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I. LOW FREQUENCY NOISE IN METAL FILMS
AT THE SUPERCONDUCTING TRANSITION
AND
I1. RESISTANCE OF SUPERCONDUCTOR - NORMAL METAL -
| SUPERCONDUCTOR JUNCTIONS |

Thomas Y. Hsiang

ABSTRACT

In the first part of this thesis, we report measurements of the
noise power spectra Sv(f) of tin and lead fi]msrat the superconducting
transition in the frequency range of 0.1 Hz to 5k Hz. Two types of
samples were made. Type A were evaporated directly onto glass substrate,
while Type B were evaporated onto glass or sapphire substrate with a
50A aluminum underlay. The results were consistent with a thermal
diffusion model whiﬁh attributes the noise to the intrihsic temperature
fluctuation in the metal fi]m driven with a random energy flux source.
In both types df metal films, the noise power was found to be proportional
to V2 BZ/Q, where V was the mean voltage across the sample, 8 was the
temperature coéfficient of resistance which could be changed by either
biasing the metal film at different temperatures on the superconducting
transitionor by the application of a magnetic fi]h, and 2 was the volume
of the sample. Correlation of noises in two regions of the metal film

a distance d apart was detected at frequencies < D/wdz. The noise
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power spectra of type B samples were always rather flatter than 1/f at
lower frequencies, with the degree df flatness dffferent for lead or tin.
The degree of spatial correlation of the noise in type B samples was
also reduced. These changes are ascribed to the enhancement of thermal
contact between the films and the substrate by ihe aluminum underiay.
Separate experiments confirmed that the underlay decreased the thermal
boundary resistance between the film and the substrate; A possible
exp]anatﬁon of the noises using quantitative boundary éonditions and
implications of this work for device app]ications are discussed.

In the secohd part of this thegis, we report fheoretica1 and
experinental 1nVestigation on the resistance of superconductor-normal
metal-superconductor sandwiches near Tc. The 1hcreasé in SNS resistance
is attributed to the penetration of normal electric current in the
superconductor. We prove from first principle that electric field can
exist inside the superconductor when quasiparticles are not equally
populated on the two branches of the excitation spectrum, and such is
the case in a current biased SNS junction. A set of Boltzman equations
are used to calculate the relaxation of quasiparticles in the super-
conductor. It is found that the electric field inside S decays
acéording to a diffusion law. The diffusion length is determined by the
quasiparticle “branch—crdssing“ relaxation time. The R(T) of the SNS
Junction thus provides a measurment of this relaxation time.

Experimentally we used a dc SQUID voltmeter to heasure the SNS
resistance. The branch-crossing relaxation times weré measured to be

1-1.5x 10711 4(0)/a(T) sec/ for lead amd 2-3 x 10710 a(0)/a(T) sec.

0
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for tin. Comparison of these values with that determined by theoretical
calculations énd other "experiments Wi1] be made. Impurity-doping of

tin was found to decrease this relaxation time. This effect is possibly
due to the electron-tfahsverse bhonon coupling mediated by the impurity

scattering.
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PART I

LOW FREQUENCY NOISE IN METAL FILMS

AT THE SUPERCONDUCTING TRANSITION



I.  INTRODUCTION

A model involving equilibrium temperature fluctuations has been

used by Voss and C]arke]’2 to quantitatively predfct.the 1/f voltage

E

noise.observed in metal films at room temperature. Their model is
closely related to an earlier theory by J. M. Richardson.3 The tempera-
ture fluctuations generate resistance fluctuations if the temperature
coefficient of resistance, 8 = (1/R)dR/dT, is non—iero. In the presence
of a steady current the resistance f]uctuafions-in turn give rise to
voltage f1uctuations. In this thesis, measuremenfs of 1/f noise in tin
and lead films at the superconducting transition are reported. These
measurements provide strong additional evidence to support the thermal
fluctuation model.

There are few reported measurements of low frequeney noise at the
superconducting transition when the applied magnetﬁc field and current
are sufffcient]y Tow that the transition temperature'is not signiffcant]y
suppressed from its zero field value. Maul, Strandberg, and Kyh}4 found
excess noise at the superconducting transition of tin fiims, but did not
demonstrate explicitly that the power spectrum was 1/f at Tow frequencies..
They analysed their results using a model in which equi1ibrfum temperature
fluctuations of the film gave rise to resistance fluctuations. They
assumed that the temperature of the film was uniform af-any instant of z
time, and that the substrate was a constanf temperature,reservoir. In
this model the decay of a fluctuation was exponential,.characterized by
a single relaxation time, and the power spectruh wasea Lorentzian. The

voltage power spectrum was shown experimentally to be proportional to



(dR/dT)ZIZ, wheré I was_the current flowing in.the film. Katz and Rose5
showed that the low frequency noise at the transition of tin films had
~a 1/f power spectrum, bgt_they did not propose a mechanism for this
behavior. |
‘There have been extensive measurements of 1§w frequency noise

6-16 Most of

generated by flux flow in superconducting films and foils
these measurements were made in the presence of high:magnetic fields and/
or currents and at temperatures well below the zero field transition
temperéture. The samples were therefore in an intermediate state (Type I
superconductors) or a'mixed state (Type Il superconductors) in which flux
motion was induced by the current. In the measurements reported here,
the low frequency noise is dominated by the thermal fluctuation mechanism.
I will compdre the results expected from the flux flow and thermal mecha-
nisms in Section V.A,

I will start by reviewing the theory relevant to these experiments.
The general theory will be formulated and 1nterpfeted.’ After describing

the experimental procedures and results, some discussions and specula-

tions will appear in Chapter V.



IT. THEORY

A. Richardson's Theory and its Interpretation

J. M Richardson3 was the first to thoroughly calculate the noise
of a fluctuating quantity resulting from a f]uctuatihg concentration of
heat or particles. His approach is perhaps the most general one existing.
I shall therefore start the theoretical discussion with a method closely
related to his.

The quantity of relevance in this experiment is the average tempera-

ture of the metal film under investigation, T(t). T(t) can be written

in terms of the local temperature T(r,t) as
T(t) = ﬁ(?) T(r,t) dF o (2-1)

where T(¥,t) is the temperature of dr at time t. The form of F(¥)
defines the averaging range and form. In the part1CU1ar case of a

rectangular film of dimensions %15 & and L. F(?) is defined as

v] / ,

o for 0 < X <_2] , 0 < y < 22 , Q <z <49
0 otherwise

and © = % %, 2. The validity of choosing this form of F(¥) will be

discussed later.

L4
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It shou]d be noted that here the use of "local temperature" is
for convenience. Energy is the fluctuating quantity and temperaturé
is defined in thermodynamics as an average quantity.. Here T(?,t) is
understood as the local energy density divided by the heat capacity.

T(r,t) is governed by the diffusion equatfon:

3 2

2 T(7,0) - g(Ft) (2.3)

T(r,t) -DV

where D, the diffusivity, equals to K/C, the thermal conductivity divided
by heat capacity, and g(?,t) is a random source function representing
the scattering processes the heat carriers experience.-

We may apply the spatial Fourier transform to both T(*,t) and F(¥);

1 > =ik r >
R Tt(t) =5 T{r,t)e dr , (2.4)

F(¥) =% FTZ eﬂz'? R F_IZ = %/F(?‘) e'lk'r dr (2.5)
(2.3) becomes
T(t) = o 3 F*(K) Te(t) (2.6)
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and the diffusion equation can be expressed as

we get, from (2.7),

and the spectral ensemble average is

Coplw) gg(w)'>

D2k4 + wz

(Tglw) Tp*(w)) =

(2.7)

(2.10)

(2.11)



The spectral distribution of_T'isvobtained by substitufing (2;10) and
(2.11) into (2.6)

*
Agp(w) gz (w))
S [ L S S (2.12)
k D7k’ + w
= 92 § IF';ZIZ ZbE il i
'k Dk + w

The last equality was obtained by dropping the frequency dependence
of gE(Q). This is possible because er frequency ]ess than the inverse
of the scattering time, g(?,t) is totally randoh‘in time. Since we are
interested in the low frequency behaviour of T, it is justified to
take <9E(u)g§*(w)> as 1ndependent of frequency. In particular, since
g is totally random, <9F(w) gﬁ*(w)) is proportibna1 to the bandwidth Af.
Although it is impossible to calculate g(?,t), we can obtain the value
of bE as follows: | |

From (2.8) and (2.9), we get
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<TE(t) Tp*(t)) can also be calculated from thermbdynamic theory of
fluctuations. Under the restriction that the avefage value of T(?,t)
is independent of ¥ and that the system is in thermal equilibrium, a
deviation of T from the average value will give rise to a deviation

AS in entropy S from the equilibrium value So:
AS = ;— S"/T (r,t) dr, | (2.14)

where S" = ——
In the Fourier transformed form, (2.14) becomés

(2.15)

. .89
AS = - >

=
—
=¥
(.'.
"
¥
—
»*
‘—f
h—" g



S is related to the probability distribution function W(S) by S =.kB X

2n(W(s)). Substituting S = So ¥ AS,

W(s) « kg | (2.16)

The probability distribution for TE (t) is then proportional to
e™(s"/2kgT) 2 (8] Ty*(8) - 1his 4s the usual Maxwellian distribution

for each component of Tt(t). Hence

(2.17)

[the extra factor of 2 results from the two sine and cosine components

for TE(t)]' We then have, from (2.13),

B :
by = —r— K , (2.18)

- and the spectrum of T becomes

=¥

2 2
= = 8D k, T | Kk°|F(K)| _
A Tw)T* () B - >
Sp(w) = (w)Af(w) (2n)3 - K dk . (2.19)
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Richardson's results are totally general and.app1y to any quantity
governed’by the diffusion equation. Two assumptions were used in the
calculation: that the system is in thermal equilibrium and that large
fTuctuations from equilibrium is improbable. [The latter assumption is
implicit in (2.16)]. His final result of bk proportiona]'to k2 can be
physica11y'understood as follows. |

If g(?,t) is a totally random quantity in both time and space, one
expects <g(?,t) g(?',t')) »; 6(?¥?') §(t-t'), which would give
(g(?)Q*(?)) = constant. . However, if we 1ntroduce‘a f(?,t) such that
g(F,t) = T-F (7,8), then (g(R)gx(R)) = kyF(E)-F (R0, 16 CFE) - F(*)

is constant, we get back Richardson's results, Eq. (2.18). We can

rewrite (2.3) as

= T(F,t) - 0PT(R,t) = T (Ft) (2.20)

> > -
and here f(r,t) is a random source function uncorrelated in time and

space. From the continuity equation for energy‘g%:T(?,t)- 33T(?,t) = 0.
Where jT is the energy flux, it is apparent that T(¥,t) corresponds to

a random energy flux driving-term. The physicaT meahing of Eq. (2.20)

is that the time rate of energy change in dr is just'equa1 to the flux
being driven in and out of by F(¥,t). A scalar driving term on the other
hand, would imply a random appearance (or disappéarance).of energy in dr.

Eq.(2.20) thus tells us that energy can be randomly distributed through



00504804574

-11-

scattering but there can be no energy sources or sinks. In a closed

system, Eq. (2.20) is a_restatemént that energy must be conserved.

< B. App]ication of Richardson's Theory and the Semi-Empirical Model
Richardson's results can be readily applied to calculate the

average temperature fluctuation in a metal strip.- F(E) is given by

the Fourier transform of (2.2)

sin(k,y/2)  sin(k 2,/2) sin(k 2/2)

(2.21)
kxl k k223/2 .

F(K) =

1 Y2

Substituting (2.21) into (2.19), ST(f) can be calculated.
A typical spectrum of ST(f) with &, >> 22’>> %5 is shown in Fig. 1,

where fi = D/4n212. In various regions, the spectrum has the approximate

form
constant - f] > f
So(f) = in (1/f) fp>t> f (2.22)
N ' 1/f0'5 fa>> f>> f, '

e £ £y
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logSTH)* .
—eeal g V/f

/3
L
.[I
2
f = D/aTd,
| ] ] .
log f, - log f, log f log f
XBL777-5771

Fig. 1 Noise temperature spectrum for a

box-shaped volume.
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There is no section of the spéctrum wheré a 1/f region stands out. In
real experiménts, a 1/f region is always observed. Richardson's original
paper proposed that a special choice of F(E)may yield a 1/f spectrum.

‘As will be discussed in the next section, the voltage noise measured in
metal films éctua]]y reflects ST(f) at low freqﬁencies with F(K) specified
by (2.21). How is this discrepancy resolved? Clarke and Voss] noted that
an experimental system of metal film and.insu1atjng Substrate is very
different from an idea1v3-d1ménsiona1 diffusive system.. The diffusivities
of the two are different, and there is a thermal boundary resistancé

]7. They therefore adopted a semi-empirical approach: one

between them
assumes that the noise originates from temperature fluctuation, and
there is an explicit 1/f region in the spectrum. Their model spectruh
is shown in Fig. 2. |

The spectrum,analytically, is given by

constant f < f] .
s(f) = 1/ fl<f<f, (2.23)
‘1/f]’5’ f2 < f

Together with the normalization condition

kgT* | j
S;(f)df = —- | (2.24)
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log S7(f) k

1 1 -
log f logf, log f

- XBL777-5772

Fig. 2 Semi-empirical noise power spectrum.
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one gets; for f] < f < f2
sl kg 1 1
S+(f) = : (2.25)
T G ¢ (3+2 Qn‘%ZJ f

1

Even thodgh the noise has been seen below thé’1ower-truncation
frequency fT’ the norha]ization is weakly dependent on the values of f] :
and f,. ST(f) is not changed significant1y'shoqu-the truncation
frequencies be very different. |

For meta1'f11ms at room tgmperature, CV = 3NkB;Q-Where N is the
density of atdmsﬁ The geometric factor 1/(3 + 2 2n Eg-) is roughly 0.1

-
~.for most measured films. The voltage noise is given by

| 2 .
S (f) = V2 <%— %$> x Sq(f) = V2 g s (), (2.26)

where B, the temperature coefficient of resistance, is on the order df_.
1073 for most pure metals, and V is the average vo]tage across the film.
If we take B = 3 x 1073 (for Sn, Ag, Cu), we get Sv(f) =72 x 3 x JO'Z/NQf.
This is in good agreement with the experimental reSu]fs of Clarke and

" Voss:

The dependence of SV on NQ indicates that'SV‘is7a volume effect and

does not depend on whether the metal is a good or poor conductor.
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~ Equations (2.25) and (2.26) will be compared with results of this
experiment. It was not possible to test in detail the dependence of
(2.25) on B, 9, and V by studying the room-temperature samples. However,
at superconducting transition, the metal films have high B, which depends
on teﬁpératuke, and the Sv(f) dependence on various parameters may- be
checked. |
The fact that the superconducting transition is smeared out in
temperature is a consequence of fluctuations in the order parameter. A
recent review of the microscopic f]uctuation.theories and of their experi-
mental verification has been given by Tinkham.]6 These fluctuations occur
on a time scale that isvextremely short compared wiﬁb the times of interést
in the present.work. We are concerned only with the resultant average
shape of the transition curve, and the relatively s1ow'therma1 fluctuations
that take place due to the exchange of energy between the superconductbr
and its substrate. | |
In ordér to apply Eq. (2.25) to our results, we require a value for
the heat capacity of the film Cva As the tempekature of the film is
Towered through the superconducting transition’thére is an increase in
the electronic heat capacity that we assume to be smeared out in a way
that reflects the shape of fhe resistive transftion{‘ Thus, as energy
is exchanged between the film and the substrate, the heat capacity of
the film fluctuates.
However, assume that the electronic heat capaéity,near TC can be
writtan in the form C, = Cen.+(Ces - Cen)(Tn-T)/éT, wherevCen and C_ |
are the heat capacities just above and bé]ow»the transition at temperatures
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n = 1.43 Cen‘ Writing

Tn and TS' From Ref. 16 we find Ces - Ce

T =T+ 0(t), where T is the average temperature, and;where_fhé mean

square value of the fluctuating quantity o(t) is kBTz/C, we find

Ce(t),= Ce [1-1.43 (Cen/Ce)O(t)/ST]. The rms'correction to Ce is
2)1/2

thus of order ¢ (AT)" /8T,

For our samples, ((AT)2> V2 ~

1077

and 6T "3 mK, so that the
correction is of order 10'4, and negligible combared with other errofs
in the measurements. Since most of our measurements were made with the
films near the midpoint of the transition, we sha11 take as the heat
capacity the sum of the phonon heat capacity at.TC and the average of

the superconducting and normal electronic heat capacities just below and

just above the transition.
C. Correlation Functions

An alternative approach of calculating ST(w) is by the use of corre-
lation functions. Since this was extensively discussed by Clarke and
Voss,Z-I shall only briefly quote the important results. |

The spatial-time correlation function of (2.20) was calculated

by Chandrasekhar]g. In a one-dimensional system, it is
Cr (3,1) =13, 1) T(K,8))

- (2.27)

- [kBTz/CVQ(4ﬂDT)%] exp(-s2/4D7)
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Here, the dc part of T(;,t) is ignored. A more useful form of CT’ which
also gives physical 1hsight into the noise spectrum, is the frequency

: . . > - ->‘ * 5
dependent correlation function, CT(s,w) =(T(x+S,0) T (X,w)). In 1-,

2-, and 3-dimensional systems, it is

(1), . kgTocos[(n/4) + [31/2] .
CT (st = FUREY exp(-}s[//\) s (2-28)
2m Cyq D” W?
2
| KT |
CT(Z)(s,w) = %C—V@ ker (v2]s{/3) (2.29)
(3) 7 kBT2 - - 3
Cri 77 (sww) = —5———= cos ([s[/2) exp (-[s[/A)  (2.30)
4 DC\0ls]| |

where X = (ZD/w)%, is the frequency-dependent corre]ation length and is
a measure of the spatial correlations of a f]uctuation at frequency w.

