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Preface

Since thin work ia the culmination of many years of study, [ will take
the liberly of making a amall philosophical digresaion.

One of the most important things I have learned i{s that scientific
research as a vhole 1is one of the msost exciting humen activities irrespec-
tive of the specific problem or area than one pursues. As long as a
probles is challenging and one involves himself deeply in it, the excite-
ment will be there. The only dissppointment is that it took xe so many
years to (ind out what Yoodstock learned in one cartoon (sve following

figure).
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Abstract

We have performed a study of the behavior of supeiconductors under
light i{llumination. In one of the experiments the aciustical coupling of
two thin superconducting films {orming a tunnel junction was measured,

The experiment was performed by photoexciting quasiparticles in one film
and studying the resulting charge in the energy gap. A detailed compari-
son shows agreement of the experimentsl results with Little’s theory of
the acoustical coupling of solids. In addition, the results indicate that
the acoustic coupling of 2 thin lead film to the helium bath is much
stronger than to the underlying tin films and substrate.

In another experiment we have measured directly for the first ctime the
relaxation time T of the superconducting energy gap. We show that near
the superconducting transition temperature Tc the relaxation time diverges
as predicted by several authors. By also measuring the equilibrium energy
gap & ve find T = A-l very near T. in agreemsnt with calculations of
Schaid and Schon. It ie observed for the first time that near Tc (v 10 aK
below Tc) the equilibrium energy gap does not obey the BCS temperature

dependence,s result vhich is attributed to inhomogenaities in the filme.

iv



Table of Contents

IL.

I1I.

1V.

Ir.tl’oduction L] . . . . . [} L] . . L] . . . . s & & & a2 &

Equilibriua Superconductiviey . . . . . . . . .

I1.1

I1.2

I1.3

IT.4

Introduction . . . . . ¢ ¢ ¢« v ¢ s + s 4 s 0 s
me Bcs Theory * L] L] L] L] - » . L] - - L) - . L] L]
The Phenomenological Ginzburg-Lundau Theory

Superconducting Tunneling . . . . . . . . . .

lNonequilibrium Superconductivity . . . « « + ¢« ¢+ ¢ « &

I11.1

I11.2

I11.3

Introduction . . . ¢« « & & & & 4 + & & & o« o« &
Relaxation Times in Superconductors . . . . .

Photoexcitacion: Experiments and Theory . . .

Acoustic Couplirg of Thin Superconducting Films . . .

1v.1
Iv.2
Iv.3
V.4
Iv.$
Iv.6

Introduction . . . . . « . .0 e 0 e e e 0 e
Theory for Acoustic Coupling of Solids . . . .
Theory for the Excess Number of Quasiparticles
Experimental Setup . . . . + - 4 ¢ s s e e . o
Experimental Procedure . . . . . . . . « + .

Results and Discussfon . . . . . . + + + « «

Relaxation of the Superconducting Ovder Paramater . .

v.l
vlz

v.)

V.4

V.5

Intm“ct‘ou » " P = 8 & @8 & @ 2 e s & @ .

The Phencmanological Cauge Invariant
Leandau-Kt slatnikov mory L N L O T T R

The Microscopic Theories for the Relaxation of
the Order Parameter {(n a Superconductor . . .

Experimental Betup . . . ¢« + ¢« s ¢ 0 e s e 0o

Experimental Procedure . . . . « + o ¢ « 4 . &

14
14
15
k1
40
40
112
50
56
63
70
85
83

86

90
96

106



Table of Contents (contd.)

V.6
v.?
Appendix I
References
Tables:
Table
Table
Table
Table
Pigures:
Fig.
Fig.
Fig.
Fig.
Fig.
rig.
Fig.
Fig.
Fig.
Pig.
PMg.
rig.
Mg.

rig.

Results and Discussion .

Conclusions . . . . .

II . a8 a « & & @ 2 [ ] .

III L] « & » = & = LI T

Iv. ¢ 8 & & =2 ¥ B2 2 = %

II=1 . . ¢ & 6 ¢ & ¢ & o &

L8 S S T
ITI=1 & & & o o o o ¢ o s
ITl=2 . . . ¢« ¢ o & o o &
III=3 . . & o ¢« & o s o &
ITI=4 ., . o ¢ ¢ o o o o &
ITI=9 . o ¢ v o v 0 o o &
III=-6 . . . v ¢ o o ¢ o &
IRI=7 & o o 0 ¢ ¢ o s o

IV'lcuonno-Q-o

IV'jluolo-c---

lv-‘ " " ® & s 8 ® & 8 @

Page
112
126
127

129

il

81

98
109

10
13
18
21
24
26
29
35
8
43
49
58
62
63



Table of Contents (contd.)
Page

Figure. (contd.)
Fige IV=6 . & i & 5 o o % 6 @ & & & & & o % % @ % & @ &7
Fige TV-7 & o & & 6 o @ 8 & @ & & % % & & @ @ & & 4 4 69
Flge IN=8 & . o ¢ 5 o @ w0 w w55 & 8 3 9w @ 9 9 @ o 72
Fige: IV=8 . § s ¢ 2 5 % @ & % 4 & § 5 & & % = &% & W & 74
Fige IM=0IE w o v & 6 o o o o m m o v o 5 & o w w w ow 79
Pig. V-1 . .. . .. G T T e ¢4
Fig. V=2 & . & i i e i i e s et e e e e e e e e 105
Fig. V-3 T T E R Y 106
Fig. V=4 . . . . . v v v v v e v o v v v v v e .11
Fig. V=5 . ¢« & . v ¢ ¢ 6o 4 ¢ o o o s o s u &« RV 1 |
Flge ¥=8 & & a & & 5 » o 5 6 % & 3 % & &  » % % @ . 116
Fig. V=7 . . . . & i i s e i e e e e e e e e 118
Filg, V=8 . o ¢« s & o s 3 o o 5 5 = & 2 2 8 5 o » = & 121

Filu v-g LI ) L ) . . ® @ LI ) = & & ¢ & + 8 & = 125



I. Introduction

Superconductivicy is a phenomenon exhibited by wany metals and
alloys at low temperatures. At particular critical temperature T., the metal
undergoes a second order phase transition in which a finite fraction of
the electrons pair up and condense into a "superfluid" exhibiting
macroscopic quantum phenomena. In their now classical paper, Bardeen,
Cooper, and Schrieffer (BCS57) layed down the basis for the under-
standing of superconductivity from a microscopic point of view. Their
theory (BCS) predicts the existence of a temperature-dependent energy
gap A(T) in the excitation spectrum of the electrons. This microscopic
theory was able to explain such striking phenomena as zero resistivity
and the Meissner effect, Subsequently many theoretical predictioms,
such an of superconducting tunneling and the Josephson effect (Jo62),
vere experimentally confirmed (Gi60, AR63).

Since the equilibrium properties of superconductors are now fairly
vell understood (Parks 69), there has recently been extensive work done in
the atudy of nonequilibrium supcrconductivity (La74, La75). Most of
these atudies were done at small deviations fromequilibrium so that many
equilibrium concepts could be extended to the nonequilibrium situation.
Extensive experimentdl as well as theoretical work was dedicated to the
measuremunt of relaxation timer in superconductors, since precisely these
relaxation times are the ones that set the tims scale for nonequilibrium
phenomena. Most of the rela:ation time measurements were performed on
thin filss deposited on insulator substrates immersed in liquid helium.
It vas recogniged (RT67) that the phonons play an important role in these

neasurcments since the relaxation times are enhanced by a factor that



depends on the coupling of the phonons to the surrounding eavironmont.
An attempt to msasure the phonon coupling of two superconducting thin
files is the subject of Chapter IV of this thesis.

Becsuse superconductora close to the trensition temperature T, obey
the Lenday cecond order phase transition theory very cloeely, it 1s to be
enpected thw* the prediction of a tise-dependent second order phase
transition will be an indication of the sonnquilibriue behavior of
superconductors close to tc. Lendav snd Khalatnikov (LK34) predicted
cthat the relasation time of the order parssmter (i.e., enerzy gap in
superconductore) should diverge ae 'l’c is approached. A msasurement of
this relazstion tise is a supercoaductor is the subject of Chapter V
of this thesis.

Nonequilibriue sltusticns are cstadlished im superconductors by
(s) photoencitation (1llumination with & laser), (b) superposition of
AC snd DC curreats, (c¢) driviag curreats through a sorssl-superconductor
iaterfece, or (u) by Lnjecting quasiparticles through s thia oxide
barrier. Ia this st dy the sosequilibrius situstion vas estabilshed
by photoencitation. snd the bohavior of the superconductor during or after
1llmminstion ves studied. The supercondector which wes disturbed from
equilibrive wes & thia filn which was part of a tunnel jumction. This
peruitied slamiisaccus esssurenseis of the energy gaps and of
relamstion timme.

Is Chapter 11 wo describe briefly the microscoplic theory (BCS), the
rhensmaslogical Clasharg-iandas theory.and superconductiag tumaelisg.
ia Chapter 111 wo jescribe the differvat relamtion tiaes i supercom-
ductore o9 wll a8 the experimsats snd theories for photosncitatios.
la Chapter IV wo g:ve & dotalled dincussion of Little's theory of



arount ic coupling of nolide and Lthe theory and experiment for the
acoustlic coupling of thin snuperconducting films. In Chapter V we
describe a p'wnomsaological and microscopic theory for the relazstion
of the superconducting order parsmster as well as sn experissnt in

vhich this relaxstion tioe wes msasured directly for the firet time.



11. tquilibriua Superconductivity
I1.1. 1lotroduction

At lov temperature (around the 1iguid helium range) many setals and
alloys show a second order phase transition to a thermodyaamic state i
vhich, asong mm.y other striking phencmena, the DC reeistivity of the
metals or alloye drops to sero. This new thermodynamic state i{s the so-
called superconducting state. Although the phenomenon of superconductiv-
ity vas discovered in 1911, it took 30 years to develop a microscopic
theory (BCS37). This c.s be understood by the fact that the binding
energy of an eleciron in a normal metal is of the order of the Fermi
ensrgy (* 1 V) and on the other hano the “"condeunsation energy” (the
difference between the binding epergy in the norsal and in the super-
conducting state) is about 6 order of magnitude esmmller. Because of
this, in order to apply a perturbation theory, it is necessary to have a
noresl state theory which is correct at least to one part in a sillion.
Since no normsl state theory is correct to this accuracy, soy perturbation
schese is doomed to fail.

