
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have 1dent1f1ed the mode with fluctuatlons in the phase
of the order parameter however at the present time,

no theory adequately describes the experlmental features
of the mode over the ranges of temperature and magnetic
field in which it has been 1nvest1gated . Further experi-
mental and;theoretlcal study will be required for a
complete understanding. 4

Seyeral modifications of the experimental procedure
should‘bekconsidered.‘ A better method of.producing the
electrodeS'of the junction than evaporation~from resis-
tively heated sources would improve the'character of
the films . An electron beam system would be extremely
helpful as 1mpur1ty contamination could be reduced to a
minlmum The use of alumina covered boats prov1des a
convehient .method of producing granular films, however,
control of the characteristics of such films is 1mp0581b1e.
Analys1s of films with a technique such as'Auger spectro-
scopy is-: absolutely essential if firm conclus1ons are to
be made from the results.

For the extension of this technique to study other
superconducting systems, a method of produ01ng a reliable
1nsulat1ng layer on the reference metal (lead) would be
helpful Several times during the course of this investi-
gation, thermal oxidization of the lead electrode was
attempted w1th no success. The barrier was too thin,
either oohtaining filamentary shorts or the junctions

exhibited large ohmic conductivity, making excess current
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measuremeﬁts iﬁpossible. Reasonable oxidizétion times
to obtain;fhe required junction resistances were found.
to be prohibitively long. Techniques éuéﬁiés r.f. plasma
discharge:énd glow discharge are known to give durable
oxide la&érs and shbuid be applied to these experiments.
It alsd’ﬁéj,be possible to use oxidized nipbium films
as the reference metal. |

 Funther.experimental work on the chafabterization
of the Widfh and peak frequencies of'the¥mpde-as a funcﬁ
tion of'femberature and magnetic field with a dgtailed
fittinglpfbgram would be a valuable aid in the understand-
ing of tﬁé mode. | |

Exteﬁsions of this work to the investigation
"clean" (long m.f.p.) aluminum systems wodla be intér-
esting;'kﬁgain,this was attempted with>ﬁo:success because
of large}bhﬁib conducfion through the junction, in the
samples¥ﬁade. |
v ‘Pérfdrming.ﬁhe experiment on voltagé*biased junc-
tions4wqpld also be interesting. With céreful selection
of the 1Qad_line, the full I-V Characterisfic, without
the exisﬁenée of negafive resistance regions could be
observeafg In émall magnetic fields the'dévelppment of
the Josgphson current along with the propégating mode
could be’ébserved as the transition tempepéture was
crossed.' - |

It wéﬁld also be interesting to directly observe

the propagation of the collective mode. With a clever
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arrangement ofAelectrodes and the proper»biasing scheme,
the modeimight be generated at one point,ahd detected
with a éeednd junction further along the etrip. However,
as the que is highly damped, it would.preﬁagate only

.a distaﬁcetof the order of 10-4 cm, thus it.would seem
to be a‘difficult experiment to perform.

Twefextensions of this work are suggested by the
theoretical work of Schmidt.2738:39 1t would bve of
considefeele interest to introduce paramaénetic impurities
into the:fiuctuating film and examine the ﬁair—field
susceptlbillty both above and below T ‘This would be
an extremely valuable test of the theory discussed :
in Refs.“i7, 38 and 39. The relationship between the
apparentishift in the relaxation frequency and P given.
Aby Eq. (88), has never been checked. o |

The exten81on of the above work w1th the 1ntroductlon
of ferromagnetic impurities has also been suggested by
A.M. Goidman A calculation of the susceptibility
w1th ferromagnetic impurities has been carried out by
Entin Wohlman and Orbach. 86 They suggest~that the excess
tunneling current can be used to study'critical scatter-
ing of eqﬁduction electron spins in the Qieinity of
the'maghetic ordering temperature. Such investigations
requiré'fiims which contain sufficiently high magnetic
impurity concentrations that the magnetic Qrderihg
tmperature falls in the fluctuating regime just above
the superconducting transition temperature. The peak in
the excess. current-voltage characteristie would then

reflectfthe onset of magnetic ordering.
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