From the definitions of CT(g’w) and ST(w), it is apparent that

Splw) = 9‘2/ d“i/d??' CT(§¥§‘,w) , o (2.31)
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because'ST is defined as the intensity spectrum of the averagé tempera-
ture in Q.‘ At low frequencies, the whole volume is correlated, that is,
x(@) >> 2. :In this limit, the épatia] dependence:of CT(gﬂD) drops out,
and ST(w) = CT(o,w). ST(w) then is proportional to constant, Qné—,_ahd
w—O.S for the 3-, 2-,‘1-dimensiona]'§ystem resbectiVe]y. in the high
frequencies, where:x(w) << Qi’ ST(w) in all dimensions is proportional
toaf1'5. Figure 1 describes ST(w) in any dimensiona] case, with the
region below f] absent for the 2-dimensiona1.ca$e, and thevregion below
f, absent for the 1-dimensional case. |

The above considerations have an impdrtant’consequence in that it
makes it possible to use electrical methods for probing temperature
fluctuations in heta1 films. At low enough frequencies (typically <
10k HZ),'A(w) becomes longer than %, and &, of the-meta] films used in
this experihent. Therefore the temperature is correlated through the
crosssection of the current flow in the experiment (which is a1ong the
2] direction). A temperature fluctuation that changes'R of the film but
does not change T(t) can only happen at higher frequencies. We cah then

claim (2.26) is applicable, and the voltage fluctuation truly represents

the temperature fluctuation.
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IT1. EXPERIMENTAL PROCEDURES

A. Film Preparation and Cryostat

Tin and Tead films, typically 0.1 um thick, were evaporated at

5

about 5 x 10”° torr onto glass slides or single crystal c-cut sapphfre

plates at room temperature. These will be referred to as type A samples.

Other samples (type B) were prepared with a 5-nm aluminum film deposited
on the substrate prior to the tin or lead evapdration. A period of about
one minute elapsed between the completion of the aluminum deposition and
the beginning of the tjn or 1eadvevaporation, so that the aluminum was
largely oxidized. Type A and B films have comparable resistivity ratiov
("5 for tin and “30 for lead), TC (73.8K for tin and ~7.2K for lead),
and transition widfhs (73mK for tin and ~30mK for lead).

The films were cut with a diamond point into a strip geometry.
A few examples are §hown in Fig. 3, with separate.cufrent and voltage
leads. Films with cut edges tend to have sharper transition than those
with the tapered edge left by evaporation through a mask[? Manganin
leads were attached to the f11m§ with cold-pressed indium. The reverse
side of the substrate was Qreased With Apiezon N grease, and the substrate
clamped to a copper plate. | |

The cryostat is similar to the one described in Section VIIB without
the SQUID attachments. The copper plate on which”the sample is mounted
has a 68-02 Allen Bradley carbon resistor and a non-inductively wound
heater glued to its reverse side for mopitoring and controlling tempera-
ture. Thé plate was supported by a stainless steel rod, and the whole

assembly mounted in a vacuum can. The can was immersed in 1iquid helium
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(a)

.~ XBL777-5773
Fig. 3 Specimen configurations: (a) long
specimen used also for correlation
measurements; (b) short specimen used
also for correlation measurements;
(c) short specimen; (d) very short

specimen.
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whose temperature was stabilized to £ 100 uK by a mechanica]'manostat.
The temperature of the copper p1ate, whose thermal time constant at 4K
is about 75 sec, could be raised above the bath temperature wifh the
heater. At first, Rochlin bridge®was used to electronically control the
temperature of the copper plate with an ac resietance bridge and feedback
circuit. Later it was found the Rochlin bridge generates an untolerable
amount of temperature noise in the sample. Dc heating was then used.
Which, wfth the mechanical manostat and the long thermal time constant,
was capable of stabilizing the temperature of the sample to more than
10 minutes, enough to make measurements possible. .

The vacuum can, in which the sample was mounted; was supported by
a stainless steel tube extended from the top of the dewar. Electrical
leads were made into the can with an epoxy feedthrough. The pump line
was blackened from room temperature radiation withea eopper spacer. A
superconducting solenoid was WOund_around the can and provided persistent
magnetic field in some experiments. The cryestat was surrounded by two
u-metal cy]iﬁders which reduced the ambient magnetic field to about 10 m G.

The complete cryostat was placed in a shielded room that effectively

eliminated rf pick-ups.
B. Measurement Techniques

A steady current was supplied to the sample from a mercury battery,
pre-drained to very steady voltage level, in series with a large wire-
wound resistor, always at least 1000 times larger than the sample

resistance. Four-probe measurements were always made to insure that
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no contact noise would be seen. The fluctuating voltage across the
sample was amplified bya‘capacitively coupled transfdrmer of turns ratio
100:1 (PAR-]QO be]ow 100 HZ and Triad JZ-5 above 100 HZ) dc coupled to

a battery operated PAR-113 preamp]ifiek inside thé‘shie1ded room. The
overall gain of the system was calibrated with én ac signal of variable
frequency and a white noise source for each samp]e resistance. A typical
gain for input resistance of 20 Q is shown in Fig,'4l' The output from
the amplifier was fi]tered and Fourier analyzed with either the tune
amp]ifier.in PAR HR-8 fock-in detector with a Q of 25, or by a POP-f]
computer using a Fast Fourier Transform algorism. Pre-amplifier noise

was subtracted from each measured spectrum.
C. Spurious Noise Sources

There are several sources of extraneous noise:

(1) 60-Hz pickup. A 60-Hz signal was observed in most measurements

as an easily recognizable peak in the spectrum that could be subtracted

out.

(ii) " Current supply noise. The noise in the dc current supplied

to the sample was investigated by taking a noise spectrum with the sample
in the normal state: The noise was indistinguishable from that obtained
with the current turned off. This noise source was thus insignificant.

(i11) Nonequilibirum fluctuations in the temperature of the

substrate. Slow drifts in the temperature of the helium bath and the
heater current induced low-frequency fluctuations in the temperature of
the copper plate. We investigated these fluctuations by measuring

the 1/f noise in a film whose area was about 100 times greater than that
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Fig. 4 Power gain for (a) PAR 190 + PAR 113,
(b) Triad JZ-5 + PAR 113 for input
impedance of 20 2. DC filter of

1.6 x 1072 Farad is also included.
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of our typical size samples. Above about 0.1 Hz, S_v(f)/V2 was about
100 times smaller for the larger sample than forbthe typical sample, as
predicted by Eq. (2.25). If the noise had originated from fluctuations
in the temperatufé of the coppér plate, the measured spectrum would have
been independent of sample volume. AS the freqﬁency was 1oweréd below
0.1 Hz, the power spectra of the two films approached each other, and
their slope steepened. (With‘our measuring technique, a linear change
of voltage with time produces a 1/f2 power spectrum,)

We concluded that temperature fluctuations in the substrate were
significant at or below 0.1 Hz, while at or above 0.1 Hz, the measured
noise for our'typica1 sample size was dominated by intrinsic equilibrium
v>f]uctuations in the fi1m. We generally regarded our measured spectfa to
be reliable down to about 1 Hz.

(iv) Microphonic noise. Vibration of the cryostat could induce a

substantial amount of noise. The effects were minimized by rigidly
mounting the sample and can, and by taking care not to disturb the
cryostat during measurements.

(v) Preamplifier noise. At frequencies above .1 Hz preamplifier

noise was usually the dominant background noise source. The noisé was
measured by switching of f the dc bias supply or by ﬁaving the sample in

the normal or superconducting state with the biés current switchéd bn.

The preamplifier noise spectrum was measured immediately after the powef
spectrum of each sample was measured, ahd subtractéd out. The»preamp]ifiér
power spectrum was typically 1-5 orders of magnitUde below the sample

power spectrum. For a combined sampTe and 1eadbresistance of 22 @,

tﬁe noise was typically 5 x 10']8 V2 Hz'] referred fo the input of the

transformer.
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IV. EXPERIMENTAL RESULTS

A. Thermal Coupling of Type-A and Type-B Films

Before describing the measured noise spectra, it is convenient to
discuss the thermal coupling between the films and the substrates with
and without an aluminum underlay. The original motfvation for preparing
type B samp]és was askfo]1ows. In an attempt to investigate the effect
of the substrate properties on the noise spectrum Type A tin éamp]es
were prepared on .single crystal sapphire plates whoée thérma] diffusivity
was several orders of magnitude higher than that of é]ass. It was found
that thé film was very.poor1y anchored to the sapphire, and could eaﬁi]y
be removed. In order td'improve the bonding of the film to the substrate
a 50A layer of aluminum was predeposited. This layer greatly enhanced
the bonding. I shall briefly describe two methods by which fhe effect
of the underlay on the thermal contact of the films to the substrate was
qualitatively investigated. -

At sufficiently high bias currents all of our samples became
unstable due to self-heating effects, and could not be maintained at the
superconducting-transition; Low frequency instabj]itiés set in when gP
becoﬁes comparable with the thermal conductance between the film and the
substratezo,'where P isvthe power dissipated in the fi]m. For type A
tin samples of size 2.5mm x 15um x 1000A and with BNTSOK—1 thermal
instability occurred with a glass substrate at é poWer dissipatfoh of
order TuW. This power is at least én order of'magnitude greatef'than
the power dissipated in any of the noise measurements; during which

the samples had no tendency to become unstable. Type A lead samples
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on glass:substrates of comparable size and with 8 ~ BQK'] became thermally
unstable at a power level of around 4uW. Since 8~ 58,p> these results
tend to suggest that the thermal coupling of tin and lead films to glass

substrate is of the same order. Type A tin samples on sapphire substrates

‘were subject to thermal runaway at relatively low power dissipation («1uW),
- indicating a poor thermal contact with sapphire. For type B samples of
" the same siie, thermal instability occurred at typita11y 10uW for tin

films and 4uW for lead films for both glass and sapphire substrates. It

appears that the aluminum underlay greatly enhances the thermal contact
of tin to glass and sapphire, but has relatively ]1tt1e'effect-on lead
deposited on glass.

Another measure of the effective thermal conductance between film

and substrate was obtained as foT]ows. With the temperature in the

. transition range, the voltage across the film generated by a given bias

current was measured. The value of the current was then changed, and

‘the voltage remeasured when the sample had again reached a steady state.

The change in the temperature of the film was deduced from the change in
its resistance. An effective thermal conductivity (Ke) was calculated
from the change in temperature resulting from a given change_{n power

dissfpation. For tin samples of size 2.5mm x 15um x 1000A on glass

1 1

substrates, for type A,Ke * T.5uWKT T (T 40uWKT T for 1mm2), while for

type B, Ky = 12uWK'1. For lead films of size 25mm x 20um x 1200A on

1 1 2)

glass substrates, for type A, Ke S euWK™' (T 120uWK™' for Tmm while

for type B, Ke = ]2uWK;]. These results confirm that the aluminum under-

lay greatly enhances the thermal contact between tin films and a glass
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substrate, but has relatively little effect on lead films. It is far
from ciear what "effective" thermal conductively is measured by this
technique. When power is dissipated in the film, a temperature gradient
is established in the substrate in the vicinity of the film. Consequent]y;
the measured thermal conductivity éannot be intérpreted,as the ratio of
the power dissipation to the temperature difference between the film and
a constant temperature substrate.

It was believed that the aluminum underlay enhances the thermal

contact by improving the bonding of these films to the substrate. Other

21 22

- people here found that aluminum®' adheres strongly to g]ass‘whereas tin
does not. As mentioned in the previous chapter, the aluminum film is
certainly partially oxidized, and it is known that an oxide layer can

greatly enhance the bonding of a metal film to g1a5522’23.

As evidence
for this hypothesis, Fig. 5 shows scahning eleétron’micrographs of A and

B tin films on the same glass substrate. In Fig. 5(A), the type A film
shows considerable clumping of the tin, while in Fig. 5(B), the tin grains
are much more uniformly nucleated. It is therefore likely that the effec-
tive contact area between film and substrate is substantial]y‘higher in
type'B samples than in type A.

An interesting experiment was doneIOn aluminum to test the enhance-
ment in the bonding of metal film to glass by an oxide underly. 1000A
aluminum films were evaporated on glass slides. In one case, the film
Was continuously deposited on glass. In the second éase, a 50A layer

was deposited and allowed to oxidize at a pressure of 5 x ]0’5 Torr

before the remaining aluminum was evaporated. The second kind of film,
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Fig. 5 Scanning electron micrograph of tin
films on a g1asé substrate:

(a) Type A, (b) Type B.
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judged from tape-1ift technique and scratching, was found to be much more
strongly attached to the substrate. Similar results for tin and tin oxides
were found.by other authors.24

The fact that the transmission probability of phonon from a film to
its substrate depends strongly on the nature of the films probably also
plays a role in the reduction of the thermal contact resistance by the
aluminum underlay. The fr‘action25 of ballistic phonons transmitted from
‘an aluminum film to a glass substrate is about 0.8, while the fraction
for a tin film is only about 0.1. These values are ca]cﬁ1ated25 on the
assumption that the films are ideally bonded to the substrate. Thus
one expects the boundary resistance between aluminum film and a glass
substrate to be substantially lower than that between a tin film and
a glass substrate.

Deépite the highly qualitative nature of our experiments, it is
apparent that the underlay makes a marked improvemeﬁt in the thermal
contact between tin films and glass or sapphire substrates, but has
little effect in the case of lead films. In the next sections, we will

see that the change in the thermal contact can have a marked effect on

the noise spectrum.
B. Noise Power Spectra for Tin

A typical power spectrum for a type A tin samp]é on a glass substrate
is shown in Fig. 6(a) with a dc current bias of 50uA. The sample resistance
in the normal state was about 20Q. The dashed line indicates the spectrum

obtained from Eq. (2.4) using the following parameters: Q = 3.8 x 10'9 cm3,
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Sample size: 1000 Ax15 meZ;S mm
B x~I155K"
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Fig. 6 Typical noise power spectra for tin
films: (a) Type A on glass,
(b) Type B on sapphire, (c) and (d)
Type B on glass. Dashed 1ine is

calculated from Eq. (2.25).
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B = 155K ", and an average Cy = 1.44 x 1073 ok Tem™ Although the
slope of the measured curve is a little steeper than -1, the genefa]
agreement between the two curves is good.

The dependence of Sv(f) on 2, 8, and V'was investigated. In
Fig. 7(a) Sy s plotted vs. a1 for six samples of different volumes,
each bjased to give the same value of V. Five of these samples (solid
circles) were 1000A thick, and each was biased at a point on the transi-
tion to give a comparable value of 8, about 155K_]. The sixth sample
[a triangle in Fig. 3(a)] had a thickness of 6000A and its superconducting

1 at the mid—point. In Fig. 7(a),

transition was broadened to give 8 = 62K
- the value of SV(f) has been multiplied by a factor of 6.25 to account for
the lower B. The fact that Sv(f) scales with 9"1 for variations ih both
the areé and the thickness of the films providés strong évidence that

the 1/f noise is a bulk effect. If the noise were a surface effect,
Sv(f)/V2 would scale inversely as the area of the films, but would
presumably be independent of the thickness of the fiTms.

Iﬁ Fig. 7(b), SV(f) is plotted vs. (dR/dT)2 for one sample at
constant bjas current. Each value of dR/dT was obtained by maintaining
the sample at a slightly different temperature on the transition curve.
No corrections were made for the variation in TZ/CV: This error is
insignificant compared with the measurement erroys. In Fig. 7(c),

Sv(f) « VQ indicates that se]f—heating effects did not contribute
measurably to the noise spectra. |

In each figure, a line of unity slope was fitted. Bearing in mind

the uncertainties in the measurements, the measured dependence of
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Fig. 7 (a) SV(T)/V2 VS, 9'1(solid circles,

0.1 -um films; triangle, 0.6 um film);
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vs. V°. A line of slope unity has

been fitted in each figure.
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], and on dR/dT 2 and V2 is regarded to be in satisfactory

. Sv(f)/v2 on Q
' agreement with the predictions of Eq. (2.25).

The power spectra was next measured on type B tin samples. Typical
noise power spectra for a sapphire substrate (D ~ 105cm25ec']) and a glass
substrate (D ~ 3cmzsec-]) are shown in Figs. G(b) and (c). The spectra
flatten below about 30Hz, and have a slope of less than -1 at higher
frequencies. Since A and B samples had almost identical volumes,
resistivities, transition temperatures, énd transition widths, it is
highly likely that the enormous differenée between their noise spectra
arises from the different thermal coupling of the films to the substrates.
The flattening of the spectra at Tow frequencies indicates that the heat
flow is much closer to ideal SQdimensional diffusive systems in B samples
than in A samples. A'f1uctuatioﬁ at one point on the film has a higher '
probability of decaying into the substrate (rather than along the film)
in a type B sample. It is interesting to note that the type B samples
have very similar spectra on both glass and sapphire substrates,
suggesting that the thermal boundary resistance, rather than the diffu-
sivity of the substrate, is the dominant factor in determining the heat
flow out of the film. | |

For one type B sample on a glass substrate the b0wer spectrum shown
in Fig. 6(d) wés obtained. The spectrum is intermediate bétween the
spectra (a) for type A 5amp1es and the more typical type B spectra,

(b) and (c). Thus the low frequency end at the power spectrum is 1éss
depressed than that of the other type B samples, and the slope is about
—0.35. ApparentTy the thermal conductance between the film and the

substrate was less enhanced by the aluminum underlay than-was usual.

-



It was initially speculated that the knee in Figs. 6(b) and (é)
-at 30 Hz corresponded to the frequency fl’ However, when the épectka
of type B samples in which the length was véried from 0,6mm to Smm were -
,measured, no systematic vafiation in the knee frequency was found. It
is possibie that the knee frequency‘correspdnds to the inverse of the
fe]axation time of the film and part of the substréte; this time, about
10ms, is independent of the length of the sample. It should be noted
. that this time is much greater than the time defined by the ratio of
the heat capacity of the film (*5 x 107120k for 2.5mm x 15um x 1000A)
to Ke(~10uWK']), which is on the order of lus. This result suggests
that part of the substrate adjacent to the film is.involved in the

thermal relaxation process, and that the heat capacity of this part of

the substrate contributes to the relaxation time.
C. Spatial Correlation of the Noise

As a further test of the thermal diffusion mechanism, I studied the
.spatial corre]ation of the 1/f noise. The experimehta] configuration is
shown inset in Fig. 8. The correlation of the noise generated in two
regions of the same film separated by a distance d was measured. The
two noise voltages V](t) and Vz(t) were separately amplified with
PAR-190 transformers.and PAR-113 preamplifiers, and the spectrum of their-
sum or difference measured in the usual way. If'S+(t) is the spectrum
of [V](t) + Vz(t)] and S_(f) is the spectrum of [V](t) - Vz(t)] the

fractional correlation between the strips, C(f), is given by
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Fig. 8 C(f) vs. f’for Type-A tin films on
glass (open circles) and Type B tin
films on glass (solid circ]és).

Inset is experimental configuration.
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C(F) = [S,(f) ~ S_(AI/IS,(F) +5_(N]. (a.1).