The equilibrium properties of superconductors ate well established
from an experimsntal as vell ss s theoretical (mecroscopic and micro-
scopic) point of view. Although the present work is a ressarch on the
sonequilibriue properties of superconductors,we will briefly describe
soms of the equilidrium conceptes vhich are carried over to nonequilibrium
slituations.

Yo wil)l briefly describe the macroscopic Ginsburg-Landau (GL30)
second ordet phase transitiom theory as well as the Bardeen-Cooper-
Schrieffor (BCS) (BCS3?7) microecopic theory. Fros the experimental



point of view we are only going to describe superconducting tumueling
and ve are not going to detail the very interesting phenomena of zero

resiatance and Melssner effect.
11,2. The B3CS Theory

The success of tte BCS theory is due to the fact that instead of
trying to correct the normal state theory, BCS isolated tha interaction
that is responeible for producing supercotductivity and assumed that
sll the other interactions are the same in the normsl and superconducting
states.

The ground vork was 1aid down by Prohlich (Fr30) who shoved hov a
short range aslectron-phonon interactioa can give rise to a long range
slectron—electron interaction. Intuitively what happens is that an
electron attracts (via the Coulomd iatersction) the surrounding ioas,
deforming the lattice locally. Siace the typical frequencies of a phonon
sre of the order of 10'” sec and the Fermi velocity of an electron is

[ ]
16 Alsec, the electron cam move IOJ lattice spacings

of the order of 10
bafore the lattice can relsx back to its equilibrive positicn. Amother
elactron "o passing” feels the force dus to these displaced ions and
todirectly, thea, is interacting vith as electron which is far sway (10°
lattice opacings). Later Cooper (Co37) showed that two electroms out-
oide a Permi ses that interact with an sttractive potentisl will pair
and hYave a bound state of oppoeite momenta.

Based ocn these idess, ICS proposed o model Hmmiltontisn in which they
ssouned that einco different metals show superconductivity, the crystal
symmetry is unimportant and there are going to be only mmall

changes in total emergy vith the supetconducting tramsition. The



electron-phonon interaction is a good candidate for the interaction for
the following: wtroug coupling metnla (Ph, Hg, ete.) are super-
conductors whuviv.an weak coupling metals (Cu, Na, etr.) are nut:

the electron-phonon interaction is attractive;

superconductors show an isotope effect in which the transition tempera-
ture increases vith isotopic mess. The ground state vas assumed to be
formed by electron paire (of the type described by Coover), snd the
interactions present to be the phonon mediated electron-electron iuter-
action. Assuming a square well polential for the attractive interaction
3CS vere able to predict the existence of a tempersture~dependent for-
bidden energy gap Aﬂ(ﬂ for the electrons. They showed that the dis-

eribution function for the encitations is Feimi-like

t (11-1)

kK T+ w(%‘ln.r)

vhete 9 is the excitation energy of somentus k (here €\ is a function of

A.q and T). The energy gep is given implicitly in the equation

oy
1ew, v | —E—pn-uadean (11-2)

0 Beq ‘:’A:‘

vhere lo ts the density of states st the Fermi surface in the normsl
sstal, V is the depth of the potential well and -, is the Dedye (requency.

This reduces at sero temperature to
A“(O) 1.7 tltc (11=))
vhere 'e is the transition temperature and close to Te

1/2
Aﬂﬂ) ~ 3.2 k.fc(l - Tl'l‘c) (11-4)



11.3. The Phenomenological Ginszburg-Landau Theory

In the vicin‘ty of the transition temperature,the free energy of a
superconductor, in the absence of amagnetic fields and inhomogeneities,

is written as
2 &
P(P.T.t.q) - PO(P.‘I') + JI(I'.'I'N'.‘l + C(l’.‘l')lv“l {11-3)

vhere t.q. the order paramster, is gzero at high tesysrstures and con-
tinuous acroes the tramsition into the ordered phasa. From general
consideration of stability, Ginzburg-landau assumed C > O and A < 0
below Tc eand A > O above tc' The transition point is determined from
the condition A(P,T) = O,

In the vicinity of ‘I’c. A(P,.T) Ls expanded in series in the dif-

ference 'I'-Tc.nd seglecting higher order terms one writes

ACP,T) = a(P)(T-T)) . (11-6)

The tesperature dependsnce of the order paramster is deterwmined from the
condition that the free energy has to be 2 minimm in equilibrium. This
yislde

o e-dotyoy . (11-7)

This 19 the same tempereture dependence a9 the energy gop 1n the ICS
thwyeh.tote.-d it has been showm by Gorkov (Go39) that in
oquilibrivm cloee to 'e' the ICS theory is equivalent to the G-L theory,
with 0" - o’ It was also shown by Gorkov that o.‘ fs the wevefunction
for the superconducting electroms and so IQ«I2 © n, the demsity of

Cooper paire.



11.4, Superconducting Tunneling

Since the experiments described in this thesis vere performed on
superconducting tunnel junctions, we will describe in this sectior the
phenomenon of superconductiag tumneling.

If a superconductor is separated from a normal metal or another
supsreonductor by a thin (» 10 ;) fasulator, a very sharpy structure appears
io the I-V characteristic of this system. Because of the existence of a
forbidden energy gap A in the excitation spectrum, an electron with an
enargy oV < 4 will nvot be abls to tuinel acroes the oxide barrier inte
the forbidden energy states. Conseruently, for voltages such that
oV < A,p0 current will flov acroes the junction. At a voltage for
vhich eV = 4, current will start flowing acrose the junction because now
the slectrons wvill be asble to tunnel ianto the allowed energy states
above the gap. At much higher voltages the characteristic will approach
the normal state charscteristic of the oxide. A msssurement of the
oquilibrius energy gape made from this I-V characteristic agrees well
with the predictions of the BCS theory (descrided in this chapter)
although cloee to Te deviations from tha theoretical bshavior, vhich are
presumadly dus to inhomogmmeitirs or edge effects In the junctions, are
observed (see Chapter V). A series of charscteristic curves for a
superconductor-insulator-superconductor tuanel junction is showm in
Fig. 11-1 (Tab)).

If the tunme]l junctios is formmd from two iifferent supercomductor:,
structure can be sesn in the [-V caaracteristic at the sun and difference
of the ensvgy gape. PFroe this structure the emergy gape of both mper-
conductors can be determined. If the two eowpercomductore have quite



Fig. II-1: 1-V characteristic for aa u-uzo]-u superconducting

tunnel junction. MNotice the sharp structure at

eV = au (aftar Tabd).
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different transition tesperaturss, the enorgy gap of one of the supercon-
ductors (the one with lowest transition temperature) can be determined
sore precisely in this vay than by using a junction made of the same
naterial. This is becsuse the structure in the I-V characteristics,
close to Tc. is sharper in this case (see Chapter V). An example of

1-V characteristice for a tunnel junction msde of dissimilar supercon-

ductore {s shown in Fig. 11-2.



Fig. 11-2:

I-¥ characteristic for an Sn-3a0-Fb tumnel jusction.
Notice the sharp structure at eV = (As'. + A“} and at

eV = (An - As‘) (aftar Tab)d).
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ITI. Nonequilibrium Superconductivity
III.1. Introduction

Recently there has been a considerable amount of work done in order to
characterize the nonequilibrium properties of superconductors. Since in
most applications (superconducting magnets, transmission lines, etc.)
the superconductors are used in a nonequilibrium situacion, it is impor-
tant from an applied as well as a fundamental point of view to understand
their nonequilibrium behavior.

Since the macroscopic and microscopic theories are so successful
in explaining the equilibrium properties of superconductors, it is
reasonable to carry over to nonequilibrium situations many of the con-
cepts used in equilibrium. It 18 assumed that it is still legitimate
to describe the superconductor through a local energy gap or order
parameter and a local excitation spectrum. It was suggested (GE68, VK74)
that dus to the existence of the energy gap, a aimple relaxation scheme
is not valid for a superconductor. Because of the singularity in the
excitation spectrum all related quantities will have a singularity in
their frequency spectrum (Yu?4). This singularity will manifest itself
as an oscillatory behavior in the nonequilibrium relaxation phenomena.
Since the characteristic frequency for this oscillation is the "gap fre-
quency”, for longer times, it {s ~u:pected that the concept of a relaxation
time will be valid.

For small deviations from equilibriums it is expected that these
assusptions are valid, but even for large deviations from equilibrium we
will have to start and extend from the equilibrius concepts. Since the

quasiparticles, the Cooper pairs and the phonons form a coupled systenm,

14
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there are many possible relaxation processes. These relaxatlion processes
include (La75): (a) inelastic acattering of quasiparticles and phonons,
(b) recombination and pair breaking with emission of phonons at low
temperatures and relaxation of the energy gap at temperatures close to
the transition temperature, (c) diffusion of excited quasipa-ticles and
phonons, and (d) escape of phonons into the substrate or liquid helium.
In the next sections we will dencribe the relaxation times associated
with this processes.

In order to study the nonequilibrium properties of a superconductut
a nonequilibrium situation is created by: (a) injecting quasiparticles
into a superconductor through a tunnel junction (LH68, GLA69, Gr7l,
CL72, CP74), (b) driving a current through & reglon where the energy gap
changes spatially, as at a normal superconductor interface (YM72, Yu?4),
(c) applying alternating currents to the superconductor (PM73), or (d)
illuminating the superconductor with a laser (Te7l, PW72, HDN74, Sals,
Pa75, 5G75). In the present experiments the superconductor was per-
turbed by illuminating it with a laser, and because of this in Se:ztion 3
of this chapter we will describe the current theories for the photo-

excitation of a superconductor.

I1I.2. Relaxation Times in Superconductors

Since the time scale for the time-dependent phenomena is set by the
various relaxation times,we are going to review the subject in this
section. Even for small perturbations from equilibrium there are a
large nusber of relaxation times measured. Up tc date there have besn
only two theoretical efforte by Kaplan =t al. (Ka75), and Gray (Gr75)

to describe these relaxation times. (KaZ75) have been able to calculate



1o

the lov energy quasiparticle and phonon 1ifetines using the low
frequoncy part of the welghted phonon denalty of wtates r:z(ﬂ)l’(il).