When V. and V, are independent, S, =S_and C(f) = 0. When V]'= Vo, S
vanishes, and C(f) = 1. The measured correlation for d = 5mm is shown

as open circles in Fig; 8. At high frequencies, A(f) < d, and C(f) > 0,
while at low frequencfes AX(f) > d, and C(f) +vconstant. The changé from
correlated td uncorrelated behaviour occurs when A(f) ~ d. Because of
the thermally inhomogeneous nature of the system, I will use an effective
diffusivity, De’ that'fepfesents an appropriate average from the film and
the substrate. The observed changeover from correlated to uncorrelated
noise at about 8Hz corresponds to De =~ 6cm2 sec']. From the measuréd
electrical resistance of the film, its estimated heat capacity, and the

Njedemann—Franz 1aw27.

p=X -9, 245x 108 watt - ohm/K? (4.2)
v G

D is estimated to be approximately 50 cmz/sec. Given the complexity of
the metal-on-glass system, it is difficult to quantitatively ré]ateCDe
to the diffusivity of the film. One would expect the relatively low

diffusivity of the substrate (D ~ 3cm2 sec']) to lower the effective
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i difquivity measured by the correlation experiment, and the low value
of De'is perhaps not tdo surprising.

Correlation measurements were‘performed on type B samples using the
same configuration as for type A samples. With d = 5mm, no convincing
correlation was observed in any of several samb]es tested. With d = 1.3mm
and a glass substrate, the correlation shown aé solid circles in Fig. 8
- was observed. The degree of correlation at low frequencies is less than
that for type A samples. This smaller correlation and the lack of corre-
lation for d = 5mm are consistent with the idea that type B samples are
much closer to ideal 3-dimensional diffusive systems than type A: A
fluctuation in the film in a type A sample tends to decay along the film,
whereas in a type B sample, it has a much greater probability of decaying
into the substrate, thereby feducing the correlation along the film.
This result may bé seen by comparing 1-D and 3-D correlation functions,
Eqs. (2.28) and (2.30). The presence of l/[§| in CT(B) (s, w) indicates
that the correlation between two regions is smaller in a 3-dimensional
system than in é 1-dimensional system. - |

For both 1-dimensional and 3-dimensional systems, C(f) is expected
to roll off when A(f) ~ d. The value of De that we deduce, about
4 cmzsec-], is not siginificantly different from the value for type A

samples.
D. Effect of Magnetic Field on Type A Samp]eé

With a magnetic field H applied perpendicularly to the plane of the
film, SV(f) and its dependence on B, T_were investigated. In the inset

Qf Fig. 9 TC and B (measured at the mid-point of transition) are plotted

|
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vs. H. A field of a few gauss was enough to reduce B by an order of
magnitude. The noise power spectra were 1/f for all values of magnetic
field investigated.

2

In Fig. 9 S 10)/V'2 is plotted vs. B~. Open circles and crosses “

v
are for bias current of 150 pA and 50 pA respectively. The value of
magnetic field for each measurement is written in parenthesis. This
value is determined by a Develco flux-gate maghetometer at room tempera-
ture, and is perhaps accurate within 20%. The points scatter about a
fitted line of slope unity.
The general dependence of Sv(f) « B(H) and that Sv(f) decreases as

H increase§ are strong pieces of evidence for believing that the 1/f

noise originates from temperature fluctuation and not from flux flow

mechanism (see Section V.A). .
E. Experimental Results for Lead

A typical noise power spectrum for a type A lead film with a normal
resistance of 40 and a dc current bias of 500uA is shown in Fig. 10(a).

The slope of the spectrum is -1.1. The dashed 1ine is calculated from

1 2

Eq. (2.25) using @ = 6.0 x 1072 cm®, 8 = 32K™', and C,, = 5.7 x 10°

=1 Cm-3.26'

v
JK At 1Hz the theoretical power spectrum exceeds the measured >
power spectrum by a factor of about 5. Samples evaporated on a sapphire

.substrate (with no underlay) had similar power spectra. Sv(f) was again

found to be proportibna] to VZ and (dR/dT)Z. The power spectrum of a

sample whose volume was 9 times greater than that of Fig. 11(a) was

approximately a factor of 10 smaller in magnitude, as expected if

. -1
Syl =a
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Sample size: 1200 A% 20 umx25mm

- B=x 32 K-I
AN : : I =500nA

N\ , R(normal) = 4 Q.

f (Hz)
o XBL7511 - 7615
Fig. 10 Typfca] noise power spectrum for |
lead films: (a) Type A on glass;
(b) Type B on glass. Dashedb1ine
is calculated from Eq. (2.25)
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A typical spectrum for a type B lead sample on a glass substrate’
is shown in Fig. 10(b). Similar results were obtained using a sapphire.
substrate. The slope is about -0.8, somewhat smaller than in Fig. 10(a).
The spectrum is reminiscent of that obtained for the anomalous type B
tin sample, Fig. 6(d). The fact that the flattening of the spectrum at
Tow frequencies is much less dramatic than that usually observed for tin,
suggests that the aiuminum underlay has much less effect on the thermal

contact for lead than for tin.
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V. DISCUSSIONS AND CONCLUSTIONS

A. Thermal Noise or Flux-Flow Noise?

| I will show'be]ow that the low frequency noise observed-is inconsis-
tent WithAwhat may be expected'from a flux-flow mechanism.vahe idea of
flux-flow noise6, qualitatively, is that when a magnetic field (or a
high current) is app]fed to a superconductbr, the superconductor is
eVentua]iy driven into either a mixed state (type II) or intermediate
state (type I). There will then be regions Where the metal is }oéa]]y
normal and forms a "flux bundle". This flux, when driven by a current,
genefétes an emf E = - %—3 X HZ’ When voltage probes are p]a;ed along
the suberconductor strip, "flux bundles" cross the probes and will
generaté vb]tage pulses that average to V. If the pQ]ses were short
and equal in magnitude, one has a voltage noise similar to shot noise
in diodes, excépt the latter is a current noise whi]e’f1ux-f]ow noise
exhibits itself as a voltage noise. | |

The flux bundles are usually not sharp and not équal. Various models
were prbposed6 and noise power spectra calculated. The spectra are in
general not 1/f-1ike andvaTways have a flat regibn‘at low frequencies.
We can make a ca1cu]at16n of the ma*imﬁm flux-flow noise in our samples:
according_to Reference 6, fhe maxiﬁum noise (zero frequency noise ) is
2¢ Vf, whefe ¢ is the flux contained in each "bgnd]e”; and Vf is‘the
voltage across the sample due tovfluk-flow. The maximum areé of the
“

bundle is 22 X

ambient field, together with the self-field of the currént, is 0.1 G.

L,, the strip width, is typically 15um), and the maximum

Thus ¢ ~ 2 x 10'7 G - cmz. Let us further suppose that the average
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voltage across the film is entirely due to flux-flow: A maximum value
for a typical sample would be TmV. Thus an upper limit onvthe zero
:frequency noise power is 4 X 10']8 V2 Hi'], é value typfca]]y 5 orders
of magnitude smaller than the obserVed noise at 1 Hi. In fact, for a
sample biased at a voTtage of half the normal state voltage, Vf is a
very sma11‘portion of V (See Fig. 6 of Ref. 6). Thus the flux-flow
noise is considerably less than our estimate of 4 x 10']8 V2 Hz'].

Furthermofe, the observed noise decreases as the applied magnetic
field is increased (Fig. 9), whereas for a constaht bias voltage, the
flux flow noise would increase. Finally, f]ux-%low noise is maximum
when the film resistance is about 1/10 of the normal state resistance,
while our observed noise is proportional to 82, and is maximum at the
mid-point of the transition. |

It is thus concluded, the observed noise is quite inconsistent with

that expected from flux-flow.
B. Conclusive Remarks

The experimental results presented in this thesis provide strong
support for the thermal diffusion theory of 1/f noise. It has been
shown that for tin films the noise voltage power spectrum Sv(f) is
proportional to VQ, 82, and Q'] as predicted by Eq. (2.25). In
particular, Sv(f) is inversely porportional to the film thickness,
indicating that the noise is a bulk rather than a surface effect. The

flattening of Sv(f) at low frequencies when the film is in good thermal

contact with the substrate strongly supports a thermal diffusion model.
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The spatial correlation of the noise at low frequencies observed in

both type A and type B samples provides further ciear evidence for a

- thermal diffusion process. Finally, the prediction of‘the semi-empirical
formula Eq. (2.25) is in excellent agreement with the measured magnitude
oF:the noise. It is particularly noteworthy that although 82T2/CV
1ncreasés by about 9 orders of magnitude when a tfn film is cooled from
room temperature to the mid-point of its suberconducting transition,

Eq. (2.25) predicts the magnitude of the ﬁoise at each temperature to

1,2

within a factor of 2 or 3. In Fig. 11 we plot measured‘values of

SV(]O) for type A tin samples versus the values of SV(1O) predicted
by Eq.v(2.25) for the measurements plotted in Figs. 7 aﬁd 9. A]thdugh
there is considerable scatter of the data, there is a gobd fit to a line
of slope unity over four decades.

The sﬁa11 amount of data collected on lead films also supports the
thermal diffusion model. The correct dependences df Sv(f) on VQ, 82,
and 9'1 were observed. The type A films have 1/f -like spectra that
are within a factor of about 5 of the prediction of Eq. (2.25). However,
it should be noted that had it been possible to obtain data at a somewhat
higher frequency, the agreement between the experimental data and the
semi-empirical model would have been improved. Clearly, if the observed
slope Sv(f) differs from -1, there will be good numerical agreement |
between the measured and calculated speétra only over a limited frequency
fange. (In the same way, the good fit to the theory obtained for the

power spectra of'thé type A tin films may be regarded as somewhat

fortuitous: The fit would have been poorer at a substantially higher
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or Tower frequency.) For type B lead samples, the s]ope.of Sv(f) was
reduced to about -0.8. Although this was a significantly lower slope
than that of the type A samples (about -1.1), the chaﬁges was much Tess
marked than for most of the tin samples, presumab]y.becausé of the rela-
tively small change in the thermal boundary resistance.- |

These results had immediate application in the noise considerations
of devices utilizing superconductive thin films. The understanding of
the role of the various parameters in determining the magnitude of the
1/f noise has made possib]e the construction of a superconducting
bo]ometer29 with unprecedehted low noise equivalent power. The technique
of constructing type B samples may also be of interest to experiments on
non-equilibrium superconductivity where self-heating of the films is

of concern.28

C. Boundary Conditions - Solution to the Mystery of 1/f?

The major remaining problem is the microscopic origin of the 1/f
" noise in type A samples. One would 1ike to construct a model that
specifically exhibits an extended region of 1/f noise. The thermal
diffusion theory theory outlined in Sections II-A .and II-B, which is
app1icab1e to uniform diffusive system, fails to produce such (Fﬁg. 1).
Voss and C]arke] proposed that if it was possible to have a generating

term in Eq. (2.3) of such form

(g(F,t) g(F Lt ) « 6(%-F ) 8(t-t ) » (5.1
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which generates noise termed as "correlated noise" because

(TR, t) TPt = 1/]7-7' ], (5.2)
unlike the case of g = V- ¥, where

-

(T(FR,t) TR L' ) =8(r-7) s(t-t') (5.3)

then, by carrying out similar calculations as in Section II.B, the noise
spectrum is found to be 1/f - like in the region between f1 and fz. An
example of this is shown in Fig. 12, where in various limits, Sv(f)

takes on the form

(f-O.S f << f.l ,
Ral f << f << fy, _
Sy(f) = < ¢ ! (5.4)
f f2 << f << f2 ,
L £2 fy << f

As was discussed in Section II.A, generating terms such as (5.1)
would violate conservation of energy in a closed system, because it
represents local energy "source" and "sinks". However, is it possible
that in the case of the experimental system of glass and metal films,
the interface between the two may serve as such an energy pole? D. N.

Langenber928’made an ihteresting suggestion that phonons may be "trapped"
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ét the boundary. Such a trap will release its energy réndom]y and
provides a local large variation in temperature not govefned by the
Bo]tzmann factor in Eq. (2.16). In this case, generation terms like
(5.1) are certainly a possibility. It is interesting to note that in
our typé B samples, such possible effect is greatly reduced. The
aluminum oxide has a thickness of "50A, about the same as the phonon
wavelength of tin at 4K. It may be that this oxide fills the "pockets"
between film and glass where trapping mechanisms may exist.

30 recently pfoposed to use this idea as boundary condi-

S. H. Liu
tions to supplement the calculation in Section II.B. His idea was to
set boundary conditions in the z-direction (along the thickness 23 of

the film and perpendicular to the substrate). They are

3 1 = 0
Y2 _ s
2—23
and K §L~ T = G(x,y,t) . (5.5)
z z=0

.The first boundary condition states that no heat can escape from the
_ surface of the metal film. The second condition states that heat is
randomly exchanged between thé subsfrate and the metal film. Proceeding
‘Wwith these equations, he calculated the noise spectrum which exactly

looks like Fig. 12 except the region f << f1 is missing. It thus seems
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thét if (5.5) dominates the noise source, one wou]d indeed get a 1/f
noise explicitly. But this approach, which,perhaps contains some ele-
hents that the simple theory for infinite, uniform medium cannot account
for, does not describe the complete picture for the following reasons:

i)  The effect of boundary resistance is‘conspicupusly absent. In
the limit of a perfect coup]ing between substrate and film, one expects
to get‘back to the 3-dimensional diffusive system, 'i.e, the second

equation of (5.5) should be 1ifted. It is not clear how this transittion

would occur.

ii) The diffusion of heat inside the substrate is not considered.
This author believes that perhaps, <in substitution of (5.5), one

should use,

and K = T»

In the second equation,.Ts is the temperature of the substrate at the
boundary, and k is the boundary thermal conductance. In the weak coupling
case, T and Ts can fluctuate independently in their kespective medium,

and (5.5) is pérhaps justifiable. However, in the strong coupling case

(k >> K/23). T and TS are not independent, and the system approaches

closer to an ideal infinite system as x gets larger.
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How (5.6) would bé applied to calculate the Tow frequency noise is
not trivial. But a simple case can readily be calculated in the
experiments of M. B, Ketchen3]. He measured the noise in a suspended
superconducting film. The geometry of his experiment is shown inset
in Fig. 13. .The tin film is clamped with two thick tabs at two ends,
leaving a length of 20 in the middle. Lead was evaporated on the film
except a middle region of length 2]. For this system, thé boundary

conditions are

T =0 ,
x=0, 20
gl =0 (5.7)
yy=0,22
and ' %%-‘
z=0,sl3 =0

Therefore in all three directions, the Fourier space of k take on

quantized values:

n.m

- 1 : '
ki =4 , (5.8)
i
with 20 replacing 2 in the x direction and n; = 0,1,2,3.... Only sine

waves can exit in y and z direction and cosine waves in x direction, to

satisfy (5.7). When substituted into Eq. (2.19), we obtain
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.1 nm
4 (sin 5— 2
D2 nm 2 20 1

20

)2 (5.9)

Where the ky and ké can 6n1y have value 0 because any other terms

corresponding to nonzero n  and n, would integrate out to zero. Only

y

‘ . . nm ;
odd n, remains because sin 7— x would also integrate to zero for even n's.

Equation (5.9) is ca]cu?ated with'the computer'and plotted in
Fig. 13(A) for seQera1 rations of 26/21. The values of 20/21 =0,1, 3,
5,10 correspond to what M. B. Ketchen has used. The following features
agree excellently with his experimental results: | |
i)  The spectrum always becomes flat at frequencies lower than fo. Y
ii) The slope of the spectrum between fo and f] varies from -1.5
to -0.5 with increasing value of R/ 0 -
iii) The change of spectrum slope near f] is not as obvious as the
one near fo'
iv) There is a s]ight wigg]e in the spectrum above fo' (This is
especially conspicuous for 2,/% = 10,33). _
The last effect is due to the fact that we enly took the odd n
terms in (5.9). If the even terms are also taken into the iteration, the
wiggle is smoothed out. Fig. 13(B) shows the spectra for ‘20/2] = 33 s
~ With and without the even n terms. The case of even.terms being also
present corresponds to moving the central Sn region a distance 2]/2
away from the center of the film. It is also seen that the low frequency

“knee" is shifted to a higher frequency. It would be interesting to ' i

experimentally verify this effect. | o ' é
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The neXt step is to do the calculation with (5.6) as boundary
conditions. One needs to solve the two coupled equations for T and TS
for any general value of «. There has yet been no concrete progress in
this calculation.

It seems thqt using the boundary conditioﬁs has lead us a big step
forward in the right direction. This author hopes one day, with clear
understandihg of the mysteries of the f and G and « and TS, the puzzle
of 1/f noise will be tota]iy unraveled. For the theorists who might be
interested in this problem, the author suggests that he starts from the
basics of how microscopiéé]]y the electrons and phonons and their
scattering would give rise to a macroscopic temperature fluctuation
generating term g. This is perﬁaps the most important of all the

unknowns in this problem.
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PART II

RESISTANCE OF SUPERCONDUCTOR - NORMAL METAL -
SUPERCONDUCTOR JUNCTIONS
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VI. INTRODUCTION

The currént—vo]tage characterﬁstics of the superconductor-ndkma]
meta]-supgrconductor sandwitch (SNS) have been investigated‘by many
authors39’52'54’64765 because of the richness of the information oﬁe
could obtain from such measuremehts. Thé critical current and the
Tow temperature resistahce of thé SNS juhction are directly related to
the é]ectron-phonon interaction strength)of'tﬁe normal meta1§2’63’64’65
from which the electron-phonon interaction paraﬁéter N(O)V, and hence
the critical temperature TC, of the normal metal can be deduced.

In the second part of this thesis, we concentrate on the problem
of the SNS}resistance°at high temperatures (0.5 TC to TC). The fncrease
in the SNS resistance near T. above the resistance of the normal metal
is attributed to a penetratibn of the normal electron current in the
superconductor. The fraction of the bias current applied to a SNS
Junction thaf penetrates the SN interface as a normal current (instead
of a supercurrent) increases as temperature is raised. The normal
electron current travels dissipatively in the superconductor for an
average length determined by the electron relaxation time, giving rise
to the extra SNS resistance at higher temperatures.

In Chapter VII we present the theoretical calculation of the SN
boundary problem. We will dis;uSs the microscopic basis for the
existence of an electric field in the superconductor and its relation
to the normal electric current. A set of Bo]tzman equétions wi]J be

used to calculate the behaviour of the quasipart1c1e‘distribution

functions near the SN boundary. Instead of matching these distribution
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functions directly at the boundary, we will use an approximation scheme

in which the quasiparticles are assumed to be thermalized on both sides

of the boundary; The normal electric currents on the two sides of the

boundary are linked with the help of the Andreév transmission coefﬁ'cient.36
In Chapter VIII we discuss the experimental procedures and»apparafus.

The experimental results are presented in Chapter IX. The conclusions

and a comparison of the electron relaxation times obtained in this work

and that obtained both theoretically and experimentally by other authors

are included in Chapter X.
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VII. - THEORY
A.  Excess of Quasiparticles and the Electric Field

In this section, I will present the microscopic basis for the problem
of excess boundary resistance in a SN interface. The argument was origi-

32 What I intend to show is that an electric

nally proposed by Waldram.
field can exist inside a superconductor when quasi-particles are not
equally populated on the k (k > ke) and k_ (k < kF)}brénchés of the
excitation spectrum. This situation occurs when an electric curkent is
passed through the SN interface.

33

In the original B.C.S. theory™, the pairing assumption was used to

obtain a reduced Hamiltonian for the e]ectrons in a metal:

+

b * T Vi bt by s (7.1)

k "k "k Kk

where €y is the energy of the electrons Wﬁth momentum k when unperturbed

by the electron-phonon interaction Vk'k . bkf (bk)_is thé pair creation

(annihilation) operator and is related to the electron creation (annihi-
: t foe te }

lation) operators C, (Cks) by b," = Cpy €y, and b, =Cpy C_p.-

Assuming the ground state wo at zero temperature is

k

[q;>=n<\/1 TP b+) |vac> (7.2)
0 K k "k .
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where Vi is treated as a variational parameter with the constraint that

the total number.of electrons must be kept constant
N =235<y | bTb | vs> | | (7.3)
oy 0 k 7k o '
and the total energy is minimized, one gets

6 <y | H-uN |y, >=0 , (7.4)

where u, a variational parameter, is the chemical potential.

Equation (7.4) gives the familiar results

£, -1 :
vi=—]2-_<-‘t§k> i (7.5)
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and Ak satisfies

K’ oy
A, ==-E V57— . (7.7)

Together with (7.3), A and p can both be obtained. Ek is interpreted as
the excitation energy of the quasiparticles and has a dispersion relation

shown in Fig. 14. The spectrum has two branches, k_ (k > kF) and

>
ko (k< kF) branches. For symmetric gap parameter, the two branches are
closely symmetric near kF' At finite temperature, the B.C.S. formulation

is essentially the same, except that Eq. (7.3) should be replaced by

b7 b

. byl v > (V- f)+zf - (7.8)

k

to take info account the thermally excited qUasipartic]es. Here fk is
the quasiparticle distribution function.

In this formulation, the chemical potential u, as in the case of
normal metal, is just the Fermi energy €¢ for a system possessing
e]ectronjhole symmetry. When an electric potential, ¢, is app]iéd,
TERES €¢ - ed.

We now inquire how the properties of superconductivity emerge and

what happens when quasiparticles are not in thermal equilibrium.
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Ginzburg and Landau34 first proposed that the existence of an order
- parameter ¥ (¥) in the superconductor, which behaves like a single
’7partic1e wave function, may explain the properties of superconductivity.

-~ The transport properties are, as in ordinary quantum mechanics, given by

2 .
T oo _ €h sy D ow T oyx o & * ,
Jg T [V ¥ - ¥V ¥¥] mwwK, (7.9)
and
oY |
ih Té‘t—— - 2e (i) b4 s (7'10)

which may be rewritten in terms of phase 9 vaw as
o )
- hJs =52V 0+ [ | (7.11)
and

hg=+2 ¢, - O (7.12)
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where A = m/lwf%z. With the B.C.S. theory, ¥ may be identified as the
gap parameter A(F), which is defined by A(F) =V < u(¥) w(¥)>, where
W(F) is the spatial Fourier transform of the_efectron annihilation
oherator. From the reduced Hamiltonian in Eq. (7.1), we can calculate

the equation of motion for AMT):

[eXiaN
>

== [H, 2] . , (7.13)
This leads to the B.C.S. result of

da _ 5 du
it 248 | (7.14)

We would then expect (7.10) and (7.12) to be replaced by

LY _ . ‘
ih Sr =20y, - (7.9)

and

he=-2u . (7.16)
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If u is not constant inside the superconductor, the gradient of
the phase & will change in time and establish a supercurrent pattern

according to Egs. (7.9) and (7.16) until u is constant. If u = £c - €9,

there can be no electric field (gradient of ¢) inside a sUperconductor
in a steady state. This is the origin of the name "superconductivity"”.

However, by inspecting Eq. (7.5), we see that u is defined as the

energy at which yk2 =-%, or the energy at which the probability a paired

state is occgpied as %u’ Is there a situation where this energy is not
Just ef? To answer this, let us call thié‘energy €.s the “central band
energy" of the condensate and express u in the.presence of electric
potential as u = €. - €9. |

€a is determined by the'norma]ization condition Eq. (7.8). Fdr
any general distributions f oflquasipartic1es, Eq. (7.8) also holds

true. Writing the normalization in the integral form:

o '2N(0)/ d e, sz (1—f (Ek.)) + N(O)/ f (e ) d e

N =
0 ‘ 0
- 2N(O)/ d e, vk2 + N(0) / (1-2 sz) f(e,) deg (7.17)
0 0 ' '

“where N(0) is the density of state at the Fermi level. Choosing a con-
venient origins at € and defining ¢ = € = Ec» One obtains from

Eq. (7.17)
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N, = N(o) /vkz de + N(o) / (-2v%) F (E) de . (7.18)

where the Tower integration Timit in the second term is conveniently
extended to -». If f (Ek) is symmetrical around e = 0, then the second
term in Eq. (7.18) is zero because 1 - 2 vk2 is an odd function of e.

We get €. = E¢- An example for this case is if f(E) is the Fermi function
fO(E).

Equation (7.18) may also be written as

(7.19)
or @

f (E) - f,(E) is the deviation of quasiparticle distribution from
equilibrium value, and Q* is a measurement of the asymmetry of f(E)
about € = 0. Q* is positive if there is an excess of k, excitations

over k< excitations. We now have u = €c - €% = €¢ - Q* - e¢. From a
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previous argument, in a steady state, Vu = 0 inside a superconductor and

therefore
- eVo=-Ve =0Qr . (7.20)

Equation (7.20) is of central iﬁportance in solving the SN problem.
An example of non-zeron* is the SN boundary biased with electric current.
More details will be given in the next section, here it suffices to say
that in this case, a normal electric current is driven into the super-
cOnductqr, and this current, carried by the quasiparticles instead of by
the condensate, is not equally cérriedby the two branches of excitations
(while in normal metal, a current flow is charactérized by a uniform
displacement of the Fermi suface, and thus the k> excitations have the
same number as the k< excitations). This normal current generates a
Q* in S and a measurable electric potential diffgrence which manifests
jtse]f as an excess boundary resistance.

Another closely related eiamp]e is the SIN (superconductor-insulator-
normal metal) junctions investigated by Clarke and Paterson35: When
electrons are injected from N 1ntb S through'the Jjunction, non-zero Q*
will be established in the superconductor. While both these examples
require the flow of an electric current in the superconductor, a third

example involves thermal current: If a superconductor has a temperature

gradient, the thermal current, again carried by quasiparticles, also
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| supports a non-zero Q* even.though no net charge is transported by the
quasipartic]es. This "thermo-electric effect" of superconductors will

be further discussed in Chapter X as a possible future experiment.

B. Andreév Ref]ection

Before calculating the resistance of the SNS junctions, for conve-
nienée we first discuss how a quasiparticle responds when it hits the SN
interface. Figure 15 shows the variation of the energy gap as a function
of x at the SN boundary. A fs zero deep in N, and approaches A deep in
S. Near the boundary (x=0), there is an induced gap in N, and A in S is
suppressed. Extensive éffort has been devoted by theorists to calculate
this "proximity effect" and how A should depend on x.69

Excitation spectra in both S and N are also shown in Fig. 15.

36 was the first person to consider the prob]em of what happens

Andreév
when an electron A in the normal metal propagatesltoward the boundary.

His calculation showed that if electron A has energy smaller than A_,

it will be reflected at the point where its energy is equal to A, and emerge
on the opposite branch of'the excitation spectrum as a "hole" B with

the same energy as A in the normal metal. An electron pair will be

injected into S and will proceed non-dissipatively. This process will

~not result in any additional electrical boundary resistance, although
thérma1 current will be halted at the boundary, giving rise to an extra
boundary thermal resistance. ‘

An electron A' with energy greater than A, will be'bartia]]y"

reflected as a hole B'; instead of having an electron pair injected
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Fig. 15 Andreéyv transmissioh and reflection
for super- and sub-gap quasiparticles
Lower diagram shows the spatial

variation of A. -
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into S, a normal electron A" will appear in S with the same energy as
A'. The probability of A' converting into A" is defined as the trans-
mission coefficient T(E).

We now see why theré is a non-zero Q* in S near the boundary when
an electric current is applied: In a normal meta], the current is
equally carried by electrons (k> quasiparticles) and holes (k_ quasi-
partic]es). Deep in S, the'current is carried exclusively by the con-
densate and there are no excess quasiparticles except those that are
thermally excited. At the boundary, elecirons are injected into S,
but there is not a counter flow of holes to balance out the electrons.
A Q* is thus established and the electric field will appear inside the
superconductor. The time Q* takes to relax determines how deep the
excessive quasiparticles will travel in S, which in turn determines the
magnitude of the electric potentﬁa] (and thereby, the boundary resistance)
one measures.

Andreév calculated T(E) for a step gap potential, i.e., A = 0 in N,

and A = A00 in S. . His resu1t36 is
( s 5172
(£2-0.2)
T(E) = | 2 2., 2172 for £ > A (7.21)

‘ E+ (E%-n
1 ,

0 _ for E <A
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The exact form of T(E) for a realistic distributioh of A is quite difficult
to calculate. Bar Sagi37 has recently calculated T(E) for A = 0 in N

and A = %—Aw [1 + tanh (x/£)] in S, where £ = h Ve/mb,, is the coherence
length in S. The discontinuity of A at x = 0 is 4_/2. He found that
although T(E) is more strongly dependént on E, it is not very different
from the Andreév results, Eq. (7.21). One can understand why this is the
case by considering a problem generated by the Schrﬁdjnger equation:

Suppose an electron with energy E and momentum k sees a potential barrier

A(x) with three different forms;

A] ) 1 + e. 'X/E ’
A= {0 S o - (7.22)
2 s, (x>0 ,
0 (x < 0)
abd Ay =
| 3 A
T+eX/% >0

These three A's are shown inset in Fig. 16. One can'cqlculate the trans-
mission -coefficient T(E) for each case. The first two cases can be found
solved 1'n'textbooks.38 The third case Was solved by this author with

some tedious algebraic effort:
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Ve e, - 10V el

sinh® {0(e/a)% + (E/n, - V2T wyc]

sinn® | [(E/a,)
[ Sinh

—
—
——~
m
S
i

o o LR - 112 (g/8_)1/?
E) = s
Wero) V24 e, - 11V72)°

D-(1-a,/6) 1727 (€20 /€ + a(1-8,7E)] + [1-(1-8,/6) 2] [O-a/E)/2 (8/E)] + gk

72y 1¢%n sE + 410 /6)) + [1+(1-8/E) V2] [(1-a_/E) /2 (a_JE)T + o JE

T.(E) = 1-
1+(1-2_/E)

3

These three functions are plotted in Fig. 16, using the value of
12 _

C =h/g (2mAm) = 0.034, which is suitable for Pb at low temperatures.
We see that T, and T, are nearly the same, but T, is almost a step
function across E/A_ = 1. T](E) is just the typi;a] WKB result: For
a potential barrier that is adequately smoothed out, the penetration
probability of an electron is nearly unity if the e]ecfron energy is Jjust
higher than the maximum potential. |

‘The Andreév equations for quasipartic]es are just a pair of electron-
hole equations similar to the Schrodinger equation. Therefore, Bar
Sagi's results are not surprising. Since at a rea]istic SN boundary,

A(x) is perhaps very close to A4(x) or the Bar Sagi's A(x), the

transmission coefficient of quasiparticles would then be very close to
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Fig. 16 Schrodinger transmission coefficient
for three potential barriers shown

in the inset.
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Andreév's result, Eq. (7.21). We will then use the latter for our sub-

sequent calculations.

.

C. Transport Properties of Quasiparticles at the SN Boundary and the
Resistance of SNS Junctions : ' _

The boundaky resistance problem was first attacked by Pippard,
9 | 32

Shepherd and Tinda1l3 Their method is to use

and later by Waldram
the Boltzman equation for the normal excitations near the SN boundary.
The decay of the normal excitations was calculated to give the boundary
resistancé. However, the first authors assumed that there is no electric
field in.the superconductor, and that the excessive boundary resistance
manifests itself as a potential discontinuity at the boundary. They did
not distinguish the various processes by which the quasiparticles relax.
Waldram brought out the essential physics of the problem, but his approach
may- also be criticized for its.failure to adopt the correct equations,
and its incorrect treatment of the quasiparticle distribufion functions.
- In this section, I will reformulate the problem. Thé final results will
be used in comparison with experimental data in later sections.

Lét us start by considering a one-dimensional case of four branches
of the excitation spectrum in S, shown in Fig. 17. Branches 1 and 4
are "electron" branches, 2 and 3 are "hole" branches. .(The use of
"electrons” and "holes" are for convenience in terminp]ogy, since quasi-
particles have charges of expectation value e(1 - 2 vkz), which is
negative — "electron - 1ike" — when k > kf, and positive — "hole - like" —

when k < kf). The directions of motion for the quasibartic]es are also

shown in Fig. 17. - The departure from equilibrium for a particular
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XBL777-5780
Fig. 17 Quasiparticle branches and propagation
direction on the 1-dimensional Fermi

surface.
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excitation energy E is now charaéterized by four functions, 91> 9ps 93>
gq- To set up the Boltzman equations, a convenient energy origin at u
will be used. u is cohstant in S even in the presence of an electric
field, and consequently, a quasiparticle moving through the system will )
stay at a constant energy E, measured with resﬁect to u. Similarly

in N, we choose the energy origin at ef—e¢. This choice of origin will"

eliminate the field dependent term in the Boltzman equations and fix the

Fermi factor for the quasiparticle distributions. Also with this frame,

the normal metal resistance is set aside, and only the boundary resistance

will be calculated. |

The Boltzman equation is

dg . <39> (7.24)

When expanded, the equations for branches 1 and 2 are

N E]_ _ 9] - 1/2 (g]+94) i 9]‘ - 910 i g] - ]/Z(Q]Q + 92Q) i i_ : N
S 39X T To | Ty | Ty i
v _3_9_2_ _ 95 - 1/2 (92+93) 95 92Q i 9, - ]/2 (ng + 920) i 9_
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Each of these terms will be discussed below: _

| (1) The left hand side contains only one term, with Ve =.vflsl/E,
the group velocity of the quasiparticle af ehergy E. The time-dependent
term is zero because we are consiqefing'a sﬁéady state equation. The
electric field term (vf af/as d¢/3x) does not éppear because of our
choice -of origin for E.

| (2) The first term on the right hand side of the equationé is the
elastic collision term. In a one-dimensioné] problem; elastic collisions
will only mix branches 1 .and 4; 9 wi11 consequent]y relax to 1/2(91 + 94).
In the "relaxation approximation", the collision integral fs written as
the form shown in Eq. (2.25). Branch 1 will not mix With branches 2 and 3
because the cohérencé factor for a quasiparticle to change state
Uy uk' - vkvk' (where‘uk EvV1 - vk2 ) is éero fof ]v+ 2 or 1I+ 3 scattering
unless the scattering is inelastic or_if there is a gap anisotfopy. In
these cases, 9 will “branch—éroés”.v The branch-crossing relaxation
is included below. | | |

(3) The other three terms all contain inelastic scatterihg

processes, i.e., electron-phonon scattering. Section 7E will deal with
the ca]cu]étion of each time in these terms: their magnitudes and
dependences on‘tempefature. Among them, Té is the "thermalization" time.
The process involved is the scattering that changes the energy, bqt not
" the “charactér" of tﬁé quasipértic]es. This procéss redistributes the
quasipartfc]es on each branch sd that they are “therha]ized“;g] wi)] then
relax to its thermaljzed value Q]er gy and 91q Satisfy quasiparticle

conservation:



-78-

[ee] . 00

/91 N(E) dE = /g]Q.N(E) dE , (7,26).

A ' A

where N(E) is the denSity of states. |

(4) i3 is the "branch-crossing" relaxation timé. This process
converts an electron to a hole and vice versa. For sﬁpercohductors _
without gap anisotropy'bn]y inelastic processeé can participate. The
T3iprocesSes will thus relax the two branches to equal population and
thermalization: g, will be relaxed to 1/2 (g]Q + ng) with this process.
The possibility of elastic scattering mixing the branches when gap
anisotropy is_present will be discussed in Section VII.E. |

(5) The last term is the "recombination" relaxation. The quasi-
particles can recombine into the condensate to eliminate the excess
'.quasi—parfic]es and 9 will relax to zero with the process. Tys T3
and T, all derive from electron-phonon scattering,‘and have roughly
vthe same order of magnitudé at some intermediate temperature. However,
all inelastic processes 1nv61ve emission of phonons. The phonons will
travel through the superconductor before escaping the.system. They |
will generate quasiparticles from fhe condensate while travelling and
repopulate the branches to effectively increase the relaxation of quasi-
particles. The repopulation will equally occur on the two branches
and enhances Tgo whf]e not effecting T3 If the enhancement.is large,
we can ignore the terms in Eq. (7.25) involving Ty in favor of those

involving T3-
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In the normal metal, Eq. (7.25) still holds, with.vS replaced by
Veand 15 = 74 = . In both S and N, two similar equatiohs can be set
up for the 3- and 4- branches. Since these two branches contribute to
the electric field in a similar way to the 1- and 2- branches, ("electron"
excess on the kf branches will suppress €. from €¢ the same way "e]ectron"
excess on. the —kf branches), and, as we will see later, they contr1bute |
in an opposite sense to the electric current as the 1- and 2- branches
["electron" excess on the k. branches carry current —(93 +}g4), but
"electron" excess on the -kF branches carry current (g] + 92)], I will
use a convenient symmetry re]étion 917- 95 and 9y = -9y to eliminate
two of thé four equations. Physically, this symmetry satisfies the
requirement that €c is suppressed uniformly on the Fermi surface, through
the relation g, - g, = g; - g5. It also divides the current flow evenly
on the kF and -kF branches, because 91t 9 = —(94 + 93). The second
property is not necessarily a real case, but the solution of the four
equations without the symmetry‘relations w111 yield the same results as
we will obtain below. These symmetry re]ations simplify the mathematics‘

Considerab]y.