On the other hand (Gr7%) wam able tu clasnsify the various

relaxstion tises close to ‘l’c using a schess suggested by Schajd and
Schon (SS73). In this section we will describe the various relaxation
times and their dependence on tempersture. Ve vwill also give a compils-
tion of the relaxation times measured to date.

The relanastion times that were first 3sasured ver~ tha quasiparticle
reccmbination lifetimes (MDO7, LH6S, CLAGY, LH71, PW72, HDN74, Palé),
the most complete study being that of (Gré9) in aluminum. These (Gré9)
Stasurements were done on a double tunnel junction as illustrated in the
ianset of FPig. I11-1. One of the juactions was used to inject quasi-
particles in the nonequilibrium region where ths increase in the
steady state quasiparticle distribution ie proportionsl to the relaxation
time. This increase is measured vith the second tuanel junction, and
the results obtained by (Gré9) indicatc Lhat the recombination lifetime
is givem by e =12 QAN,“ as showm fn Fig. 11Il-1, in good agreement
with the theoretical predictions (5C62, RCO)). The same temperature
dependence was ssssured later in lead (PW72) and tin (WDN74, Pa74) so
wve cunclude that the temperature dependence of the quasiparticle recom
bination lifetimes is well established, and that theory and experiment
are in gocl agresment. It should be pointed out that in these lifetime
experinents the time that is measured is an effective lifotime which {s
different from the actual recombination lifetime by a factor (1 + 8/2v).
wvhete 8 1a the palr bresking probabllity and v is the escape probabilicy

for phonons from the eaergy range T > M" by processes other thun pair
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FPig. 111-1: Recombination lifetimes vs Aeqlk‘l' (E“; the equilibrium
energy gap) as measured in the steady state experiments
of Gray (Gr69). The solid line is the theoretical
grediction. The inset shows a schematic of the experi-

ment &8 described in the text.
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breaking. The conclusions of (GLA69) indicate that 0.2 < 5/2y < 1
for their experiment, whereas the recent results of Smith and Mochel
(SM75) conclude that 7.5 < B/2y < 8.7 (although there are objections
that can be raised (Gr75) to this last experiment). Because the
phonons can modify substantially the measured lifetimes, it is impor-
tant to determine the role they play in this type of recombination
experiment, A determination of y will be the subject of Chapter IV of
this thesis, vhich will help in clarifying this problem.

One of the relaxation times that received the least amount of
attention from the experimental (MD67) and the theoretical (Th72) pointa
of view is the thermalization time e In all lifetime experiments
it is assumed that the relaxation process of the excited quasiparticles
at low temperature occurs in two steps. First, the highly excited
quasiparticles relax (thermalize) with a characteristic time T tO 8
quasiequilibrium distribution (close to the gap edge) and then recombine
with a much longer characteristic time TRe the recombination lifetime.
The measurements of Miller and Dayem (MD67), shown in Pig. III-2,indicate

that 1., =« exp(-3.34(E - A /A q)] where E 18 the energy of the excited

Th eq e

quasiparticie and Aeq is the equilibrium energy gap. These results are

not convincing. The recombination lifetime they measure has a different
temperature dependence from other experiments and theoretical pre-

dictions; howaver, this discrepancy has been explained (Gr75). A theoretical
calculation of Tinkham (Th72) shows that the important steps in the
thermalization process are ihe low energy steps so that the time is
independent of the initial c¢nergy distribution. (Th72) finds that

the thermalization time t to a temperature T* is given by the relation-

ship T « ¢ 1/3,



Fig. I1II-2:

Thermalization time as calculated from the steady state
experiments of Miller and Dayem (MD6’). (Here A refers

to the equilibrium energy gap.)
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Yot another nosequilibrium aituation can be induced in a super-
conductor L the electron and hole branches of the excitation spectrum
are not populated equally. This can be done, for instance by injecting
quasiparticles into a superconductor through s tunnel junction at
V >> A, The relanation tine 'Q (branch sixing time) back to equilibrium,
where both branches are equally populated, was shon . to be proportional
to IIA.q snd hence divergs close to Tc (CL72, Pal), CPT4). PMere t.ﬂ
is the equilibrium ensrgy gap. This is in agreemsnt with s theory
doveloped by Tinkham and Clarks (TV72) im which it is sssumed that brench
isbalance implies that the chemical poremtial for the paire is diff(erent
from the chemical potential for the quasiparticles. It Ls this difference
ia the chemical poientials that gives rise to the branch isbslance. A
graph of the expe-imentsl results of Paterson (Pal)) and a disgraa
(TC72) 1llustrating the experiment are shown ia Pig. 111-3. A theery
(3573) that will be described ia Chapter ¥V predicts that the braach
imbalance relaxation is equivaleat te the relaxatios of the phase of

the swpercondu:tiag ovder paramster, and also predicts that 1, diverges

qQ
L] 1/5" n sgreemsat vith the experimsatsl resuits.

By stwdying the responses of s microwave bissed SQUID (Swpercomducting
Quantun (aterferesce Device), Rachford ot sl. (RMANNTS) found thet the
sinisue response time of a SQUID, Tge is alseo proportiomsl to lla’.". It
vas ouggeeted by thes that this sight reflect the characteristic tiw
for the response of & supsrcumrent to am electric field. In an ecarlier
calculation (Me?0) it was predicted that this time sheuld diverpe o
ua" fer swperconducting wicrebridges of width lass thea the ceheresce
length. The msscurwmeccs and theery are in quantitaive asgreemsat (ese
Pig. 111-4) although it was suggested (Pa?3) that this emperimsat aight



rig. ti1-»:

Sranch sixing tiee ve the reduced temperature measured

by Paterson (Pal)).
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Fig. Ill-4: Limiting flux passage time in & SQUID vs A.q(O)IA"(T)
ssasured by Rachford et al. (RVIN?S).
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be only a measurement of the temperature variation of the resistance of
the wveak link in the SQUID.

For a superconductor above tha transition temperature it is expected
that the superconducting fluctuations will relax with a characteristic
time that diverger as l.IA2 in approaching Tc (see Chapter V). This
vas studied exparimentally (Ca?3) by measuring the sxcess current in a
tunnel junction in which one ¢f the electrodes wvas wel]l below the transi-
tion temperature and the other just above its transition remperature
(Fig. 111-5). It was found that the relazation time is in good agree-
aent vith the theoretical prediction described in Chapter V based on the
Ginzburg-Landau theory.

In studyina the response time of a superconductor to an AC current,
Peters and Melssner (PH73) derived from measurements a relaxation time

- T)-llz ss predicted

for the Cooper pair density vhich diverges as (1‘c
(Sché9). This measurement is not conclusive since the experimental
data shows only sn incresse of about a factor of 2 and a substantial
acatter. In Chapter V s msasurement of the relaxation time of the super-
conducting orde:r parameter will be described. For the sake of complete-
ness we will just staie that the results are coneistent with recant
theoretical prudictions (55875) which conclude that the relanmation time
of the order parameter diverges as IIA".

In conclusion, at lov temperstures the recombinstion lifetimes
in type-1 sup rconductors, the branch sixing tire and the relaxation time

of the magnitude of the order parameter, ares well estabiished theoretically

a8 well as experimentally . The relaxation of the quasiparticle density and



Pig. III-5:

Ginzburg-Landau relaxation time vs reduced temperature
ap measured by Carleson (Ca75). The solid line i{s ihe

theoretical prediction deacribed in Chapter V.
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the condensate is only determined (in the vhole superconducting tempera-
ture range) for aluminum.

Experisental work is still needed to measure the recombination
lifetioes in type II superconductors and to clarify the bshavior the
thermalization times at all temperatures. A table of the experimentally
messured relazxation times are shown in Table III-1. Because of the
cifferent values for density of states, film thicknesses, etc., that
are usad in their determination, these lifetimes must be corrected

for a detailed comparison (sea Chapter IV).

I11.3. Photoexcitation: Experiments and Theory

Several mathods (transport curreant, AC currents, tumnel injectiom,
photosxcitation, etc.) have been used in order to create a nonequilibrium
situstion in a superconductor. From the erperimentsl point of view,

illumination with & laser (photoexcitation) is a very convenient way

of inducing & nonequilibrium situation in a superconductor, since light
produces no additional electrouic noise in the measuring spparatus.

The firet photoexcitation experiments were those of Testardi (Te?7l)
in which the DC resistance of a lead fils under laser illumination was
studied. From these experiments it wes concluded that the supercon-
ductivity can ba destroyed by light, and that simple lattice-hesting
("thermal effects") camnot account for this. They also conclude that
this is a phenomsnon imvolving the electrons.

Owen and Scalapino (0872) developed a model of a superconductor
coneidering an elactron gas containing Cooper pairs and unpaired excited
quasiparticles. In their wmodel, the ratio of paired to unpaired
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Table 1.

Experimental values of relaxation times.

Material and

Name Symbol Value Temperature Coments Reference
Auger Tpuger 1071310714 Estimated (La74)
Thermalization Ty 1.11x 10~/
X exp (-3.345—35) A1(0.37°K) (MD67)
10"%/100 & Sn Films (sa74)
Trw 5.5x10710 Sa(I*=T)  T;*=final temperature
Estimated {(1Th72)
Recombination Lifetime Tr 6)(10-8T-112eAIkT Al Extrapolated to 0 film
thickness, tunneling (Gr71)
7x107 91" /2 A/KT Injection at V = 4A (SM75)
Effective Lifetime Totf &=&10-9T—1,2eAIkT Sn He/3500 R Sn/sapphire {Pa74)
9 x 107 107"1/2,8/kT o He/3200 A Sn/glass (HDN74)
6x 107 10p"1/2 /KT o He/4000 A Sn/sapphire  (ED67)
2_5;<1o“7 Sn (1°K) He/3000 A Sn/sapphire (Da72)
1a<10-9T-1/2eAIkT Sn He/400 R Sn/quartz (La75)
1.9x 10797 V2T o He/750 A Sn/quartz (La75)

2.5 x 1070771/ 2 /KT o

-]
He/900 A Sn/quartz

(La75)
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Table 1. (cont.)

Material and

Name Symbol Value Temperature Comments Reference
- - (-]
8 x 1071271/ 2A/KT o He/1000-2000 A
Sn/eapphire or glass {PW72)
Branch imbalance Tq (1+0.2) x1071° Close to T
A(0)/A(T) Sn (CP74)
3x10710 A(0)/A(T) Sn direy T/T_ 3, 0-7 (CP74)
0.65x 10710 Ta (0°K) (Yu74)
Mintmm flux passage  To(0)  (0.6:0.1)x107">  Pb-40Z-Th (RWNETS)
1, (0.7 £ 0.1) x 10712
A(0) /A(T) Sn (RWNHTS)
m_ 1
Ginzburg-Landau ToL Bk T - T Tc Al Above Tc (ACG72)
Order-Parameter Ty 1.4 x 10-10 $n(0.95 < T/T
Relaxation A(0)/A(T) < 0.995) (PM73)
1.5x10°2 AL(0.99 < T/T,
A€0)/A(T) < 1.0) (SG76)
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electrons 1s artificially specified instead of being uniquely determined
by the temperature. The electron gas is assumed to be in thermal
equilibrium with the lattice, but the Cooper pairs and the quasiparticles
are not in chemical equilibrium. Their calculation is similar to BCS
with an additional constraint on the total quasiparticle excitation
number. The effect of this additional constraint is to introduce a

new chemical potential p* in the quasiparticle distribution function so
that the distribution function is £{(E) = (1 + expB(E - u*))-l where

B = 1/kT. In the low temperature limit they find two algebraic equations

& = (1 +ah1M o0y ? (111-1)
Q 0
2 2

= (P'ti - _9_2.)1/2 (111-2)
AO A0

where Ao is the zero temperature equilibrium energy gap, A is the value
of the energy gap in the nonequilibrium situation and 4N0A0 n is
the excess number of quasiparticles per unit volume due to light
illumination (N0 is the density of states at the Fermi surface). A
graph of A versus n in the (0S72) model is shown in Fig. III-6.
In this model the superconducting state is energetically unfavorable
at some critical value for n and the superconductor becomes normal
(indicated by the dashed line in Fig. III-6).

Elesin (EL73) pointed out that in the case of large excess quasi-
particle number it is incorrect to assume that the distribution function
of the nonequilibrium quasiparticles is described by a Fermi function.

Based on the Gor'kov-Eliashberg formulation (GE68), (EL73) showed that

at zero temparature the dependence of A on n is given by



Fig. I11-6:
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Normalized energy gap ve the excess quasiparticle
number n as calculsted from the Owen and Scalapino
(0S72) theory, for a particular value of temperature.
The dashed line indicates the region in which the

superconducting state is energeticully unfavorable.
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B8 (-0 ta—D"" (111-3)
and that the distribution {unction doee not show “population inversion”
{f(E) > 1/2). A plot of A versus n {8 shown in Pig. I11-]. It can be
seen thei for large velues of a the emergy gsp Ls muitivalued sad con-
saquently the systea will probably be umstable. (This was not pointed
out by ER74).

An alternate theory was proposed by Parher (Pa73) ia which the
Quasiparticles are in thermal and chomical equilibrium ot an effective
tewparature T' greater than the helium bath tempersture.

The depondence of the gap A on a, for small a.is the same (o7 all

three mndels and {8
MA° é]1~-2a (111-4)

Various experimsats relating to these theeries vill asw be described.
Ia tvo ewperiments (P72, Pa74) the effective liletine of quasipassticles
vere deteruined ia lead sad in tin vith the use of the (0872) theory. The
dependecce of y* en & We 8lee deteruined fvem omn of the experimsmts
(M71) slthough the rele of the phonsns wes completely meglected, as
vill be described ia Chapter IV. These experimsats were pevformad by
bissing 2 tuams]l jumction un the rapidiy rising pertion of the 1-¥
charactaristic. The change ia the energy gap ond bheace the cheage ia
¢op donoity due te Llluninstion was ssasured a8 s function of tempereturs.

Ia s diffovent exporinmmt By ot sl. (HDE74) bissed & twamel juaction
st veltages less then the energy gap and hoace snesured the acasquilibrive
Quasiparticle demsity divectly, duriag and after illumisation by & fest
viootinme pulse of light. The quesiparticle lifetion ssasuwred ia this



Fig. 111-2:
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Normalised energy gap versus excess quasiparticle
ounber n at high illusinstions from the theory of
Llesia (EL7)). Motice that the energy gap is multi-
valued for large values of n indicating that the systes

will probably be uastable.
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experiment is in agreemsnt with the theoretical prediction but for large
values of n the first order phase transition predicted by (0572) was
not observed.

In studying the wmicrowave reflectivity of thin films Sai-Halasz
ot al. (Sa74) found agreemsnt with the (0S72) theory at lowv tempera-
tures and low valuss of n but failed to observe the phase transition
predicted in the (0572) model for 'l\arge” values of n.

In summary, at low light intensitive the svierinsz theories agree
on the dependence of A on n,and this is consietent with the eaperimsntal
resulte. At high light intensities the models of (0S72) end (Ei7]) do
not agree vwith the experimentsl results that fail to shww a supercon-

ducting to n.rmal phase transition.
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IV. Acoustic Coupling of Thin Superconducting Fllms
IV.1l. Introduction

In recent years thers has been extensive work on nonequilibrium
superconducting films to measure quasiparticle lifetimes (MD67, LH6S,
CLA69, LH71, PW72, HDN74) and to check theoreti. sl calculations (0S72)
about the nonequilibrium state. The nonequilibrium state was obtained
by increasing the number of quasiparricles above the thermal equilibrius
value and in most cases the role of the extra phonons wvas neglacted.
Although the importance of the phonons was recognized by Rothwarf and
Taylor (RT67),only a few attermpts (Gr7l, Lo7)) vere made to account for
thase dacause of the dif(iculty of measuring and adequately estimating
their effect.

In order to determins the rols of the phonons in photoexcilation
sxperiments, the data of (PW72) can be resnalyzed. As vas descriied in
Chapter III, using a tumnel junction, (PW72) measured the change in the
enargy gap of a supsrconductor dua te laser illuminacion. From this they
deternined the varistion of u*, the chemical potential introduced by
(0872) to characterize a nonequilibdriue superconductor, with n, the
excess quasiparticle number -~ thermalized at the lattice temperature.
(Cr7)) reinterpreted the photoexcitation results of (PW72) °r* assuming
that both films in their tin-tin tuanal junction are equally flected
by the perturbation introduced by the light. If both filas ms: equally
affected, the true change in the anergy gay is one half of their ssasure-
sent and consequently n, the excess quasiparticle number, 1# one belfl of

their quoted valus, since



4l

»
aln) . 1 - 2n

X . (Iv=1)

I addition, the tunneling -urrent due to the light perturbation
in given by

%%;,—‘% = 1+ exp(3(u*(n) + 4(0) - L(n))) (1v-2)

vhere 1(n) is the tunneling current of the iiluminated junction, [(0) {s
the current of the unillusinated junction, 4(0) is the tharmal equilibrium
energy gap, AH(n) is the enargy gap of the illuminated superconductor and
Ut is the chemical pocential.

The values of 1(n)/1(0) fyvom the cuperime=t of (PW12) can be cai-
culated from their data for u'(n)ihtc versus n. J%(n) can then be
recalculated frow these experimental value. “or {a)/1{0), assuming
thac both filas are equally affected by the .crturbation. Thesr resulis
are showm in Fig. 1V=] along with the origoel data of (PUT2) and the
cuomparison to the (0S72) theory. i can be seen that theso recalculated
results fit the (0572) theory as woll as the original date. Therefore
i6r7)) concluded that photoexcitation axperiments on tunne) juactions
of similar metals are not very censitive to the behavior of the phonons.
Phonons are ewpected to resdily pass the thia tunnal barriar (10 ;
tivick), dbut this experiment lasves open the question of the parturbation
in the second f1i)m.

On the other hend, if a tunnel junction is made of dissimilar metals
it is possibie to separate the contribution of the tux films by their

differeut temperatute dependences. In this caapte: we will descride an

axpariment similar to that of (PU72) but using tunmmel junctiom of dis-



Fig. 1v=-1:
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Chemical potential versus excess quasiparticle number
from the theory of Owen and Scalapino, the experimerts
of Parker and Williams, and the experiments of Parker

avd Williams reinterpreted as described in the text.
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simila: metals. We are able to separate the effects of the phonons from
those of the directly-injected quasiparticles; the technique for
separating these two contributions from the experimental data will be
described later. Pros this experiment we can obtain the coupling of

vhe films by phonons.

In Section 2 of this chapter we will discuss the theory for the
acoustic coupling of solids. In Section 3 the theory for the excess
number of quasiparticles will be deseribed together with its relationship
to €,a coupling parameter between the films that wil'. be defined. The
interpretation of this coupling parameter in terms of phonon escape
parameters will also be described in this section. Section 4 is devoted
to a description of the experimental setup, and in Section 5 we describe
the experimental procedure. 1In Section 6 we evaluate the temperature
dependence for each film for various values of the coupling parameter
¢ and determine ¢ by choosing the best fit to the theory.

The results show that the phonon escape parameter from lead into
tin agrees with calculated values. In addition to this the results
are consistent with the assumption that the acoustic coupling of lead

to helium is much higher than the coupling of lead to tin.

IV.2. Theory for Acoustic Coupling of Solids

The most successful theory for the transport of hsat betveen snlids
at low temperature was advanced by Little (Li59). Corvections to this
theory to sccount for the phonon sttenuation in solids wers made by

Patarson and Anderscn (PA72).
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Following Little we consider two semi-infinlte isotropic solids
in contact in the plane zy at x = §¢. In order to simplify the problem
ve consider only longitudinal phonons; transverse phonons can be accounted
for by a simple generalization of the equations.