Adding and subtracting the two parts of Eq. (7.25), and defining

9=9]—92,J=91+92;W99€t

J—JQ_{_J-JQ_'_J._

, (7.27)
) 25 2

and
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g -q
' »ij_=ﬂ____:Q+§-_+i . (7.28)
oX % by Ay |

where 2, the mean free path of a quasiparticlie at energy E is approxi-
mately 21 = Ve T in our experiments, because T is much shorter than

any other time. v is defined as |e|/E and 21 = Ve Ty MU]tip]ying the

equations with E/|¢e] and integrating over energy, we get

*
ddix_ =3 ]E , (7.29)
dJ* 1 | 1 |
Ay = Q <—_ ——> > (7.30)
dx 23 + 24
where
Q* = j[g_dE ,
A ' (7.31)
. = E _ E
Q = ﬂ-l-—c—l* dE = _qQ ]—E—[— dE s
A A
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J* = /'j dE, - ‘ cont'd

and J_

1
D'\.
[
E]m
[N
m
1l
\
[}
o]
E:Im
o
m

Before discussing the physical meaning and solving Egqs. (7.29) and
(7.30), we note that they are not obtained without approximations.
Indeed, we have used average values of T3 and T in these equations.

We have set

© E

! dE
S e T

1 = - i (7.32)
b3 7 f 4. £ dE
oy el
and it was assumed thaf
o 1 E
f Ve T3 4 TeT d . .
) 1
%% E - 23 . (7.33)
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and similarly for'24. If T3 is independent of énergy, Egs. (7.32) and
(7.33) follow directly from Eq. (7.26). In general, T3 is a strong
function of E, and Eq. (7.33) does not necessarily hQ1d.

In fact, Eq. (7.33) is only a good approximation near Tc‘ At any
generaT value of temperature, Eq. (7.33) holds bn]y at a distance away
from the interface. Let us keep this in mind and proceed with the
calculations, using Eqs. (7.32) and (7.33) as the approximate equations.
We will discuss in more details the validity of this approximation in
~the later pért of this section.

Within this scheme of approximation, we can see that Eq. (7.29) is
juét the equivalent of Ohm's Taw: Q*, as discussed in the previous
sections, is equivalent to the electric potentia]T One calculates the
normal electric currentbby multiplying the momentum of the quasipartic]es,
m Ve, by the density of states N(0) E/]e|. Adding contributions from

the two branches, we obtain the total electric current:

o0}
o

E E |
ap eN(0) Ve -/NTETTQ]QE + e N(0) VelTeT 9,d E
A

Ca
n

'TET' jdE (7.38)

D\SV

= eN(0) Ve “/. Tgﬁ-(g] + gz)dE = e N(0) Ve
A
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Since the electrical cohductivity o is proportional to %, the mean

free path of the electrons, Eq.-(7.29)'is equivalent to Ohm's law

(7.35)

a2
I
Q
m ¢

Equations (7.29) ahd (7.30) can be solved if one can write

-1
& =a , | (7.36)

Q
Q*

where o is a proportionality constant. When the quasiparticles are

thermalized, o can be calculated as fo]]ows:> At thermalization

= qq = -0 FIUEN/T(A)  (FI(E) = d £ (E)/dE),

el
]

(7.37)

(VR
t

= 3g T -9 (/T (0)

40

(These equalities were derived by Tinkham = with fhe assumption that the

two excitation branches are in thermal équi]ibrium with each other but
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are not in chemical equilibrium, i.e., they are characterized by
different chemical potentials U, and M- In fact, Eq. (7.37) can be
derived no matter what pardmeters specify the equilibrium situation of
the quasiparticles: either their chemical potentia] or their effective
temperature, as long as the deviation from thermal equiiibrium fo is

small. The proof is trivial and omitted hére.) o can be expressed as:

0

£ (E) (E/]e|)dE o

0
- (‘l/f (A))/ £ () E/|eldE (7.38)

-1 A
f°°f (E) dE

0o
A A

oL =

In general, howevef,>Eqs. (7.37) are not true when q and j are not
thermalized. Immediately after the quasipartic]es‘enter the super-
conductor, they are not thermalized, and o is spatially dependent. The
temperature and spatial range in which Eq. (2.38) can be considered a
good approximation will turn out to be the same range in which.Eqs. (7.29)
and (7.30) are applicable (i.e. Eq. (7.33) is a good approximation). We
will see later why this is the case. For the moment, we will use these
approximations and examine the solutions for Q* and J*. |

The solutions are quite simple when we couple Egs. (7.29) and (7.30)

together to get a differential equatibn for Q*:

+ 73‘) Q*. (7.39)
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Inside N, the right-hand side is zero, and we get

* - : *

0y () = (0) + 3, T (7.40)

JO is just the app]ied current. This solution may séem strange at first
sight, because it says that Q* will increase (or decrease) Tinearly into
N as a function of x. This is due to our choice of origin. We have
chosen ef-4e¢ as the energy origin for the quasiparticles, and Eq. (7.39)
sihp]y means that the electric potential is a linear function of X in N.

Inside S, the solution of Eq. (7.38) is
) = X
Qg (x) = Qg (0) exp (- 5=) (7.41)

where

) e
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The complete solution for a SN boundary under Andreév transmission
is shown in Fig.'18. Q* 1is continuous across the boundary. (The reason
for Q* to be continuous will emerge when we discuss the boundary conditions
later). The change in slope of Q* at x = 0 occurs because not all the
incident current from N is transmitted into S aé normal current. The
fraction that does is zero at low temperatures (Curve A in Fig. 18) and

becomes unity near TC (Curve C in Fig. 18). The value of Q*(0) is the
excess boundary potential that one measurés. The bhysica] meaning of Q*(0)
can be seen through its retation wiﬁh JS(O): At x = 0, JS (0) = 2(dQ*/dx)
-Q*(0) 2/)x. We can define a fractional parameter F {n Fig. 18, which is
equal to the dQ*/dx|x=o+//do¥/dx|x=o'. We then have 3.(0) = F 3,(0).

Since JN(O) = Jo’ the applied current, we can express Q*(0) as

Q*(0) = -F Jo ME s (7.43)

The excess boundary.resistance is proportional to F x/&. Since 1/% is
proportional tovthe resistivity of the superconductor in the normal
state, the boundary resistance resulting from Q*(O) is equivalent to
that obtained if a fraction F of the incident current enters thevsuper—
conductor and proceeds dissipatively for a distance A.

The above ca1cu1ations are.based on the assumption that Egs. (7.29),
(7.30), (7.33) and (7.39) are valid. The simple formulas we derived will

turn out to agree satisfactorily with experimental results, and they

certainly can be understood physically. One would like fo do the whole
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~Fig. 18 Q* vs. x at three temperatures:
(A) T+ 0, (B) intermediate T,

(C) T +.TC.
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calculation without any approximations. But this calculation, which
would require the q's and j's instead of the integrated quantities Q's
and J's, is formidably difficult. The reason is thatvthe physically
meaningful quantities are all related to the Q's and J's, and it is
very difficult to convert equations in q and j into these integrated

- quantities without some knowledge of the‘function forms of q's and j's,
if all the energy-dependent parameters are to be treated exactly in

the calculation.

We can use the following arguments to justify our approximation
scheme in the temperature range where the boundary resistance is
significant:

Let us first examine how q will relax to qQ in the superconductor.
This thermalization process is carried out through both the.r2 and the

7., channels. The characteristic time for this relaxation is (1/12 +

3
1/T3)—]. As we will see in Section VII.E, 12 ahd T3 have the same

order of magnjtude in the intermediate temperature range T/TC ~ 0.8,

but near Tc’ T3 >> 12. Since the excess boundary resistaﬁce is more
significant near TC,'it is reasonable to assume that in this temperature
“region, q will quickly relax to qQ before the diminution through T3 -
relaxation takes place. In Fig. 18, curve B and C are only approxfmate
solutions to the prob]em,.while the real solutions may look like the
dotted lines shown near these curves. The erral] solution is not far
from our approximated results.

Another view of the situation is through examing the Andreév trans-

mission coefficient T(E) defined in Eq. (7.21). Since the quasiparticles

deep in N afe thermalized where they start impinging upon the SN boundary,
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the deviation of q - qQ from zero is dge to the fact fhat T(E) is not
uhity for all energies. The spread of nonzero q = qQ is then of an
energywidth~A. The spread of q, howevef, is of an energy width kT
from the Fermi factor. If A/kT is small, then Eq. (7.37) is a Very good
approximation, which is again true near TC.

Granting our approximation to be correct, we can calcu]até the
boundary cqnditions as in refs. 32 and 39. A most gehera1 boundary

condition is

Gy = Y17 9% * Y2 dg s

and
(x = 0) (7.44)

Iy = Yo1 9 * Vo2 I

In the case of Andreév ref]ectioh, quasiparticles reverse theirvcharacters
after reflection. The particle flux carried by g is vSN(E) g.. In

N, v = vc and N(E) = N(0), thé density of states.at the Fermi sqrface.

In S, Ve = vf(e/E), buth(E) = N(0)(E/e), and the extra coherence factors
just cancel each other. On both sides the flux is proportional to g.

The departing flux 91N is equal to the sum 6f a ref]ected flux (1 - T)

9on and transmitted flux Tg]s, and similarly for 9oct

Q
!

oy = (1= T) ggy *+ T 9q4

and ' (7.45)

(1-T) g]s +T92N
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when converted into the form of Eq. (7.44), we get

Y11 © 1T,
Y]2=0 R
(7.46)
o 1-T
Yo1 TR
Ypp = 1

In ref. 32 and 39, these boundary conditions are integrated and
converted into boundary conditions for Q aﬁd_J. Later‘I will make a
criticism on their mathematical approach. It Shou1d~bé noted that with
our "nearly therha]ized approximation', we cannot dikect]y integrate
Eqs. (7.44) and (7.46) to solve the brob]em and calculate the factor
F = JS/JN. The reason is that, to convert these equations, it is
necessary to know the functional forms of the q's and j's. In other
words, these equations match the dotted lines in Fig. 18. But within
our approximation, we need to calculate the matching of the solid Tines.
Erroneous results would be obtained if we used the thermalized q's and
j's in integrating Eq. (7.44).

We can, however, directly link JN and JS by the following method:

Assume that, deep in N, quasiparticles on the k< branch start with a
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thermalized distribution oy = C f'(E), where C is a constant normalized

to make JN the applied current. Then, after boundary reflection, jN and
js would be, respectively,
JN = 9op + (1-T) Q]VN s
and
Js = T 9y
, integrating these equations, we get
f'(E)dE + /(1-T(E)) f'(E)dE
_J! (7.47)

Ca
D\‘\,
m
—
—
T
~—
—
—
m
~—
o
rm

For comparing with experiménta] data, we tabu]ated both F and a
<- é%—) with a computer. aF is p1otted'vs. temperature in Fig. 19 and
listed in Table 1. What we have done here is to téke avthermalized beam
of electrons and calculate how much of it will be converted into normal .

current in the superconductor, and set this amount to equal the normal
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TABLE I. VALUES OF oF AS DEFINED IN EQ. (7.48)
| /1, a(T)/a(0)  aF(Pb)  aF(Sn,in) T/T_ - A(T)/8(0)  oF(Pb)  aF(Sn,In)
0.5 0.9569 0.0080  0.0180 0.78 0.7386 0.078%  0.1196
.52 .9488 0098 .0213 .80 L7110 0904 1347
.54 .9399 .0120  .0250 .82 .6810 1043 1518
.56 .9299 L0144 .0292 .84 .6480 .1207 1716
.58 .9190 .0172 .0339 86 L6117 1403 .1945
.6 .9070 .0204 .0390 .88 .5715 1660 L2217
.62 .8939 .0231 L0447 .9 .5263 .1933 .2544
.64 .8796 .0282 .0499 .92 L4749 .2308 .2951
.66 .8640 .0329 .0580 .94 4148 .2808 .3480
.68 8471 .1382 .0657 '.95 3850 .3091 .3770
.7 .8288 .0489 L0743 .96 3416 .3530 4214
.72 .8089 .0512 .0830 .97 .2980 .4032 4710
b L7874 .0591  .09kk .98 .2436 47h8  .5398
76 .76k0 L0681 99 1720 5882 L6452
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- current after thérma]ization. Since J/;Ejs E/|e| = J/;E st E/lel, as
long as the normal current that is "lost" through the f3 and ;4channe1s
in the thermalization region (the dotted region in Fig. 18) is negligibly
small, Eq. (7.47) is a good approximation. This is again, within our
scheme of approximation. | |

To compafe 6ur'ca1cu1ations with experimental reSu]ts, we cbmpute

the boundary resistance from

_ A , o |
RSNS = RN + Zps T ’ - (7.48)

where RN is the resistance of the normal region, ps.is_the resistivity
of the superconductor, and A is the cross-sectional area of the junction.

A is extended to 3-dimensiona1 as

-1 h ,
: 1 1,1
x=aVLz-—+— , (7.49)

where 23, apart from its dependence on temperature, is left as a fitting

parameter.
D. Comments on Waldram's Formulation

In the previous section, we have solved the quaSIpart1c1e transport
equat1ons for the SNS sandwiches with the approx1mat1on that q and j in

the significant temperature range are approximated by the1r therma11zed
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values qQ and jQ. wa1dram32 used a somewhat different.approach and at
first sight, it seehs that he was ab]é to handle the prob]ém withoqt
any approximations. However, as we will see below, his formu]ationv
contains implicitly an assumptioh equivalent to ours; in addition,several
errors were made in the calculations.

(1) Waldram started out with a pair of Boltzman equations similar

to Eq. (7.25), except that the form of (g1 + gZQ)/T3-was used for the

- branch-crossing relaxation. In other words, he aSsUmed that the T3

relaxation converts gll‘g] excitations into gz'and vice versa, rather
than assuming that T3 relaxes 93 andvg2 to equal numbérs. His assumption
was clearly incorrect on this point. |

(2) The recombination process was not included in Wa1dram's equa-
tioﬁs. Therfore, not every kind of electron-phonon scattering was taken
into account. Fortunately, as we will see in the next section; the Ty
process does not contribute significantly in the_SNS.éxperiments.

(3) When the Boltzman equations were integrated, no distinction
between Q and Q* waé made. o = Q/Q* was taken to be uhity. Also, the
energy dependence of T3 and Ty Was not considered,.and ihe re1axati9n

Tength 2, in Egs. (7.32) and (7.33) was used a priori, while we saw

3
in the last section, fhey can only be used in an approXimate sense,

(4) Waldram proceeded to calculate the boundary resistance,
recognizing that’q - qQ and j -jQ relax in a length (1/22 + 1/23)_]/? 2]/2.
But in order to convert the equations of q and j to equations of Q and J,

he assumed that .

/(q - qQ)dE = / (j—jQ)dE = 0.

A A
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When we insert in aq = Q* <—f6(E)/f(A)> and jQ = J*% (-f'(E)/f(A)), we

see that his assumption is equivalent to

-j[ q dE = Q*

A

and = | (7.50)

©o

[ra
A

However, conservation of quasiparticles will only give

J*

oo (6]

A ' :

A

and (7.50) does not hold.

The two implicit assumptfons above, i.e., the use of 23 in the
integration of the Boltzman equations and the assumed equalities in
Eq. (7.50), are both correct in our approximation scheme. It is thus
seen that Waldram's formulation should in essence be equivalent to ours.
His final expression for the boundary resistance, however, contains 22

of both the superconductor and the normal metal. It can be seen that
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‘this result is due to his relaxing the assumptions that were made at an

earlier stage of his formulation. These assumptions, that q and j can
be approximated by qQ and jQ will eliminate the_!z2 dependence of the
resistance as shown in the last section. ‘ |

(5) Finally, in matching the boundary resistancé, he obtained a
formula different from Eq. (7.46). He had chosen Vo9 as the particle
flux to be matched at the boundary, while Vg N(E)'g sﬁou]d be used as

we have shown. In Andreév's original work, the square df the quasi-

~particle wave function |w|2, multiplied by Vg was used as the particle

flux as in ordinary quantum mechanics. Since Iw]z'is the number of the

quasiparticles, lwlz = N(E) g.
E. The Relaxation Times

In this section, I will discuss the variqus relaxation times T,
provided by theoretica] calculations. In particular, we want to know
their magnitudes and dependences on temperature. We want to know the
relétive contributions of T4 and T, in the SNS reéistance. We also want
to compare the magnitudés of T, and T4 Near TC and‘see whether the
épprqximations outlined in Section VII;C are justified. These times
will be discussed in order.

(1) The e]aétjc collision timebri 1s‘practicale equal toil/vf, a
Where % is the mean free path of e1ectr6ns. % can be determined from
the resistivity p and the product pf quoted in handbooks and other

53,60

references. Ve is the average Fermi velocity and can be Ca1cu1ated

from the simple relation
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where vy is the coefficient of the linear term (e]ectronic contribution)
of the temperature dependence of the specific heat at low temperature.
A1l the other times involve electron-phonon interaction. Kaplan

et a1.4]

have used the Eliashberg formulation to ta]cuTate numerically
the imaginary part of the quasiparticle energy, hence the quasiparticle
lifetime, in terms of the famous electron-phonon coupling function az(E)
F(E). afE) is the electron-phonon coupling strength and F(E) is the
phonon density of states. For most type I superconductors, this
function is amply described by an E2 dependence, with the exception of
Pb and Hg. Their results are thus universaily applicable apart from a
scaling factor characteristic of the material. Other'authors40’43’43
have calculated the re]éxation times using the Go]den.Rule. In several
limits, their results agree with those of Kaplan gg_gl; I will discuss

the various relaxation times based on these calculations. No attempt

will be made to outline their formu]atidns. Instead, emphasis will be

placed on the predicted numerical magnitudes and temperature dependences.
. The work of Kaplan et al. is probably the most usefg} one for this
purpose, although we will encounter difficulties iﬁ difectly applyingv
their calculations, because they ca]ﬁuﬁate the times as a function of

both energy and temperature, while the useful quantities are the average
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values over the quasipartic]e.distributioh.blRough estimates baséd on

p1adsib]e physical arguments will thus have to be made when nécessary.
(2) The therma]ization time T, can be obtaihed from-the electron-

phonon scattering time TS(E,T) in-ref. 41, and is simi]arAfo the "cooling

time" t(T) in ref. 40. To estimate its magnitude; let us separate the

" discussion into two regimes. At Tow temperatures, near the SN boundary,

there are few quasiparticles in S, and the current is carried mainly by

‘the condensate. For the small number of quasipartié]es, the average

energy is close to gap energy A. .T2 is theq_Ts(A, T~ o) and divefges
as (T/TC)—7/2 due to the simple fact that there are few phononsAat Tow
temperature the electrons can scatter with. Close to Tc’ A is small and
normal electrons constitute most of the cukrent>f1ow; T, should then be
identified with T, (kT, T > TC). .rz(kT, T) converges to a finite value

10 11

sec for Snand 8 x 10™'"' sec for Pb at Tc'

Below TC, T, s]oW]y increases to about twice as large at 0.9 TC.

(3) The branch-crossing relaxation time T4 is identified with T
in refs. 40 and 41. In both references, a thermally a&eraged value in
the form of Eq. (7.32) was calculated. There are two components in Tj

one due to inelastic scattering and involves az(E)F(E), and the other

due to eleastic scattering in the presence of gap 1sotkopy. The inelastic

part diverges as 13(0) (A(T)/A(0) -1 near Tc‘ It is this prefactor
r3(0) that will later be used as an adjustable parameter in fitting the
experimental data. Although T3 has comp]icéted structures in itsv
dependence bn energy and tempéréture at 1Qw temperature, we need only
consider its behaviour close to TC since the SNS boundary resistance

quickly converges to zero when the temperature is lowered below TC
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and any structure of T3 cannot be resolved. The values of T3(o) was

calculated in ref. 41 to be 2.9 x 10710 sec for Sn and 2.2 x 107" sec. for

10 -12

Pb, and in ref. 40 to be 4 x 107" sec for Sn and 4 x 10 sec. for Pb.

The latter value oflr3(o) for Pb is not reliable because that author

2

used a simple E° dependence for aZ(E)F(E) in calculating electron-phonon

interaction in Pb while it is well knoWn that Pb has complicated struc-
tures in its aZ(E)F(E).

The elastic contribution to 15 was calculated in ref. 40. As stated
in Section VII;C, the elastic éontribution-is zerb in the absence of gap
anisotropy. If one defines an averége normalized gap anisotropy

.(az) by

(o2 = ¢ 50%) _
<A>2 _ (7.52)
With a simple ca]cu]ation, one finds
T, kT kT : '
T3(ez.) - ; _%_ (1 + _%_.> -~ (7.53)
' (o ? .

Clarke and Paterson°® found that a tolerable approximation of 6%y in a

dirty superconductor is given, in terms of the anisotropy of pure metal
(a2>0, by <a2>/[1 + (h/ZT]A)Z]. It can be verified35 that in the case
of SNS experiments, f3(eg) is much larger than the inelastic part, and

therefore neg1igib1e.-
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44

It shou]d be mentioned at this point that Schmid and Schén"" have

also calculated the inelastic part of T, (which they call TR) and found

. 1/2
- Alo) ]

where Tg is similar to T. in ref. 40 and similar to Té in ref. 41; Tg

5]
corresponds to the inelastic scattering time for electrons. The extra
_ : \ 1/2
dependence on temperature of (l + 21 2( )) . is the main difference
' 4 1.7 AT(T C

between their results and those of theEothers. However, this factor
becomes sighificant only at tempratures very close to T, (for Sn,
Tc - T < 1pK) and is difficult to verify experiménfa]]y. We shall
therefore consider the main feature of the 1/(T) dependence in T, in
later analysis of the experimental data; I will discuss more of the
~ Schmid and Schin results in the next section. |

We now can see, our approximations in Section VII.C. are clearly
valid when T/T. > 0.95 where 15 >> T, holds. Down to T/T, = 0.8, 14
and T become comparable  and one has to know ekp]icit]y the functional
forms of the quasiparticle distribution functions (91) in order to
calculate the SN boundary resistance. The added effect that the
deviation of the gi's from the therma]ization'is small certainly He]ps to
improve our approximation. However, for lack of énything better, we
will cling to our approximated results. The Green fuhstion method used
by Schmid and Schon, as will be discussed in the next’section has perhaps

paved the way for future theoretical calculations in a more exact way.
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(4) The‘recombination time T4vhas Tong been calculated. The earliest
work by Rothwarf and Cohen42 found T at low temperature to be proportional
to (A/T)]/2 exp(-4/kT). This result was confirmed by the calculations
in ref. 41. The latter calculation also found that %4 approaches a
constant value except for quasipartfc1es near the gép edge (in which
case E 7 0 and Ty diverges). T3 and L both derive from the electron-
phonon interaction and thus should have the same ordéf of magnitude at
intermediate'temperature range. However, as Rothwarf and Taylor45'
pointed out, phonons emitted in the recombination processes.have energy
greater than or equal to 2A and can break pairs. If the "pair breaking
time" Y is comparable with or longer than the time Ty for a phonon to
escape the system, one would then have an enhanced recombination time.
Only Ty is affected by this enhancement process because pairs that are
broken by the phonons will equally populate the two branches and hence
T3 is not changed. Eisenmenger and Lassman46 have used a phenomenological
approach to find TY = 4d/ncs, where d is the thickness of the metal film,
Cs is the average sound velocity, and n is the average interface phonon

-10 S

transmissivity. Tg Was calculated in ref. 41 to be "] x 10 ec

11

for Sn and 3 x 10" " sec for Pb. For the thermal phdnons, Tg is very

weakly depehdent on temperature. Taking a typical film thickness of
25 um in the SNS experiments, and sound velocity of,l»O5 cm sec'].
Wé see the enhancement,factor (1 + Tr/TB)fOY Tq Can be larger than ]03

even for n = 1. This justifies our neglecting r4-] compared with 13_].
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F. Time-Dependent — Ginzburg-Landau Theory

A different approach to the SN boundary problem uses time-dependent -

Ginzburg-Landau theory (TDGL). The first people were Rieger, Scalapino,

47

and Merceréau (RSM) They used a relaxation equation for the

order parameter

. . . \2 ' v
(f—t+2‘ﬁ—“>w=-1—[1-nl‘?|2+€2 (T) <§_2h;ez(>]q; (7.55)

This equation was originally derived by Gorkov and‘Eiashberg from the
BCS theory for a gép]ess system where the parameters ,n, £ all have
definite meanings. While inlthe SN case, they are treated phenomeno-
logically. | |

From Eq. (7.55) and a continuity equation for "space charge" in S,
RSM derivéd ahbequation for the difference between the chemical

potentials of the condensate “p and of the quasiparticles u

em 1_ 5.3 (7.56)

et I\PIZ S >

> ->

where js is the supercurrent in the superconductor. ‘Since Ve js =

V. jN in the steady state, and, as we discussed in Section VII.C.
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up - u is just Q*, we see that Eq. (7.56) is just the same as our

approximated Eq. (7.39), if we make the identification of

n &(m o n | : |
1 o (7.57)

T =
3 IWIZ g

If we now use Eq. (7.56) as an empirica1_resu1t, and use experimental
data to determine £2(T)/T, the theory would be essentially correct,
even though these quantities cannot be physica]]y inferpreted directly
through tne theory. But if one chooses to define £{(T) as the Ginzburg-
Landau coherence length and t as the inelastic scattering time (in
a gapless system, T is the spin-flip time), we see that the conrect
temperature dependence of T3 would not be obtained as was clearly
demonstrated by the experiments of Clarke and Paterson35.
Yu and Mercereau48 have used this theory to interpret their experi-
ments on the potentfa] measurement near a SN interface, and found |
reasonable agreement with experimental results, even though over a quite
small temperature range. However, they found that fhey had to choose
g(T) much larger than the Ginzburg-Landan Coherence length. From the
theory in previous sections, we know that they Were actually measuring
the quasiparticle decay length. Their experiments. were done on extremeTy

thin films and the decay length would involve both Tg and T4; I will

not attempt to reinterpret their results using the theory in this thesis.
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A much improved veréion of the TDGL theory'Was proposed by Schmid
and Sch6n44(SSkI will devote the rest of this section to discuss their
theory.  They have also calculated the SN boundary resistance. At
the end of this section, we will see what were the assumptions and
approximations used in their theory, to what extenf it will apply, and

how it is related to the theory in this paper.

49.1n the form intro--

SS used the equations of Gorkov and E]iashberg
duced by Ei]enbergerso. The Green's function form-bf these equations is
essentially equivalent to the self-consistent BCS gap.equations33. When
a perturbation is applied, A will be changed to A +'6A] + 6A2, where 6A],
the real part of 8A, is called the longitudinal mode and corresponds to
a spatial variation of the magnitude of‘the‘order parameter, and GAZ is
imaginary and is called the transverse mode and corresponds to the
evolution of the phase of the order parameter. Physical perturbatidns
of current and electric field are associated with thévvariation in 6A2.
The "retarded" and “adyanced“ Green's functions déscribe the response
of the order parameter to the perturbations, while the "anomalous"

Green's function describes the response of the quasfparticle distributfons
and their influence on the order parameter. |

In the linearized theory, the eduations of Gorkov and Eliashberg
can be decoupled into a pair of a Boltzman equation, which describes
the quasiparticles, and an equation for the order parémeter similar to
the Ginzburg-Landau equatidn. The imaginary part of_the quasipartic]é

density of states solved from these equations then determines the

lifetime of the quasiparticles.
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b

When applied to the experiments of Clarke and.Paterson35

T3(TR in SS) is,

T ey ’ (7.58)

where 3 is the electron-phonon scattering time (similar to Ty in ref. 40
and proportional to T in ref. 41). This result is essentially the same
as predicted by all other theorists.

For the SNS case, the boundary resistance (the existence of an
electric potential) is shown by an extra energy-independent factor of
the quasiparticle distribution, which was called n. THis n is proportional

to e, and hence, Q*. It was found that n obeys

2
i? n (7.59)
3 dx :

where D = %-vf % is the diffusion constant. We see that Eq. (7.59) is

~the same as our Eq. (7.39). As was discussed in Sec. VII.C, Eq. (7.59)
is strictly valid only near Tc' This was also recognized by'SS.
SS then proceeded to calculate the boundary resistance by using

the electric field (due to the bias current) at the SN boundary as a
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perturbation. In doing so, the Ginzburg Lahdau equation was used to

obtain the variation in the order parameter:

| A(T) tanh (x/2'7/2 géL) x>0 (S side),
Alx) = v (7.60)
0 x <0 (N side)

This form of A(x) was substituted into Eq. (7.59) and the SN boundary

resistivity was found to be
= ‘ - P v . .
Rieg = L £ (0) (T - T)/T I, (7.61)

where L is 7.0 and 3.0, and'p is 0.38 and 0.37 for Sn and Pb réspe;tive]y.
(In the original theory of Schmid aﬁd Schon, the.]eft hand side of
Eq. (7.61) was written as R/pN because they assume the electric field
is the same on the two sides of the SN boundary. Sinée in general
oy * Pg > the form of Eq. (7.61) is more correct.)

How good is this-theory's predictions? We will make a comparison -
of the approximations used in their theory and our theory:

(1}  In both cases, the quasiparticles that carry the curreﬁt are
assumed to be thermalized.

(2) In our theory, a step form of A(x) was uéed, while the form

of A(x) in Eq. (7.60 ) was used in theirs. This is not a serious point
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because the quasiparti;]e decay length is in general quite large compared
with the‘Ginzburg—Landau coherence length. The form A(x) in Eq. (7.60)
was obtainéd by assuming A vanishes continuously at the SN boundary, an
assumption that is realistic only at Tc'

(3) The boundéry matching due to Andreév transmission Was taken
into account in our theory (the F factor) while it was neglected in their
theory. In faét, they assumed the electric field to cohtinue across the
boundary, which is strictly true only at very near Tc;and when oy = Pg

From these discussions, we conclude that Whi1e the two computations
are complementary to each other, the neglecting of spatial variation of
.A(x) may not be serious, but the neglecting of Andreév transmission and‘
boundary matching may cause significant weakening of the predicted
temperature dependence of the boundary resistance; as can be seen in
Eq. (7.61). It is possible that, based on the ground work of Schmic
and Schon, an exact theory may be formulated. This author, however, will

not offer to pursue the matter further.
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VIIT. EXPERIMENTAL PROCEDURES

A. - The Preparation of Specimens

1. Materials. Consideration

‘Two types of superconductor were used in the SNS experiments, 1ead
and tin. It is essential to choose a normal metal which does not form
intermetallic compounds with the superconductor-andehose mutual ‘solubility
with the superconductors is small so that the diffusion of one material
into the other is negligible. |

Remarkably few materials satisfy these critefﬁa.-;For lead, copper
was chosen as the normal metal. The solid solubility of.]ead 1n copper
is not higher than 0.29 wt% at 600°C and of lead in copper, less than
0.007 wt%.”! The two materials do not form intermetallic compounds.

For tin, iridium was used. Tin and iridium are not an fdea] pair for
~SNS experiments, becausé although Ir is not,so]ubie in Sn, Sn is slightly
soluble in Ir and there are several stable intermetallic compounds between

51 This choice was partly for historical reasons. (M. L.'Rappaportsz'

them.
has also measured Sn-Ir-Sn junctions). As will be discussed later, when
preparing Sn-Ir specimeﬁs, the metals were always kept cool, and experi-
mental resu]fs indicated that the interfacial diffusion and alloying were
not noticeable.

It is advantageous, both experimentally and theoretically,to use
materials with rather short mean free path. Exberimentally, the effects

of interdiffusion and boundary disorder are minimized énd also the

supercurrent through the junctions are suppressed53. Theoretically,
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the short mean free path insures the validity of using the diffusion
1ength of the quasiparticles as in Section VII.C. Also it will become
apparent later that the thickness of the superconductor films has to be
greater than the quasiparticle diffusion length, which is easier to
achieve experimentally if the superconductor is sufficiently "dirtied".
Too short a mean free path, however, will add in a complication of the
"evanescent wave" of the subgap quasipartic]ess4 which may undergo
normal scattering (instead of the Andreév ref]ectioh)._ This will be
further discussed in later sections. |

| Due.to all these considerations, it was decided that Pb0.99 810.0]

Cu A10,03’ Sn0;99 InO.O] alloys would be used. A11 three were

0.97
evaporated directly from boats without using the pe1]et-dropping
techniqﬁe553. These alloys were formed and sliced prior to being placed
in boats for evaporation. Separate experiments were performed to insure
that the evaporated films were uniform. These experfménts consist of
evaporating several films in succgssion and measuring the resistivity of
each film. It was found that Pb/Bi and Sn/In‘alloys did evaporate |
uniformly while the Cu/Al alloy, when evaporated from a Mo or Ta boat,
WOuld'yield a Cu-rich film at first, with Al s]ow}y increasing its con-
tribution. This problem was solved by the use of a tungsten boat55.
With a tungsten boat, the material evaporated from thefCu/A] crystal
was initially Cu-rich; the material then quick1y stébi1ized to possess
a rather constant Al concentration uhti] thére was.onlyfavsma11 amount

of materia] Teft in the boat when the Al concentration became high.

In preparing the junctions, the first fraction of material evaporated
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was discarded. Up to the desired thickness of the Cu/Al film, the film
was found to be uniform. New evaporant and boats were used each time.
Iridium was not an easily evaporable material. The sputter-
evaporate52 technique was then used, which will be described later. The
iridum foils (99.98% pure) that was purchased56 had mean free bath and
thickness that satisfied our requirements, and no extra "dirtying" was

done.

2. The Pb-Cu-Pb Junctions

The. Pb-Cu-Pb junctions were evaporated junctions in the configuration
shown in Fig. 20. Three junctions were made each time on a 2.5 x 1;25 cm2
glass slide. The two Pb/Bi strips were each roughly 200 um wide, and the
Cu/A1 was a disc with a éiameter = 0.32 cm. 'The junctibn area was then
defined as the overlap of the two Pb/Bi strips. The stray conductance
due to that part of the Cu/Al film which is not 1nc1udéd in the junction

39,53

contributes negligibly to the total junction conductance. It should

be noted that the correction due to the stréy conducﬁahée only affects the
absolute values of the resistance but not the shape of the temperature
dependence. After the junction resistance measurement_was completed,
the glass slide was removed from the cryostat and the junction areas were
determined under a microscobe. The thickness of the films, as well as
being monitored with a quartz crystal during the evaporation, were
-measured with a Dektak machine57. :
The glass slides were cleaned with Labtone, rinsed with tap water

and distilled water, and degreased in isopranol vapor. Two slides were

used each time, one of which had the junctions evaporated on it, the
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XBL777-5783

Fig. 20 Configuration of film junctions
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other was coated with Pb/Bi simultaneously evaporated with the junction.
" This Pb/Bi coat was Tater scribed and used separateiy for the determi-
nation of the resistivity, the mean free path, and the transition
temperature of the Pb/Bi. | |

The glass slides were mounted in a vacuum chamber that had thevshape
of a glass cross. One leg of the glass cross was connected to a LN2 cooled
cold trap and an 011 diffusion pump. The other three Tegs were sealed
with stainless steel plates onto the first of which wére mounted the
mask changer, the quarté crystal, the glass slide containers, and
electrical and water (or LNZ) feedthroughs. On the second stainless
steel plate were mounted the evaporation boats, water-cooled electrodes,"
and a magnetic feedthrough which was used to moVe the mask changer
without breaking the vacuum. ' On the third plate was mounted a titanium
subTimation pump with LN2 cooled shields around it;‘ The vacuum chamber
-and all parts were elabdrately cleaned after each use .to insure good
vacuum in the next use.

After careful outgassing of the boats, we enclosed the vacuum chamber
ih an oven and baked it at 120°C for at least 24 hours. Other parts of
the vacuum system such as the roughing valve, the gate valve, énd the
vacuum gauge tube;'were'baked with heater tapes. At the end of the
bake-out, the chamber pressure was typica]]y.~10'8 torr. Pb/Bi, Cu/Al
and Pb/Bi were evaporated in succession at very high evaporation rates
(71000 A/sec for Pb/Bi and 100 A/sec for Cu/Al). During the evaporation,
the pressure of the chamber rose to ~10‘6 torr, a pres§ure which was

believed, to be due to metallic vapor because this pressure scaled roughly
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with the evapor;tion rate ahd dropped quickly to low value once the
evaporation was stopped. The interval between evaporations of different
materials was made to be as short as possible to»insﬁre minimization

of surface contaminatioh. This interval was typically “60 seconds,
the_time needed to change masks and bring the other boat to the evapora-
tion'témperature.