The heat flow across the interface from medium 1 to medium 2 is

given by:

aQ, . L
T / N, (v,8, ) (6,)d0, dwdA [ ¥,(v,8,)0,(8,)d8,dwdA (1v-3)

vhere Ni(v.Bi) is the number of phonons of frequency Vv incident on the
interface at an angle 61 per unit area and unit time and 01(91) is the
transnission coefficient of the interface for phonons incident ac an

angle 6, in the medium 1 (1 = 1,2). 1t was shown by Ravleigh (Ra45) that

i

for acoustical waves this coefficient is

lopzc2 c0062
plc1 cosB1
01(01) ® 32(32) B p,c, cosd, , (1v-4)
¢ R,
01c1 cos 1

and it should be the same for longitudinal phonons. On the other hand

1
Ni(v.ei) -3 ciﬂi(v)cole sinﬂi (IvV-5)

i

vhere ey is the group velocity of the longitudinal phonons and Niiv)dv

is the numtcr of phonons of energy between hv and h(v + dv) prr unit
volume. Since phonons obay the Bose-Einstein statistic, we have

hv

2
N, (V)dv = -‘% —t gy (1V=5)
cl e /kT -1
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Inserting all this into the equation for dQ/dt and integrating over the

area, we obtain

&4
dqQ , 2mk TA 4 _ b e o eTRS s
ac " "33 [Ty £CT)) - T, £(F))1gqe {T=1}
c
1
wvhere
hv_/kT
s dz
£(T) = | £ SF
z
o e -1
z » hv/kT (Iv-8)
and
/2

T fo a,(8 )eind coad do, (Iv-9)

1

At lov temperatures (T << 9 ye)' one can make the usual approximation

Deb
hvnlk'l‘ = = and hy performing the integral IV.H, one oitains

dq _ 2nk’ra p° 4 b,
de hJ 2 15 1 2
1
» 5.01 x 1016 1'% (T: - 'r;) ergs/sec (1v-10)
c
1

wvith ey in cm/sec and T in °K.

This may be generalized to the contribution from the transverse

phonone to obtain (L159)

r 2r

:—3 = 5.01 x 101'6 A[—-%- + —251 (1‘: - 'l';) ergs/sec l:lz (1v-11)
¢ ¢
[} t

vith
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FE = transmission coefficient of longitudinal phonons and Ft = trans-
miseion coefficient of tranasverse phonons.

When both types ot waves (longitudinal and transverse) are present,
the evaluation of the 's is not straightforwvard since each incident
wvave breaks into four waves, reflected transverse and longitudinal and
refracted transverse and longitudinal. Since the velocities of the vaves
differ from each other thare are two critical angles preseat. A phase
shift occurs for these two angles between the reflected and refracted
wvaves waich depends on the angle of incidence. Little'n numerical calcu-
lation for the contours of T are showm in Fig. IV-2,

I1a Little's theory it is required that as many phonons scatter into
a solid angle d and energy interval dE as scatter out. This has to be
modified in order to take into account the fact that we have a uniform
isotropic source of phonons throughout the filu. (GLAG9) introduced a
quantity f,vhich 1s the fraction of phonons escaping the film. If the
phonion mean free path A is such smaller than the thickness of the film d,
the only phonons that will reach the interface will be those that

ars at a distance A from the interface. With this

- M .
f v for A << 4 (Tv=12)

vhere 3 = 2l is the average phoaon-transmission coefficient at the boundary
and can be obdtained directly from Little's theory. A detailed calculation
of { for arbitrary ratio 4/A wvas done by Gray (Gr?l) by assuming specular
riflection at both surfaces of the [ilm and by taking into accoust that
phonons are damped due to pair breaking.

His resulte indicate that



Pig. IV-2.
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Transmission coefficients coatours for longitudinal and
transverse phonons, as & function of the ratio of sound
velocities and of the ratioc of densities of two media

for Poisson's ratio of 0.33, as calculated by Little.
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f - % (1-a nzo (1 - 0% + D)) (1v-13)

vhere
2O = (1 - e - € B (-0
vith

C ‘..'
l‘(-n - !. el L

IV.). Theory for the Rxcess umber of Quasiparticles

The equations that describe the monequilibrius quasiparticle and
phooon densities in s superconducting film (RTS?) are

! » = z -

3 lo + B'u BN (Iv=14)
-~ e

J - —— - ! - - -
3t l'.o + 2 1 I. Y(I“ I“(T)) (17-13)

wvhere ¥ i3 the total mumber of quasiparticles, R is the recomi:imation

coefficient, l' is the tots]l sumber of phomons vith emergy i > 24,

l.m is the value ia thermsl equilidrium, 8 15 the probabilicy for pair

breaking by such phoases, Y is the probebility for phomons to be lost

out of the easrgy rangs 9w > 24 by processes othar tham peir breshiag,

lo is the mumber of quasiparticles injected per e-’ pey sec and lo. s

tern iatroduced by ws, 1s the mmbar of phososs injected per e-’ per sec.
In theraal equilibrium there is & dynamic equilibrium betwean paire

sad quesiperticles, 1.e., B (T) = KN(T) where N(T) 1o the thermel equilt-

riue quasiparticle densicty. Using this relstion the steady etate
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solution of Fqe. (IV-14) and (TV-13%) {s given by
1
2 . B £ Y-
$ AT o+ 2m(T)IMN A (1 + h) & Ko " (iv=18)

vhere At = N - N(T). BEquation (IV-16) is valid in both superconductors
of a tunnel f{unction. However, if we illuminate only one {ilm of the
junction the nonilluminated film will have no diract irjection of quasi-

particles since the films are opaque so that Bq. (IV-16) becomss

s* 2 ol e 2t (T)Am® . K Y.L;.- ) (1v-17)

vhere primed qusntities refer to the nomilluminated filn. In each equation
the term on the right is the "source” perturbing the quasiparticle popula-
tica. When it is zero, AN is zevo.

The relative effect of the illumination on the nonilluminated f{1ilm

is determined by the ratio ¢ of the perturbing sources; {.e.,
LK L l
- !-.- ™ .j -!-' -L -
4 s %II. “’h"loﬂl (1v-18)

snd thie € is the phonon coupling paremster thet we determine experimentally.
Equations (IV-16) snd (IV=-17) are additiocnally coupled through the
experimentally measured change in the emergy gap (M.”) due to illumination.
In the theory of (0872) ond the theory of (Pa’3) for emsll values of Mlno.
we have in each file 48 = -AN/2N,, where .0 is the single spin phonca
wehanced, dena ity of states ot the Vermi emergy ia the norms] metal and Ao

is the ensrgy §8p At sero temperature. ‘e msssure “ﬂ = &8 + 42°.
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We use the very convenient simplificatiorn

on) = XD, g o LD o0 c(-‘%)’ (1v-19)
0 0 %

Using Bqa. (IV-16)-(IV-19) we obtain

N
o - 1—_9?- 1266.” +0'(T) +c'n(T))

288 +a'(T) +c'n(T)] 2 463 _ (88 +a'(T))
- /[ —Xp ‘ - =P __OXp (1v-20)
1-c l1-c¢

] - l ]
oy T (288, ¢ ¢k atm)

/[r (ZGA + a(T) + i— u' (T))]Z wuﬂm + a(T))

l1-¢

(1v=-21)

vhere the signs were chosen to give positive values for Al and Ml“’.
To deteruine N(T) we note that the BCS deasity of qmmrucu

etates is givea by

-9(:)4:-::0( 1172

vhete .0

Terui surface and k 19 ssasured with respect to the Fermi emsrgy. Since

is the siagle epin, phonon eshanced demsity of states at the

the quasiparticles (quasislectrons and quasiholes) cbey the Fermi-Dirsc

statistic,wa have
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o

E
N(T) = 4N [ oo
07n (g2 _ a2,12

(1 + el-:/kT)-l dE

so that at low tcaperaturen

(1+3—';—"+...> (1v-22)

/n &t

M(T) & 4Ndy 3 ) T e

Using this expression for N(T) and the experimentally determined 66. ve

nl
]
can evaluate All.w and Al“p for a given value of the paramster C.
€ can then be related to phonon processes in the films i1n the
following wvay. Assuming that the phonons can escape the lead by various

sschanisn, ve write

Y " Ypusa * Yrohe ¥ Vrpe (1v-23)

vhere relates to phonons lost into the time, YPoHe into helium and

Yrbsn
Yppe to any inelastic processes in the lead film other than pair breaking.
(Mots that 1if the phonon energy is degradod below 24 it is effectively

lost (EDG&7, WD71), since it cannot break paiis.) The rate of phonons

going from the lead film to the tin is yrbsnf.llu (from Eq. (1V-1%)), and this
ie the only perturbaction in the tin film, giving the ctera K& ian Eq. (IV=-17).
The steady state solution of Eqe. (IV-14) and (IV-13%) in the lead (if we

naglect ln) ie

t
Yo o -5Q (1v=24)

&

Y 1
80 ve write l& - 2(—”‘%’) -59 The extra factor of two accounts, Toughly,
for the fact that M” ~ Z(Mh) and two tin pairs may be broken by each

M" phonon. Substitutimg this in Eq. (IV-18) and neglecting Kye
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L B'R "Pwn g_1
€ l (Iv=-2%)
In order to simplify this expression it is recessary Lo examine the lifetime
expariments in lead (PW22, JPK76) and tin (HDN74). These experiments measurs
an sffective lifetinme wvhich is related to the quasiparcticle lifetime by
1’." = {1 + 5/2Y) so that we can write for the experimantal recombination

coefficient .OIP

- (& &
:& (l)l“’ (Iv-26)

On the other hand, in therms]l equilibrium Blw(‘l') - II(T)Z. "ul (T} can de
calculated by using the Debye spectrum md the face that phonons obey the

Bose—-Einstein scatistic

uzdw

¢9(um-u--—-'

N (2vs, )3

and

,mel I“'b ﬂ( O LI I
0
with ‘ﬁuo = 14A. Solving the integral we obtain

L) § Li@hled @4y otmnT
n=l a

lﬂ('l') - u(
At lov temperatures ouly the tera & = | is faportant. Usiag the expressions
for N(T) and N (‘l’) 8/R can be deternined indvpendently from the detailed
reconsbinacion processes iavolved. Using this and Byq. (IV-26): we see thet

the lifetine exper/ments are s mmaguremsat of /(1 ¢+ 8/2y). The massuremsnts
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donc in aluminue (adicates that (Gr7l) 0.2 < 8/27 < 1.0 or (SM79, S5=79)

1.6 « 4f2¢ < K], We can expoct this to Le the cane i tin and lead since
they are nitonger coupling superconductors and the phosion mean {rec path
ix much shorter. We molve the snimpler case 8/2y ~> 1 and &' /2¢"' >. 1,
since {f A/72y ~ 1 or 9'/2y' ~- 1 our results will be in error only by a
factsr of ~ 2 but the coaclusinne will stil) be valid. With thisz,

Zq. (IV=25) bacomes

' Y
ce2 B2 T (v-11)

To dotermine ¢ we nole that for sach (ilm we can write, using Eqs. (IV=]é&!

and (IV-15),

i -%(T) o/_m v daed )

AK® = - N* (T) o\fh’) + -

vhare the nonprimed equation refers to the Llluminsted fi1lm and the prised
refers to the nonilluminated one. The signs vere chosen to give positive
values for AN and AR'. TFrom these equations for low light imtensities,

and using the ICS expressions (IV-22) for N(T) and %'(T) a2 low temperature,

1 1
- 8,1 __0 é.\/;'l CRYZIRY, L T
A% = o9 (1 ¢ h} N "X (e h) . —---“05(“) ® (1v-23)

an' e ;;‘f‘;'r 'TL .‘. J: “OA (e?)lll shid (Iv-29)

As can be seen A varics searly expousntially with A/kT and the slope of

log (a¥) versus 5/kT at low light fatensitiees is iandependent of filw.
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coupling or relaxation parameters. 7. a plot of lag (AN} versus 2/JkT,
it vam determined tiat this theoretical slope varies bhetween 1.U6: ana
1.163 due e thic additional tempersture dependent factor (TA(T))‘IIZ.