The success rate of making good junctions was-remarkably Tow, usually
about 10%. .It tufned outbthat'making Jjunctions with good intérfacia]
cleanliness was not difficult (this was detérmined‘by measuring the
Jjunction resistance at low temperature: if interfacial dfrt had existed,
the juncfion resistance would have been higher than expected). The
difficulties lay in making all. films sufficiently thick, adherent to the
substrate, and not cracked. It was essential thét‘the films were thick
enough: a thick Cu/Al film insured suppression of supercurrent through
the junction and it was necessary that the Pb/Bi film Qas'thicker than
the quasiparticle diffusion Tength. Such films usually peeled off from
the substfate; or cracked during evaporation. Varibué techhfques were
tried to imprové the success rate in making these junctions:whi1e heating
the substrate or cooling it to LN, temperature aggravated the problem,
seeding the substrate with a sputtered thin Au coat improved the adhesion
- of Cu/A1 but worsened the adheéion of Pb/Bi. It was finally found that
elaborate cleaning of the substrate and water-cooling it during evaporation
was the only way to occasionally produce good junctibns.

The precioué few junctions that survived the frustrations were
gratefully removed from the vacuum chamber and lead 1eéds were attached

with Pb/Bi eutectic solder (concentration of Bi = 56%, T. = 8.4 K,
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mé]ting point = 126°C) which adhered excellently to glass. The lead leads
were strengthened with indium pellets which anchored the leads to the
substrate. The junctions Qere duick]j mounted onto the cryostat and
cooled down to LN2 temperature. The total time between removing the
Junctions from the evaporator and.cooiing down wés less. than 15 minutes.
Several junctions made with pure lead instead of Pb/Bi alloy were also

prepared similarly.

3. The Sn-Ir-Sn . Junctions

These junctions were made with iridium strips that were 76 umvthick.
The iridium strips were purchased and annealed in 1ow vacuum at ~400°C
for 24 hours. It was hoped that the annealing wou]d‘remoVe the anisotropy
in the resistivity of iridium foil whicH was présumab]y hot-rolled. The
iridium foils were cleaned in an ultrasonic cleaner with concentrated
chloric acid, concentrated sulfuric acid, Labtone éd}ution, and diluted
aqﬁa regia in succession. They were then rinsed with distj]]éd water
and degreased in isopranol vapor.

These strips and a mica sheet were c]amped betweeh two aluminum
masks and mounted in the vacuum chamber. Different plates were used for
the g1a$s-cross vacuuh chamber. The -iridium strips were mounted on a
plate that had arotatable feedthrbugh,water—coo]ing 1ihe and electrical
feedthroughsg. The evéporator plate with water cooled é]ectrode was
used, excebt the magnefic feedthrough was used to drive a shutter. The
third plate had the LNZ-coo1ed titanium sublimation pump as well as a
needle valve which was connected to an Argon cy]inder that supplied

99.999% pure Argon.
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After the bake-out, the aluminum masks were used as the sputtering
cathode. Argoh was bled through the titanium sublimation pump. The
iridium was then sputtered at 50 kV, 35 mA (”]mA/cmZ)in an argon pressure
of 20 ym for 30 minutes. A sha11 positive voltage waé applied to other
parts of the vacuum system to avoid bombarding them with Argon ion.

After the sputtering, the iridium was rotated, and a tin or tin-indium
disc of 0.29 cm diameter was evaporated on the iridium at a rate of
1000 A/sec. The reverse side of the iridum was similarly spUttered and
evaporated. ‘Tin evéporated onto the mica sheet cTamped between the masks
alongside the iridium was used to determine the thickness of the tin and
its resistivity-and medn free path. Throughout the process, the iridium
and its masks were cooled with water. Junctions made this way had a very
high success rate. The only requirement was that the sputtering voltage
be high.enough and sputtering time be long enough to insure a clean
interface. It was also found52 that rubber "0" rings tended to be
sputtered and would contaminate the junctions. Indium “0" rings were
thu§ used for sealing the vacuum system. Electrical leads to the junctions
were made with either lead or tin strips welded onto the Sn discs or
soldered with InzBi (eutectic, Tc = 5.6K, melting point =90°C). These
leads were always foundvto be superconducting below the TC of tin, to
carry high supercurrent, to be very robust, and not to damage the tin
discs except at the surface. Measured resistance of the.junctions

below TC of Sn was not changed by using different kinds of electrical

leads.
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4, Determination of Mean Free Path

For each of the superconductor films evaporated, the film evaporated
simultaneously (on glass for Pb, on mica for Sn) was scribed into a four
terminal geometry so that its Tc,and residual resistivity p could be
measured. The mean free path 2 was then determined by the relationship

2 10 2 for Sn60.

(02)7" = 9.4 x 100 @71 cn™® for Pb and 9.5 x 10'0 @71 o
For all the films that we made (Pb/Bi, Sn, Sn/In), the resistivity was
independent of temperature at low temperatures (below TC). This was
determined by applying a magnetic field to drive the films into the

normal state below TC.'

B. The SQUTD Voltmeter and Measurement Technique

1. The SQUID

Cylindrical Nb- NbOx -Pb dc SQUIDs were used in this experiment.
These SQUIDs wererather easy to make and fof the 20% which were usable,
they survived a long time. The details of manufacturing and character-
istics of these SQUIDs can be found e]sewhere6],

The SQUID was placed in a lead tube. A five turn coil was inserted
in the middle of the SQUID for ac and dc modu1ationﬂpurposes. Another
one-turn coil was wound around the SQUID, and used as the sensihg coil
for the null detector. The SQUID was modulated at 8O'kHZ. An LC tank
circuit with Q = 350 was used to amplify the SQUID output signal and to
match the SQUID impedance to a room temperatufe'FET pre-amplifier. The
SQUID and the tank circuit were immersed in 1iquid Helium. bTypica] noise

for the SQUID was :10'4 ¢d/HZ,, The SQUID could be operated at any

temperature below 4.2 K.



2. The SQUID Vo1tmeter

The voltmeter circuit is shown in Fig. 21. Three SNS junctions were .
lépnnected in series. Biasing current was provided by an all-battery
precision current supply. Because of the finite slewing rate of the »
SQUID, a ramp was used to drive the bias current from zero to the
desired value. This ramp removed the tedium of having to turn the knob
each time to increase or decrease the current, and also provided a
cbnvenient means to measure the I-V characteristics of the junctions.

The junctions were connected in series with thevphe turn coil on-
the SQUID and a standard resistor. Two standard resistors were used in
this experiment,‘one with a Cu/A] rod of 0.4.cm diameter, 0.3 cm length,
and 17.1 uQ, the othér one with a manganin plate of diménsions Tem x 1 cm x
0.03 cm, and resistance 1.15 uQ. The junctions, cqi], and standard
resistor formed a complete loop. When the bias current on the junction
was fncreaséd, the current flowed through the sensing coil, the resulting
80 kHz signal was then amplified by the tank circuit and the room témpera—
- ture amplifiers and mixed with the reference signal. The output of the
mixer‘was integratéd and fed back as a current through_the standard
resistor. When the current through the sensing coil was zero, the
voltages across the standard resistor and the junction‘were_equal. Thus
the amount of feedback current provided a direct measﬁrement of the
junction resistance. The open loop gafn of this high impedence voltometer
was ”105. In all cases, the sensitivity of fhe voltmeter was limited

by the Johnson noise in the junctions and the standard resistor.
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Fig. 21 SQUID voltmeter circuit
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C. The Cryostat

1. The DeWar

The liquid helium dewar was a nominal 3-inch glass dewar designed
by the aufhor. It had an outer LN2 bottle. The pump line for the
vacuum space of the dewar was anchored to the dewar cart, and connected
to the dewar through a bent metal hose which was_éasi1y deformable to
release the tension due to the contraction of the dewar.

The dewar was connected to a pump through a mechahical manostat
which controlled the pumping speed with a nedbrene diaphram placed between
a chambér that was connected to the dewar and é chamber that was connected
to a gas tank‘that prbvided a reference pressure. Good stability of
within 0.1 torr of pressure was achieved with this arrangement.

The dewar was shielded with two layers of u-metal cylinders which

reduced the ambient magnetic fie]d to less than 10 mG.

2. ThebLiquid Helium Insert

Thé insert was designed to be used between 1.2 Kfanq 8 K. A
longitudinal section of the lower part of the insert is shown in Fig. 22.
A thin-walled stainless steel tube suppprted a SQUID mount and a
vacuum can in the liquid he]ium. The SQUID was mounted on an aluminum .

frame outside the vacuum can. The SNS specimens were mounted on a
copper plate inside the can. For the Pb-Cu-Pb junctions, the glass
slide was attached to the copper plate with Apieéon N grease; for the
Sn-Ir-Sn junctions, the ends of the iridium strips wéré c]amped down

with copper rods insulated with grease-soaked cigarette paper.
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Temperatures above'4.2 K were achieved by heat-insulating and applying
heat to the specimen b]ate with a stainless steel tube that connected
the plate to the vacuum can. An Allen-Bradley 56 Q carbon resistor and
a non-inductively wound manganin heater Q]ued to the copper plate pro-
vided the sensor and heater that were used to etab11ize the temperature
of the plate. The stabilization was achieved with a Rochlin bridge

circuit62

. Electrical feedthroughs were made with an epoxy-sealed sleeve
'prepared with a standard procedure. These feedthroughs include the
copper wire feedthroughs and a 0.002" Niobium wire feedthrough which
connected the voltmeter circuit inside the vacuum can to the SQUID sensing
coi]._ Three thin-walled stainless steel capillaries each with a twisted
pair of copper wires were used for the SQUID. They-Were respectively
used for the SQUID bias. current, the tank'circuit.outbut, and the
modulation currents.

A stainless steel pumping line connected to the vacuum can was
interrupted with a copper tube b]ackened to provide a radiation baffle.

~ The actual temberature of the specfmens was determined by a Germanium

thermometer (Cryocal GE’989 resistor). A solenoid wound on the vacuum
can enabled a persistent magnetic field to be applied to the specimens
if needed.

One technique that is worth mentioning is the way.to make super-
conducting connections between Pb' (or Sn) and Nb.. This was achieved
by using a Nb-Pb/Sn uhion. The union was made by me1tfng Pb-Sn 50-50
solder on a 0.002" thick Nb sheet in vacuum. One end of the union was

welded to Nb wire, and the other was soldered to Pb(or Sn). These unions
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provided high critical density and were superconducting above the

63

transition temperature of Pb. (M, L. Rappaport ‘has made similar

unions with Ta and Sn, but these could not be used above the TC of Ta).
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IX. EXPERIMENTAL RESULTS
A. Junction Properties

1. I (V) Characteristics

The tjpica] I(V) characteristics are shown in Fig. 23, curve A. It
is in general a straighf line to the highest current used (710 mA).
The strdight line extends to zero current as accurately as the experi-
mental apparatus can determine. This purely resistive behaviour near
zero current suggests that the proximity effect in the normal metal is
not important: 1if the induced gap is”significaht; one Wou1d expect
the resistance of the SNS junctions to be dependentEon the current.52’64
Some of the Tow energy quasiparticles incident on the SN boundary side
from the N side would have been reflected before they reach the boundary.
As the bias current is increased, fhe induced gap in fhe normal metal
would be suppressed, and the threshold energy below which the quasi-
particles WOuld be reflected and the amount of reflected quasipartfc]es
would both decrease. The resistance would then 1ncreasebwhen the bias
current is increased. Sincé this effect was not seen; one can conclude
that the proximity effect in the normal metal iS-hotvsignificant withinv
the temperature range that the data are important.A |

This is not the case for some junctions at very low temperatures.
Figure 23 also shows a Pb-Cu-Pb junction at 1.4K. The‘junction I(V) shows
a critica] current and is non-linear at current slightly above this
critical current. Fortunately, this non-linear I(V) behaviour does

not show up above 0.5 Tc' In our analyzing the data to obtain the

quasiparticle diffusion length, only data above 0.5 TC are analyzed.
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Fig. 23 Current-voltage characteristics of -
a Pb/Bi-Cu/A2-Pb/Bi junction at two

temperatures.
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-The critical current through the SNS junctions actually provides a

measure of the electron-phonon interaction strength'in:the normal meta165.

Since this is not within the scope of this thesis and has been well-

53,65

eXamined by other authors, we will not go into any further detail

of the behaviour of this critical current.

2. 'ResiStivities and Mean Free Paths of the Materials

Several useful parameters are listed in Table Il for the materials
involved in this experiment.

5

The evaporated pure lead had a T~ dependence in resistivity when

the_residua] resistivity was subtracted out. This temperature-dependent

66 of the

part of the resistivity agrees with theoretical prediction
electron-phonon scattering contribution. The diffusion model for quasi-
particles would then not be applicable for samples made with this pure
Tead. The 1% Bi alloy of Pb showed a decrease in TC from bulk 1ead58
while the 1% In alloy of Sn showed an increasevin Tc‘ The nominal 3%

Al alloy of Cu had a mean free path of 340 A. 'This value is larger than
other people have measured35’65. The reason for this discrepancy is
prdbab]y that the other authors have Qsed the pellet-dropping evaporation
technique so that their Cu/Al reflected the true composition of the
evaporant. In our experiments, Cu/Al was evaporated directfy‘from the
boat and the evaporated film, as a result, may have a composition
determined by the relative vapor pressure of Cu and Al and the re]atfve

adhesion of the two materials to the tungsten boat.



TABLE II.  PARAMETERS EXCEPT THAT FOR Pb ARE ALL FOR TEMPERATURE AT 4K
Parameter/Material Pb Pb/Bi Sn - Sn/In Cu/Al Ir
ve (10% cm-sec™) 0.48 0.48  0.65  0.65
(62)" (1010071 em?) 9.4 9.4 9.5 9.5  15.4

o (12 + cm) 092 x (1+7.152x100 7% 2175  0.0207 423 1.91 .39
% (um) 1.46 x (1 +7.152 x 107 1°)  0.066  3.367 .237  0.034
T, 7.20 716 3.73 3.74

=LlL-

£ 9

§
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3. - Sizes of the Junctions

The Cu/A1 evaporated film was typically 1-3 um thick. The Pb and
Pb/Bi films were 15-25 um thick. The Pb-Cu-Pb junétions all have an
area between 2 to 4 x 10’4 cmz. Their exact sizes will be quoted when
eéch junction is séparate1y considered in the next section.

The Sn-Ir junctions all have an area of 0.067 cmz.v The Sn films

were madé to be at Teast 75 uym thick and the Sn/In fiilms were at least

30 um thick. Ir was nominally 76 um thick.
B. Junction Resistance and Quasiparticle Relaxation Time

In this section, the resistance vs. temperature of the junctions
are plotted and discussed. The resistance is plotted between 0.5 TC
and TC. When fitted to the theory, 13(0) is used as a fitting parameter.
There are no other adjustable parameters. The'TC of the superconductor
was determined from the resistive transition of the material and was
measured for several different values of bias current applied to a strip
of that material. The zero-bias TC was then obtainéd by extrapolating
to zero current. Because 6f the finite width of the resistive transition,
the Tc measurement was only accurate to + 5 mK. Anlindependent TC
measurement was obtained directly from the SNS measurement: when the
superconductor iS at a temperature within its resiétive‘transition, the
SQUID voltmeter circuit becomes unstable.

With the help of a PDP-11 computer, a family of curves corresponding
to the resistance of the junction calculated with a number of values

of 13(0) were compared with the experimental data. A "best fit" to the
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data was thus obtained. The emphasis of the "best fit" was always
placed on the region near Tc‘

67

The values of A/kBT were obtained from Mihlschlegel™" and A_(O)/kBTc

was taken as 2.15 for Pb and 1.76 for Sn. The best fit to the data was

68 that

‘always with 13(T) = T3(0) x (A(0)/A(T)). 1t wés suggested to us
a constant Ty might be the more appropriate time to be used. For several
Junctions, we tried to fit a constant T3 but the quality of the fit was
always very poor. The comparison of the two fits will be presented at

the appropriate place later.

The junctions will be diécussed in order below. They_are not listed in
the chronological order in which they were made. At the end of this section,
the data taken by M. L. Rappaport52 Qi]] also be discuésed and fitted to -
the theory. The measured 13(0) will be compared withvtheoretica1

40,41,44

predictions in the next chapter.

1. Tin-Iridium

Two such junctions were measured. The expected 10w‘temperature
resistance of the junction was calculated to be 4.49 x 10'8 2. For both
junctions, the measured Tow temperature resistance was Within 10% of this
expected value, implying the interface contamination between Sn and Ir
was minimal. (In another run, the sputtering time on iridium was reduced
to half, and the measured resistance at 1ow'temperature was "1.2 x 10'7$n.

Figures 24 and 25 show the data for Sn-Ir-2 énd ShQIr-é along with
the best fit with 13(T) = T3(0) A{0)/A(T). Curves using T3(0) 20%

larger or smaller than that of the "best fit" will make a clear difference
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in the qua]fty of the agreement to the experimental data. We therefore
consider our 13(0) determined with the fitting process to be accurate
within 20%. Figure 26 shows a family of curves that were used to fit
the experimental data. The "best fits" were obtained with 13(0) =
L,o X 10719 sec. and 5.0 X 10710 sec. for thesé two junctions.

Figure 24 also shows the calculated resistance of the junctions with
T3 = constant. Clearly the fit is much worse than that with a 13(T)

having a 1/A dependence.

2. :Tin/Indium - Iridium

Three junctions were measured. Their resistance and fitted curves
are shown in Fig. 27.7 "' The value of T3(0) obtained from these
junctions s J.sxlo'loséc; SRR . These values are
about a factor of 3 smaller than that for.pure tin. The significance
and possible explanation of the variation of 13(0) with impurity concen-

tration will be discussed in the next chapter.

3. Lead/Bismuth - Copper/ATluminum

A large number of junctions of this type were made. Mosf of them
had regions that peeled off from the substrate or had small cracks.
This was probably due to the excessive heat applied to the surface of
the substrate during the Cu/Al evéporafion, even though the substrate
was cooled with water. By making the Cu/Al thin, we could eliminate
this problem easily. But such junctions would have large super current
even at relatively high temperature (70.7 Tc)‘ We considered these

junctions not acceptable. Several acceptable junctions were finally made.
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Figures 30 to 32 show the resistance of three_of these junctions along
with the best fit of T3 = 15(0) A(0)/A(T). The diﬁensioﬁs of these
junctions are 245 x 150 x 2.3 un® for Pb-Cu-4-2, 160 x 120 x 1.6
for Pb-Cu-6-1, and 185 x 188 x 2.4 um3 for Pb-Cu-7-1, with the third
dimensions referring to the thickness of the CQ/A] f{Tm} The best fit
to the experjmenta] data wére obtained with T3(0) betwéen 1.0 and |

11

1.5 x 107" sec. In Fig. 30 we also show the fit to the data with

T3 = constant, the fit is clearly far worse.