In order tuv deterwine € we recall that A"exp is a function of T as
well as of ¢'. Au.:p is then plotted versus A/KT [or various values of ¢'
and t' {s chosen to be that value for which the slope of log (ANexp)
varsus A/kT 1ies between 1.087 and 1.165. ¢ is determined from ¢' by using
EqQ. (IV~19). Recalling Eq. (IV-27) for £, since £ can be determined as
described and B/R and 8'/R' can be calculated from statistics, our experi-
ment is a direct determination of Y?bSn’Y" The relevant physical proper-
ties of lead and tin are summarized in Table II.

Finally we would like to point out that in » nalve way of looling at
the problem (if all phonons are of energy 24) since APb > ASn it is
expected that vhen tin is illuminated ¢ will be rero since ZASn phonons

cannot break pairs in the leak, as {llustrated in Fig. IV-1.
IV.4. Experimental Setup

To study the acoustic coupling of superconducting films,we illuminate
one filo of a tunnel junction with a laser and we study the resulting change
in the I-V characteristic.

In this section we will describe the preparation of the tumnel june-
lons, and the electronics and optice used.

For convenience we used glass substrates instead of sapphire substrates
sinca (PH72) found no difference in similar optical excitation experimants
below the ) point of "elium utere our experiments were performed. We found

the cleaning ol the substcrates to be crucial in obtaining junctions that
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Fig. IV-3., When lead is illuminated ZAPb phonons can break pairs in the

tin; when tin is illuminated ZASn phonons cannot break puirs

in the lead.
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were not shorted. We will describe now severa) cleaning procedures
that gave good results:

Procedure #1: The substrute was held in & gem holder and was
blown for 3-5 minutes with dry nitrogen in order to remove dust
particles. It was then hald over boiling trichleroethylene until the
vapors condansed on the substrate, at wvhich time it wvas removed and again
blown with dry nicrogen. Tnis step vas repeated 4-% times.

Procedure #2: The subztrate was blown with Freon' to remove dust
particles and wvashed in an Alconox.. solution in the ultrasonic cleansr.
After this the substrate was rinsed successively in distilled vater and
acetone and dried with Freon. The substraste wvas then boiled in methyl-
ethyl-ketone and washed again in a sclution of Alconox in the ultrasonic
~leaner. It was then immersed in several baths of bofiling water and dried
in an oven at a temperature of about 150°C for 15 minutes.

We fecl that the: important steps in cleaning are the resoval of dust
particles by blowing with a dry nonreactive gas and the subaequent removal
of grease vwith a strong solvenct.

The tunnel junctions were preparad under a pressure of 2 x ll'D-7 Torr
with stardard evaporation (echniyues. First a 2500 i tin fils was con-
densed and a tunnel barrier formed by glow diacharge oxidation (M$6)) for

one hour under s prassure of 50 aTorr of oxygen. This was followed by

*
"Aero-Duster' MS5-220 from Miller Stephanson Chemical Co., 7615 N,
Paulina, Chicago.

..A cleaning compound from Sargent-Welch Scientific Co., 7300 Linden

Ave., Skokie, 1}1. 60076.
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depositing a 2500 A lead ({lm to fors a tunnel junction of area ~ 0.04
Ilz having typical normai resistance of ~ 1 (! at 4.2 ¥, lmmediately
after evaporation the junction was mounted inside the cryostat and the
cryostat was evacuated so as to expose the junction to air for as short a
time as possible.

Light from a Spectra-Physics 15 sl He-Ne laser was mechanically
chopped at 100Hz and introduced into the cryostat througha 1/8" fiber optic
bundle, {lluminating one side of the tunnel junction. At the bottom of
the crynstat the fiber optic bundle war held in a doubla threaded brass
holder which parmitted the displacemant of the bundle with raspect to the
junction vithout any twisting. Uith this holder the junction could be

? am from the end of the fiber optic bundle.

positicaed as close as 5 x 10
The roos tewperature end of the optic bundle was epoxied into a brass
fitting and held by an X-Y micropositioner fixed to an optical bench.
This permitted us to displuce the optical fiber vith raspect to the light
beam uciil the signal was maximized. Before reaching the fiber optic
bundle, the chonped light traveled through a partially silvered mirror.
The small reflected light from this mirror was fed finto a photomultiplier
and used as a reference signal for the lock-in amplifier. The intensity
of the light vas varied with a set of Oriel laser inter{erence ({ilcers for
the 6328 A He-Ne live.

The junction vas biased vith a battary powvered current source and
the 1-V characteristic of ths junction was recorded with a Noneywell 3560A
X-Y recorder. The signal due to the chopped light (llumination wvas
neasured vith a HR-8 PAR lock-in amplifisr. The output of tha lock-in
vas also applied to an X-Y racordsr.

A block diagram of the oprice and elactronics is shown in Fig. IV-4.
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Fig. Iv-4. Block diagram of electronics and optics. The temperature
stabilizer was built into the system although it was not

used for this experiment.
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IV.5. Experimental Procedure

Tha junctivn vas biased at the sum of the enargy gaps at approximately
the middle of the rising portion of the tunneling characteristic, as
showm in Fig. IV-5. Since a light pulse decreases the energy gap of the
f{lluminated film, the voltage across the junction is modulated by the
chopped light. The modulated voltage across the junction is M“p. des-
cribed in Section 1} of thie chapter. The variation of the signal was
recorded vhile the bath temperature was allowed to rise slowly to the A
point after being first lowared to about 1.28 K by pumping on the helium
bath. This process took about 1/2 hour, insuring s good approximation to
thermal equilibrium. The smallest signals detected were of the order of
100 nV vhereas the average noise and pickup without {llumination was less
than 10 nV. Seversl checks at a chopping frequency of 500 Hz did not
differ appreciably and some runs wvere made savcral times to check con-
sistency in the results. The experiment wvas repeated for several samples,
vith slightly different normsl resistances, and the results obtained vere
essentially the same. This experiment was done aleo with a pulsed Ga-As
injection laser, immersed in the liquid halium and the results are in good
quantitative agresment vith the chopped lasar light expariments.

A typical signal as recorded on the X-Y recorder is shown in Fig.
IV-6. The signal versus the current through the junction {s showm in
PMg. IV-7. The details of this signal have not been explained and will

be the subject of further experiments.



Fig. IV-5.
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I-V characteristic of ona of the Sn-Sn0-Pb junctions at
1.28°K. The junction was bissed at point A to msasure

ths modulation of the energy gap by the illumination.
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Fig. IV=-6., Modulation signal versus time, with the appropriaste tempera-
tures indicated. Theae were detearmsined from the heliums

bath vapor pressure messured at corresponding times.
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Fig. IV-7. Modulastion signal versus current through tee junction.
Structure is observed at A.'m b An and some very

reprodutible oscillacions at 1.0 mA.
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IV.6. Razpulrs and Discussion

T:~ data was analyzed by using Eqs. (IV-20) and (IV-21) to evaluate
AN and AN‘ for scverel values of T and light inteusity, which resulted in
diffzrent values of dAexp' sriefly, it was found in Section IV-3 thaf
Al." = £(K:iT), N*'(T), Gb.xp. c), vherd f is an algebraic function of {ts
varisbles. ¥(T) and N'(T) can be calculated f{tom the BCS theory and GAexp
{s experimeni{ally determined. Therefore A“eup' as & “unction of temperature,
can be calcu.ated for different values of the parameter ¢. The calculation
vas dons using the IIM 360/195 computer of Argonne National Laboratory as
describad in Appendix 1. On the othar hand, the temperature depende«:ce of
ON can be calculated theoretically as in Eqs. (IV-28) and (IV-29) aboww.
The comparison of tempesrature dependence of the theoretical AN with the
experimentally determined AH.xP allows us to obtain €. This can be
related to phonon escape paramsters using éq. (IV-27).

The slopes of ln(bn.xp) or 1n(AN'.!p) versus A/KT or A'/kT were
determined by fitting a strafignt iine to these curves at low values of
8/kT or A'/kT. At high values of A/kT, the curve ln(ﬁﬁexp) versus Akl
saturates Lecause it is no longer valid to approximate Eq. (IV-22) only
by the firet term of its series expansion. The saturation shows up ae a
"flattening" of the curve au high A/kT values. Because the lead film
showed saturation for most of the light intensities used, in the determina-
tion vf c' the dest fit for the tin film wvas used. An ¢xample of the
curve A'::P versus ASnIkT for a particular value of ¢' 1s showa in
Pig. IV-8 together with the theoretical curve N(T) when tin is llluminated.

For this fit only a vertical adjusctsble parsmeter wvas used wvhich does not

msodify the slopy of this curte. Pigure IV-9 shows an axample of the
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Fig. IV-8. Values of lniﬁﬂsn) derived from the experiment with (Le
tin illuminated at low intensity using unenhanced densities
of state. The value of €' is 0.04 and the solid line is &

fit to the theoretical N(T) for tin.
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Fig. IV-9, Values of ln(AHPb) derived from the experiment with the
Cin illuminated at cTelatively lov intensity using unenhanced

densities of state. The value of €' = 0.7 as in Fig. IV-9.
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curve &Nz:p versus A,hlhr for the same value of ¢'., It can be seen that
the lead curve shows saturstion.

To detarmine ¢' we plo? the slop of ln(Af:P) versus &snlkT versus
the coupling parameter ¢'{wvhen lead is {lluminated) for different relative
fllusinations, as shown in Fiz. IV-10. As oxplained eariier these low
tempersture slopes have to 1y, Cheoretically, betwean 1.087 and 1.165.
which 18 indicated by the shaded area in the graph. (The corract value
of € was determined from a graph similar to IV-10.} The mean value plus or
minus one standard deviation from the mean ftor £ 10 0.75 + 0.5. Figure
IV~-11 showe tha values of the slopes for different c' 's, for vartious light
intensities vhen tin is illuminated. The nonzero value of ¢, in the
latter case, indicates genecation of phonons with energy larger than prb
in the tin, =0 that pairs are broken in lead. Howvever, most of the
phonons have energy stn and will not be able to hreak pailcs in the lead, so
we will concentrate on the rosults with lead i{lluminated where the analysis
of the acoustic coupling is simplified.since wmost phonons have energy
2 2A,, and can be detected by the tin fila.

Since most determinations of the lifetimes are not direct, in order to
compare outr results with other experiments, it was necessary to correct the
reported lifetimes s0 as to uonform to the same values for densities of
etates, film thicknesses, etc.

We will compare our experimental values of YPbsn with available
calculatiocns. If As'.|J is the rate of production of phonons per unit
volume, then i¢ts source is the quasiparticles recombining, given by
AN/t = (1012)(1 + 8/2y), where T is the true quasiparticle recombination
time. The rate of phonons escaping 18 the fraction (f) escaping

times the ratio of production; so
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Fig. IV-10. Slope of ln(Aﬂsn) versus ASnIkT plotted as a function of
the coupling parameter c' for the case when lead {s
illuminated for different relative illumirations. The
dashed area indicaces the theoretical values of the slope
for low reduced temperature. (For this graph N, was

detersined by using unenhanced densities of states.)
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Fig. IV"ll-

78

Slopes of ln(ANSn) versus ASn/kT plotted as a function of

the coupling parameter €' for the case when Sn is illuminated
for differen’. relative illuminations. The dashed area
indicates the theoretical values of the slopes for low

reduced temperatures. (For this graph ANg, was determined

using unenhanced densities of state.)
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YpbSn ANw - f Asw (IV-30)

Using Eq. (IV--24) together with the condition that B/2y >> }, we get

1

YPhSn - '2- f B. (1v=31)

Using Eq. (IV-12) f = %% and substituting the expression for the phonon mean

free pazh A = [S/(y + B/2)] into Eq. (IV-31)

5
- —! —_9-_._ i
Yebsn " %d T + 2y/8 (1v-32)

Since /2y >> ), the calculated value for our lead films is Yonsn
1.27 x 109 a aet—l. The value of a at the lead-rin interface can be
calculated by comparing the theoretically found value for YPvsn and the
expoarimentally determined valur of Yebsn with the use of Eq. (IV-27).

Using Little's theory described in Section 2 of this Chapter, a is
salculated to be about 0.15,which is within fi z2tors of 2-3 of the experi-
mental value., The values obtained are considered to be in geocd agreeuent
with Little's calculation in view of the uncertainties about the micro-
scopic nature of the ianrerface and small nuserical uncertainties when
using the results of different experiments.

A comparison of our determined values for YPysn with experimental
determination of y of other workers (PW72, JPK76) indicates that most of
the phonon escape is into the helium and not into the underlying film. If
ve assume thac all the phonons escape inte the helium bath, the results of
(PW7S) give a value 2f n > 1 indicating the presence of inelastic processes
mentioned earlier in our discussion related to Eq. (IV-23). On the other
hand if we uee the most recent results for the lifetimes in lead, the ratio

of OppHe obtained 18 0.5. The relevant properties of lead and tin are

shown in Table II.
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Table I1. Relevant physical properties of tin and lead.

Corrections applied to the quoted lifetime, indicated in

parenthesis in the table:

ll

2.

Only thickness of one film was used in the calcuiation of 1.

1 wags determined using the band structure value for NT' Include
enhancement (1 + A).

Exper iment measures 1/2 not T.

The value of N, used does not sgree with (LHES).

0
[ ]
Lifetime was corrected to confora to a thickness of 2500 A,

formulas used were:

NT from Eq. (1V=-22)

Rexp “ llrmp Ny
2 2.23
i NT - (1 +)) Noh <3
R 2N 44

.

The fact of 2 in the dencminator comes from the two transverse modes.,

Y from Eq. (IV~-26).
7PbSn from Bq. (IV-27)

a as explained in the text.
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Table I1I

2.6 x 10711 (P74)

1.8 « 10710 (JpK76)

Parameter Tin Lead Units
A(0) 0.60 x 107> 1.35 x 1077 eV
N, (LE68) 0.89 x 1022 0.92 x 1022 ev! ca?
Sp (AIP72, TEC69) 1.67 x 10° 1.13 x 10> (100) cn/sec
0.80 x 103 (110)
0.57 x 105 (111)
S, (ATIP72, TEC69) 3.32 x 10° 2.0% x 105 (100)
2.25 x 103 (110)
2.32 x 105 (il1)
5, 1.67 x 10° 0.9 x 109
\ (D) .72 1.55
N(T) 4.:9 x 1019 15.84 » 1017 ‘%)'” AT D
T, 3.5 x 10710 (uDN74) 1 % 10742 (pwr2) sec
(quoted) 8.7 x 10719 (p74) a8 » 10712 (Jrxre)
1, (3.5) 5.5 x 10719 omwrey (1,2.3) 10 x 10712 (pur2}
(corrected) (2.6,5) 8.4 x 10729 (p74) (5) 3 x 10712 (JPKR76)
R, 5.0 x 10-11 (HDN74) 6.3 x 1010 (Pw72) eV ca’ sec”!
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Table II {(contd.)

Parameter Tin Lead Units
g 3.2 « 1017 5.3 x 10'® )
Y 6.4 « 10° (DN74) 1.7 x 107 (P72) sec”?
4.2 » 108 (P74 4.7 = 108 (PK76)
7
3.1 = 107 (HON74)
1.8 x 107 (P74)
Gppsa 2.5 % 10”2 (HDN74)
1.4 x 10”2 (P74)
“nne 1.13  (PW72 - 300G A)

0.53 (JPX76 - 3500 A)
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In conclusion, this experiment determined the excess number of
quasiparticles AN = f(K(T),N*'(T)), dﬁcxp.sx with the coupling coefficient
€ being an adjustable parameter. v was determined by fitting stn to the
theoretical temperature dependence. It was then related to Yppsa® the
phonon escape parameter from lead into tin. If we us¢ an enhanced density
of states in the calculation, rhe value obtained for YPbSn &gzedn reason~
ably well with the acoustic mismateh theory of Little modified to take
into account that we have a uniform isotropic source of phonons throughout
the film. The recent expzrimentally determined value for the lifetime in
tin, together with our results, indicate that most of the phonons escape

into the helium with an average phonoa transmipsion cvefficlent of the

boundary nPbHe = 0.5.



V. Relaxatlon of the Superconducting Order Parameter

V.1, Introduction

One of the most fundamental quantities in nonequilibrium supercon~
ductivity 1s the time response of the order parameter or energy gap to
external perturbations which break Cooper pairs, thereby decreasing
the order parameter.

Landau and Khalatnikov (LK54) developed a theory for the temperature
dependence of the relaxation time of the order parameter 'near a second
order phase transition point'". This was studied experimentally in liquid
helium by Chase (Ch58). Later, Schmid (Sch66) modified the Landau-
Khalatnikov theory by essentislly postulating a gauge invariant form of
the Landau-Khalatnikov equation. Several theories (LS587, WA63, Sch69,
§575) were developed, using different assumptions or starting points, which
disagree on the temperature dependence of the relaxation time »f the super-
conducting order parameter. There has been only one aitempt to measure
this relaxation time experimentally (PM73), the results being
inconclusive.

In this Chapter we describe a direct measurement of the relaxation
time 1 for the superconducting cnergy gap. We find a transition from
single particle behavior at low temperatures to collective behavior very
near the superconducting transition temperature TC where the relaxation
time diverges. We have also measured the equilibrium energy gap A, and
find T =« A-l very near Tc in agreement with the theoretical predictions
of Schmid and Schon (SS75).

In Section 2 of this Chapter we will describe a moncroscopic phenomeno-

logical theory for the relaxation of the order parameter in systems that

85
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show a second order phase transition. In Section 3} we will briefly delineate
the ueveral microscopic theories. A detailed deacription of theee theories
i3 beyond the scope of this work,and because of this we will only outline

the main ideas. In Section 4 a deucription of the experimental setup will

be given and in Section 5 we will describe the experimental procedure,

In Section 6 the experimental results and their relationship to the various
theories will be described and in Section 7 we will briefly summarize the

results and conclusions of this work.
V.2. The Phenomenological Gauge Invariant Landau-Khalatnikov Theory

Since the Ginzburg-Landau equation has proven ro be vary successful
vhen applied to eqvilibrium superconductivity, it is reasonable to try to
formulate a time-dependent theory based on this equation. The following
gauge invariant modification of the (LK54) theory was advanced by Schaid
(Sch66).

Let us assume that in a nonequilibrium situation the free energy of a

superconductor can be vritten as
FP.T,00t) = Fo(P,T) + AP, TIWE(Y) + cP. IV (D) (v-1)

vhere the time dependence enters through the time dependence of the order
parasster ¥ and the assumptions are the same ss in the Ginzburg-Landau
theory. For completeness we will rewrite the assumptions. Balow Tc'
C>0and A < 0,and above Tc. A > 0; the transition point is determined

by the condition A(P,T) = 0. In the vicinity of the transition tempera-
ture ‘l'c ve expand A(P,T) in series in the difference T - TE,nnd neglecting

higher order terms we have
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A{(P,T) = a(P)(T - 'rc) . (v-2)

The temperature dependence of the order parameter Y is determined from the
condition that the free energy has to be a minimum in equilibrium. This

gives

2 A _a _ 2
weq T2 2 (Tc D V-2

which iu the BCS temperature depoendence of the energy gap, close to TE.