4. Tin - Copper/Aluminum

Some Sh - Cu/AT1-Sn film junctions were made'in a .similar Way to the
Pb/Bi-Cu/A1-Pb/Bi junctions. These junctions showed considerable inter-
facial diffusion (and/or alloying) between Sn and Cu. ‘The low temperature
resistanée was always much larger than expected from the contribution of
the Cu/Al1 alone. A typical example is shown in Fig. 33. The size of
this junction was 172 x 142 x 1.6 um3 and should have a‘resistance of
1.26 uQ at low temperature. |

Besides the excessive low temperatufe resistancé; an added difficulty
in interpreting the experimental results of these junétibns is the fact
that the superconductor film was not thick enough. If is important that
the thickness of the superconductor film be larger than the quasiparticle
relaxation ]ength.’ Otherwise, the normal.éurrent would be diverted into
the direction along the superconductor fiim (a]ong thé sUperconductor
strips crossing the junctions in Fig;TZO); The normal éurrent would then
see a much smaller cross-section than that bf thé.junction, and cause the

measured resistance to be larger than the resistance obtained if the
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Fig. 33 R(T) for junction Sn-Cu/Ag-2-1.
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current flows only perpendicularly to the junction. This effect causes

the rapid rise of junction resistance near TC shown in Fig. 33.

5. Lead - Copper/Aluminum

Junctions made with pure lead inétread of the Pb/Bi alloy were also
measured. A typical example is shown in Fig. 34. The resistance of
these junctions at Tow tempefature had reasonable values, implying that
the interfacial alloying and diffusion were not important. However,
they also show a much too rapid rise in resistance near Tc. This is
due to the same effect discussed in previous paragraph: the thickness
of the superconductor film was not great enough. The.data in Fig. 34
were fitted to the calculated resistance. The functional forms of the
data and calculated values as functions of temperature were quite
different, and to bring the calculated resistance close to the measured

values, we had to use T3(0) as large as | x 1078 sec.

C. Rappaport's Data

M. L. Rappaport52 has measured résistance of SNS junctions made

with the sputter-evaporate technique. He used pure tin and lead as

the superconductor, and a variety of normal metals (Ir, Cu, Au, Ag, Pt,

Mg, Rh, and Ni). A discussion of his results will be given in this section.
With Sn as superconductor only two Sn-Ir-Sn junctions were made.

The resistivity and mean free path for this evaporated tin were

1.05 x 10'7 Q-cm and 0.98 um respectively. The data for these two

junctions as shown in Fig. 35 a]ong with fitted curve using 5 = A(0)/A(T)
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and T3 = constant. We see that the best fit is obtained T3 = 13(0)
A(0)/A(T). 13(0) determined from these data was slightly smaller than
our value (éee last section). - It should also be noted that the mean
free path for Sn is smaller in Rappaport's junctions.

Most of his junctions made with Pb showed a minimum of resistance

at "5 K except_those made with platinum as the normal metal. This

feature was not seen in any of our Pb junctions made W1th evaporated

films. Harding, Pippafd and Tomlinson (HPT)54 had suggestéd that this
feature was causéd by interfacial dirt at the SN‘boundary. However,
their suggestion cannot explain why this resistance minimum does not
occur in Pb-Pt-Pb junctions. The resistaﬁce of these SNS junctions at
Tow temperature also came out to be very close to the expected value
that one calculates from the geometry and resistivity of the normal
metal. We will therefore choose not to apply the‘HPT suggestion to
reinterpret Rappaport's results, but rather‘1eave th1s puzzle for
future inVestigation.

An exémp]e of the resistance of a Pb-Cu-Pb Junction is shown in
Fig. 36. The ca]cﬁ1ated.resistance with 75 = 1.0 x 10'1] A(0)/A(T) sec
is also shown. The agreement between experimental data and the calculation
is reasonably good above 0.9 TC. But the rising tail Qf resistance-
toward low temperature (although at very low temperature, this trail
tapers off again) clearly deviates from the caTcu]ated value much more

drastically than for any of our junctions.
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X. DISCUSSIONS AND CONCLUSIONS
A. Comparison of the Expérimenta] Data with Wa1dram’s Theory

Judging from the good agreement between experimental data and the

theoretical prediction, we consider our model outlined in'Chapter VII
‘to be a good description for the SNS boundéry problem. The model, which
includes several approxfmations; works especially we11,néar thevTC of
the superconductor. Waldram's model, which did not 1hc1ude an explicit
approximation for tﬁe quasiparticle distributions, has also been discussed
in Chapter VII. As we have pointed out, the implicit approximations in
Waldram's formulation were actually similar to ours. These approximations
were relaxed at a later point in his calculation. In this section, we
will see how well Waldram's calculations do agkee-with the experimental
data.

v‘ One junction, Pb-Cu-4-2 (Fig. 30), has been used to test Waldram's
theory. To apply his theory, one needs to know all the Ti'S for bdth
S and N. Ty can be obtained from the mean free path measurement (Table I).
T2 can be obtained from the temperature coefficfent_of the room temperature

70

resistivity of the metal. The formula for Tz'is simply

T 3
_ €] e :
L gF T o (10.1)

where 1. is the electron-phonon scattering time at Debyé energy, and 0

0

is the Debye temperature.
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For copper, this leads to
o 3 2
-10( Te ) |
Ton = 1.24 x 10 T sec , (10.2)

whereas for lead, T, was left as a fitting parameter. Ty is related

to T4 by thé re]ation40

| , |
T, = 0.068 T@<Ti> ﬁg%)) o (10.3)

Thus, when 13(0) is increased, so is Tog-
Waldrams's results for the SNS resistance was calculated with a

computer. The following parameters were used: (I\wi]] not derive or

specify the meaning of these terms, the reader is referred to Waldram's

orfgina] paper. )
Yy =V = E , Y]2'= 0 , (for Andreév reflection)
Yp1 = Yoo TV
A. e o = ZR/(]'R) s
B = (2,/0,)° + wv ,
C= -v ,
D=(SL/>\)NA-B=;(Q,/)\)NV—(2/>\)SV-OLV
o' "2 o’ "2 o/ "2’ T >
2 v

A=wv s



U] = AD = N : S ®
(2,/25)7 + (2,/3,)7 + «
U, = -1/0 = 1
2 N S
V(e /2)7 + (8,/2,)7 + o]
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7 = (W, W, - W, W,)
N s 2 ®g = M M3l
(2,/25)" + (2,/2))
W, -2
and h =E g " - ! "
(zo/x3) Wy + (QO/AZ) (1 - w3).+ (zo/xz) ‘(1 - w]+z).

h is the "excess boundary potential" which is equaT to Qg(O). The -

boundary resistance is thus

N h 1 :
Y. (10.5)

where A is the cross-sectional area of the junction.
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Fig. 37 R(T) calculated with Waldram's o
theory: (a) dikty S, dirty N;
(b) dirty S, clean N; (c) clean S,

dirty N; (d) clean S, clean N.
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A few typical results are shown in Fig. 37. Curve (b) has all the
same Ti'S as curve (a) except that the normal metal is assumed to have T
100 times larger than that of curve (a). Similarly, curve (d) is calcu-
lated for T]N_]OO times larger than that of curve (c). Curves (c) and (d)
are calculated with T1S 10 times larger than thét of (a) and (b), i.e.,
fhe latter two are 10 times "diftier“. We see that the resistance calcu-
lated from Waldram's theory is much more strongly dependent on the mean free:
parth of the superconductor, while almost independent of the mean free path
of the normal metal. This is an expected result, although one cannot
easily see this from the complicated formula for the boundary resistance.

The best fit to the experimental data for Pb-Cu-4-2 is shown in
Fig. 38 with 15 = 5.5 x 1071 4(0)/A(T) sec. (the solid Tine). In the
same figure, the best fit with the theory in this péper (13 =2.3 X ]O'T1v
A(0)/A(T) sec.) is also shown (the dashed line). It is seen that the fit
with ekperimenta] data is clearly better with our calculation.

It might be argued that here we are using the pure Andreév boundary
conditions for the calculation of boundary resistance, while in reality,
interfacial dirt or boundary mismatch may modify the boundary conditions
significantly and could result in a better fit to the experimental data
with Waldram's calculation. We have uséd the following boundary conditions
to calculate the SN resistance 1h the presence of fnqrma]" boundary reflec-
‘tion. Assume a fraction B of the incident electron on the boundary is

reflected as "electrons" while the rest undergo Andreév reflection

(or transmission), the y- factors in Eq. (10.4) are modified to be
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Yy = v (T +28-28T)/T
Y]Z = 28 (8T-8 - TV/[T(1-8)] ,
: (10.6)
Yo = 2v (1-8) (T-1)/T ,
Yoo = Y37 - T=1-R

When the corresponding chaﬁge§ of the other‘parameterslin Eq. (10.4) are
made,'ohe obtain a family of curves as shown in Fig. 39. When compared
with Fig. 38, it is seén that by adding "nobmal reflection" at the
boundary, the fit to the experimental data with Waldram's calculation

can only be made worse.

B. Related Experiments by Other Authors

1.  SNS Junction Experiments

Besides.those of M. L. Rappaport, two pieces of work by Pippard,
Shepherd, and Tindall, (PST) and Harding, Pippard and Tomlinson (HPT)
can be found in the literature that are related to the experiments
described in this thesis. The PST experiments were done on three types
of SNS systems: the evaporated junctions similar to our Pb-Cu junctions,
a normal metal sheet with superconductors applied to both sides with a
soldering iron, and a superconductor driven with magnetic field into
an intermediate state with a multiple SN layered struéture. HPT used

a sputter-evaporate technique similar to ours as described in Chapter VIII.
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Except for the experiments on the superconductor in the intermediate
state, there are two major differences between their experimenta1\resu]ts
and ours:

i) They have found a low temperature resistance of thé Jjunctions
rather larger than the expected resistance of the normal metal alone.
Because this effect was also seen in our Sp-Ir-Sn junction if the iridium
was not sputtered adequately, we suspect what they have seen is a severe
interfacial contamination problem. This effect was nof.seen in their
experiment on the superconductor in the intermediate state.

i1) Because they interpreted the SN boundary resistance as a poten-
tial discontinuity at the SN interface, they did not_take'special caution
to make the superconductor thick enough. As discussed in the previous
chaptér, this will result in a sharp rise of the SNSvresistance near Tc.
Indeed their data, except on the junctions with S heavf]y alloyed, showed
this behaviour. |

HPT have a]So seen a resistive minimum similar to that described in:
Section IX.C, except that the minimum was to a higher degree and did not
appear at a fixed temperature. HPT attributed this to a "partial
'contamination” of the SN interface. In other words, one has a parallel
electrical path of an SN joint and a superconductor-insulator-normal
metal (SIN) junction. Since the resistance of the SIN junction increases
with decreasing temperature Whi]e the resistance of the SN decreases
toward low temperatures, the parallel of the two would pbssess a resis-

tive minimum.
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Whether this explanation is true or not, it still fails to explain
point (i) above. HPT went on to explain that the excessive low tempera-
ture resistance was due to the "evanescent wave" of the incident electron.
The idea was that, for electrons with energy less than the energy gap,
the e1ectrons will be Andreév-reflected, but at the same time an
exponentially decaying wave wi11‘proceedbin the superconductor. This
"evanescent wave" will undergo scattering inside the superconductor and
will contribute to an excess resistance even at low temperature.

While I will not venture into saying whether this theory is correct
or not, I should point out that the effect of "evanescent wave" was
certain1y not discernible in our experiments. One expects the
"evanescent wave" to contribute when the mean free'path ¢ of the super-
cbnductor becomes comparable with the decay length 2m/k = h/v2mE of the
"evanescent wave". In our experiments, for both Pb and Sn, 2n/k is on
the order of a few tens of Angstroms (fdr E.” 0), and is much smaller
than the mean free path of the superconductor.

HPT supported their theory of "evanescent wave" by the experimental
vobservation that the SN boundary resistance did not depend on the
resistivity p of the superconductor through the simple relation of
p]/2 which one exbects if the boundary resistance is derived from the
: quasfpartic]e relaxation alone. While we have also observed this effect,
we believe it is due to another reason, namely the modification of
electron-phonon interaction strength at the presence of impurity
scattering. We will come back to discuss more on this effect in a

lTater section.
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2. The Microbridge Experiments

Several authors7]

have measured resistance of microbridges made of
various materials. A microbridge is a superconductor with a very small
cross-sectional area. When a curéent is passed through the bridge,
"phase s1ip" centers will be generated,band one obtains a local SNS
region. It has been consistently found that the measured resistance of
these bridges was larger than expected from the known resistivity and
the geometry oflthe phase strip center. This is clearly due to the extra
decay of the quasiparticles. However, a quantitative descrfption of the
quasiparticle decay and an identification of the relaxation length is
quite difficult: The mickobridge 15 a dynamically varyﬁng system, and
the order parameter (hence the normal region) varies quickly with time.
What one measures is an average result of this variation in time. Also,
because of the smallness of the cross-section of the bridges and the

relatively large current density applied to these bridges, the recombina-

tion time T, may pTay a more important role in the quasiparticle

72 have made measurements

relaxation process. Recently, Dolan and Jackel
on microbridges with many pairs of small and closely-spaced S and N
probes near the phase slip region. They found that-the voltages measured
by the S probes on one side of the phase slip center wére essehtia]]y
constant, but the voltages measured'by the N probes varied with the
distance away frbm the phase center according to a simple diffusion
relation (i.e., in an exponential form with a decay length of

VVfT£/3 ). At large distances from the phase-slip region the voltages

measured by the S and N probes were the same. This was to be expected
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from the theory in Chapter VII: _the S probes measured u,'the electro-
chemical potential, which is constant inside the supérconductor, while
the N probes measured e¢, or equivalently, Q*; which varies with spacial
distance. The success of the diffusion model points to the fact that
our approximated solution (Eq. (7.39) for the Boltzman equation is
probably quite adequate in describing the decay of Q* in the micro-
bridges.

C. Comparison ofvthe Values of 1,(0) Obtained by Theory and Other
Experiments, and the Effect o§ Impurity

In Table 1II, we 1ist the values of 13(0) theoretically and exberi-
| mentally determined by other authors with those obtained in our work.
There js an order-of-magnitude agreement among the results, although
detailed numerical discrepancy still exists.

One interesting effect in the exberimenta]]y measured T3(0) for tin
is that this time decreased by about a factor of 3 with the addition of

d73’74 has predicted such an effect. His theory

1% impurity. A.lschmi
is qualitatively as follows: 1In a pure metal with spherical Fermi
surface, electrons can only interact with longitudinal phonons becausé
of momentum conservation. When impurity is added, however, the transla-
tional symmetry of the elctron wave function is lost, énd_the electfons
can couple with transverse phonons. The electron-phonon scattering rate
is thus increased, and i3(0) should decrease. Schmid has numerically
calculated the increase in Tf] for aluminum as a function of pFQ, the

product of Fermi momentum and mean free path. The part of his calculation

of the enhancement factor due to electron-phonon scattéring is quite
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TABLE 111, T3(o) (sec.)

Calculated Experimentally measured
Tinkham® Kaplan g;_gL.b SINC SNS

Sn 2 x107'% 2.9 x 10710 1 x 1070 4.0 x 10710
sn (1% In) - - - - - - - - - 1.5 x 10710
Pb box10'2 2 xa07th 3x107'2 - - -
Pb (1% Bi) - - - - - - - - - 2.4 x 107"
Pb (103 BI) - - - 5.7 x 10712 - - - - - -
In SN 1.0 x 10710 - - - 1.2 x 10710
Ta b x 107190 2.2 % 10710 - - - 6.5 x 10711

Ref. 20
Ref. 19
Ref. 11
Ref. 27

Added in proof.
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universally applicable to materials having a simple E2 dependence in
their electron-phonon interaction function (i.e., az(E) F(E)). This is
apparent from Eq. (II1.9) in reference 74. (It is noted that his calcu-
lation also includes the énhancement due to electron-electron interaction
which varies in strength among materials. This part of his calculation
on aluminum will certainly not apply to other materials). If we use
ppt = 1.9 x_]O4 hand 1.33 x 103 1 for our Sn and Sn/In respectively,
we see that his calculation would predict a decrease in 13(0) by a factor
of 3.4 due to the addition of the 1% impurity. |

- It is not certain whether we were seeing the effect.predicted by
Schmid. We note that the addition of impurity wi]] change the phonon

structure of the material, as is evident from the change in TC. This

could also have an effect on changing the value of T3(0).

D. Conclusions

The experimental results that we obtained from the measurement on
the resistance of the SNS junctions provided a way to measure the
branch-crossing relaxation time of electrons in a superconductor. Our
calculations, based on a detailed account for the electron relaxations
through the Boltzmann equations, agreed very well with experimental.
results. The experimentally determined T3(0) was in reasonab]e agreement
with theoretica]vca1cu1ations and other experiments, although the value
of T3(O) depends on whether one uses " Waldram's or our formulation.

The importance of é knowledge on the value of T3(0) lies in the
fact that 13(0) is related to the basic electron-phonon interaction

~ strength. Many other authors have measured the recombination times (T4)
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of superconductors, but in their experiments, T, Was always enhanced'by

the phonon trappfng mechan‘ism.75

However T, is not enhanced. The values
of T3(0) should then provide a meaﬁs for estimating the phonon enhancement
factor in the measurements of the relaxation times.

One drawback in using the SNS technique to measure T3 is that the
SN boundary resistance fs very small at low temperatures, so that any
structure in {3(T) at Tow temperature would not be seen.

Although we did not change the concentration of impUrity in the
superconductor over a wide range, we did see a decreaﬁe 6f 13(0) in tin
when 1% impurity of indium.was added. This result may be due to the
impurity-aided electron-transverse phonon couph‘ng.76

Another experiment that is re]ated to our SNS experiments is the
"thermal electric effect" in superconductors77. Heat current in super-
conductors is carried by the normal electrons and phonons rather than by

the condensate. The electron thermal current also corresponds to a shift

in the Fermi surface, and a calculation similar to that in Chapter VII

- would show that there is a finite Q* inside the superconductor when the

heat current is applied. However, in doing this ca1cu1ation, one has

to be careful in applying the symmetry of the quasipartié]e distribution
funétions at + kF and - kF on the Fermi surface. For e1é§tr1cvcurrent,
the + kF and - kF quasiparticles contribute simiiar]y to_generating
electric field in the superconductor (Section VII.C), while for thermal
currents, + kF electrons and - kF holes have equa1~parts in cakrying-the
thermal current; but they contribute oppositely to the electric field

in the superconductor. The net Q* generated by the thermal current is

thus due to the asymmetry of the excitation spectrum for the kF> and
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k quasiparticles (Fig. 14), and/or the asymmetry of the gap parameter

F<
A on the two branches. This thermal electric effect should be an

interesting follow-up experiment for the present SNS experiments.

[
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