The approach of the order parameter ¥ to its equilibrium .alue is

determined from the transport equation

& - v (v-4)

vwhere the transport coefficient y was assumed by Landau and Khalatnikov,
not to have any singularity at Tc. Schmid (Sch66), 1.sing the Gorkov (Go58)
formulation, showed that y = - ;%% for a superconductor. Let us assume
that ve l.ave a small deviation from equilibrium, that is to say

y(t) = Veq + &y(t) with |5Wll'.ql << 1, Then using Eqs. (V-4) and (V-1)

oy 3
¢ 2*“"’«; + Sy) + 6vcw.q + 6y)

and, since the perturbation is saall,

ddy S 3 Sv
at ZyA(W.q + 8Y) + 4yC w.q(l +] *.q)

But, from Eq. (V-3), C = -(AIwaq) and déy/de = -4A Y6y, taplying that

the order paramester relaxes exponentislly with a relaxation time,
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D S | 1
Ay 4ay T - Tc

T (V-5)

It should be pointed out that the temperature dependence of T is independ-
ent of the temperature dependence of weq' If,in addition to the time
dependence, the order parameter has & spatial dependence and, allowing for

a complex order parameter,the Ginzburg-Landau equation is (Th75, Eq. (4-1)

2
" 2 0 LMy - 2,28
F ro-uup + Cy +2m|(1v = Ayl +s“

vhere H = VxA is the magnetic field, A is the vector potential and ¥ is
nov &8 complex order parameter or the "superconducting wavefunction". If
this form of the free energy is introduced iz the Landau-Khalatnikov

Eq. (V-4), we obtain

ooyt & -2 nk v a2yl (v-6)

We notice that a quantum mechanical gauge transformation consists of

replacing simultaneously (Schiffé8, p. 399)

o

A"

>

+

-1
c ot

.ieEfﬂc

Iw
m

a1
+
@t

vy
where ¢ is the effective potential and = {s an arbitrary function of ¥ and

t. In order to maks Bq. (V-6) gauge invariant,a ters has to be sdded so

a8 to obtain

3 = 1 AV 2aA.2 2
(37 - e = 2vl5; €3 - 00 + Av + 2cv] v} . (v-7)
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It was proposed by Schmid (Sch66) that the effective potential 5
should be written as 5 = ¢ - yfe where ¢ 1s the electric potential and u
is the chemical pctential. Physically u is the energy necessary to add
an electron in thermal equilibrium vhen the fields are kept constant.
With this assumption, in the case where there 8re no electro-magnetic

fields present and ¢ does not vary spatially, Eq. (V-7) reduces to

G + 21w = 2v(au + 2c]9| W) (v-8)

]

In writing the "wavefunction" as ¢y = |w|e1 and separating the real and

imaginary parts of Eq. (V-8), two modes aie obtalned:

3%%1 - ZY[A|W| + zc|¢|3] Real part (V-9)
a0
3 * 2u=0 Imaginary part (v-10)

Equation (V-9) is the same as Eq. (V-4; except that now § is a com-
plex order parameter. The earlier calculation for the relaxation time

is still valid and so the relaxation time for the magnitude of ¢ is

1 1 1

wl - m L] TY m; (v-ll)

1
I

The relationship between the superconducting order parameter (wave-

functicn) and the energy Rap was determined by Gorkov (Go60, see

Chapter II)
. "7*:(3)11‘,)((9)',”2 N
wir,e) » ————a A(r,t) (v-12)

| eniir ? |
=
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1
where 7(3) = 1,202, n, i8 the density of electrons, ; rk Tc B with Ter

the mean time between collisions for an electron, and

2
21 L1l ey -céd
XC) =773y o [T * 25 (66 -G+ o))

with G the logarithmic derivative of the T function.

Since the superconducting order parameter and the energy gap differ
only by a constant, the relaxution time of the energy gap will be given by
Eq. (V-11).

The imaginary part of Eq. (V-8) describes the evolution of the phase
of the order parameter. Equation (V-10) implies that the phase of the
order parameter will change in time at a constant rate, It will be shown
later that the relaxation time associated with Eq. (V-10) is related to the
branch imbalance relaxation described in Chapter III., We will just point
out that Eq. (V-10) is expected to be related to the branch imbalance
relaxation (determined by the difference between the chemical potentisl
of quasiparticle and pairs) since the evolution of the phase 6 is determined

by the chemical potential u of the "superelectrons”.

V.3. The Microscopic Theories for the Relaxation of the Order Parameter

in a Supsrconductor

The first attempt to determine the time variation of the Ginzburg-
Landau order paramster from a microscopic theory was dome by Abrahams and
Tsunsto (AT66). They extended the Gorkov (Go60) formulation to the non-
equilibrium situation and found that if the time varistions are eufficiently
small a time-dependent Landau-Ginzburg equation existe near the transition

temperature and near absolute zero tempersture. Close to the transition
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temperature they found a differential equation which is diffusive-like in
character, and at zerv temperature they found an equation which is
vave-like. One of the main iimitations of the (AT66) theory is that

they assumed that the thermal excitations in the superconductor are at
rest and in equilibrium with the local values of the energy-gap and the
external fields. This occurs only if the characteristic interaction time
between phonons and thermel excitations is faster than the characteristic
time for the "normal to superfluid" conversion.

Later, Lucas and Stephen (LS67) studied "' e relaxation of the order
parameter in a superconductor and also found chat the main mechanisa for
this relaxation is through the interaction of the quasiparticles with the
phonon field. To calculate the relaxation time 1 they started from the
Hamiltonian for the electron-phonon interactio:u written in the conventional
form (dG66, p. 32) and useda Boltzmann equation (BRT59) for the quasi-
particle distribution. The relaxation time for the order parameter derived

as described has the form

f(r. -] 2 T
- .1n[°—r— for =~ 1 . (v-13)
[ o [ o

Woo and Abrahams (WA68) pointed out that the calculation of (LS67) is
not correct since they used the Boltzman equation (BRT39) vhich assumes
local equilibrium between the quasiparticles and the enorgy gap. In the
case vhere the energy gap is time dependent, there is no local equilibrium
betwesn the quasiparticles and the energy gap at a time scale shorter than
the electron~phonon inelastic collision time. (WAG8) derive a transport
equation for the superconductor in the presence of electron-phonon inter-

action. This transport equation is obtained by a technique of thersodynamic
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Green's functions developed by Kadanoff and Baym (KB62). Their conclusion

is that for weak coupling materials, for 0.9 < T/Tc < 0.99 the relaxation

9 -8

time of the energy gap (10 ° = 10~ sec) is about an order of magnitude

faster than the quasiparticle recombination rate, but very close to Tc it

diverges as

1
T = Tc (V-14)

This temperature dependence agrees with the prediction of the phenomeno-
lopical Landauv~Khalatnikov theory.

Schmid (Sch68) calculated the relaxation of the order parauveter
starting from a dynamical version of the BCS theory (E160). He included
both the electron-electroc and the electron-phonon collision times since,
at the temperatures considered, they are comparable in weak coupling materi-
als, especially in aluminum (La72). For small deviations from equilibrium
(Sch68) finds that the relaxation time for the superconducting order

paraneter is

(

1
[ T—— ifa ¢ —
16(1‘c T) «q Te
) (v-15)
k]

~r_.I .
e B, e 1t 8,4

y L

T

e
vhere Tq is the inelastic electron collision time, A.q is the equilibriua
energy gap and 7(3) = 1,2. 1he condition A.q < 1/1. is the condition of
gapless superconductivity vhere the enargy gap is emaller than the

collision brosdening of the energy levels. Por the relaxation of the phase

of the order parameter (Sché8) obtains
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6, 1 1
W) Te Aeq if vok << p and Aeq >> T
v. k e e
0
1 = ¢ (v-16)
121131'c 1
—_— A if v .k >> —
c(a)ngB eq 0 Te

vhere Vo is the Permi velocity and k is the wavevector of thc particular
mode under consideration.

The most recent theory was developed by Schaid and Schon (5575) based
on a temperature-dependent Green's function technique introduced by
Eliashberg (E£6]1) and Eilenberger (E168). The calculation is based on a
model of a superconductor vhere the electrons interact via phonons. The
phonons are assumed to be in thermal equilibrium and the deviations from
equilibrium of the electronic system are small so that a linearized theory
applies. The linsarization of the theory also permits the clessification
of various modes, especially useful when the theory is spplied close to the
transition temperature Tc. (8575) obtain an equation for energy gap that
is very sisilar to the Landau-Khalatnikov Eq. (V-8).

ir
3 8T GL
(¢ + 28 = -;i; linearized (-33-} (v-17)

vhere uo is the density of states at the Permi ensrgy and N is a complex
valued function unlike in EBq. (V-8), wvhere it was u the chemical potentisl,

s real quantity.

Me 'ﬂ%’ [ aw' (e )ee,, (v-18)
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vhere GfE, is the quasiparticle distribution and B(E') is related to the
details of the theory.

In addition to Eq. (V-17), the energy gap and the quasiparticle distri-
bution are coupled together through a Boltzman-type equation for the
quasiparticle distribution,

c:ltSfz »

= K(5f) - By ~ QE = h! (v-19)
where the tera Gfgldt is the time derivative of the quasiparticle distribution,

K(6f) 1s the collision integral as in a Boltzmann equation for a gas, PE
is the perturbation term since we are considering nonequilibrium situations,
;'B is the term that couples the energy gap and the quasiparticle distribu-
tion and Ql is an additional correction term that arises from a detailed
theory. It should be pointed out that Q; and h, are different for the
different modes that ariss.

There are two modes, that can be distinguished by grudyting Eq. (V-17),
assoclated wvith ‘he imaginary and real parte of M. Thie is eimilar to the
two modes dbtained in Section 2 of this Chapter, when studying the real and
imaginary parte of Rq. (V-8).

The real part of Eq. (V-17) gives rise to the relaxation of the magni-
tude of 4, the so-called “longitudinal mode". Accordingly to Schaid and
Schon the longitudinal mods can be excited by a superposition of a DC and
an AC current (PM73), or by irrediation of the superconductor by an electro-

sagnetic wvave. The relaxation time for thie mode was found to be

3
e 17 =t 2(3) = 1.2 (v-20)
%) “eq *
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The imaginary part of Eq. (V-17) gives rise to the relaxation of the
phase of A, the so-called "transverse mode"”. This equation is the same as
Eq. (V-10),obtained from a simple phenomenological theory (u has to be
replaced in Eq. (V-10) by Re(M)). This mode can be excited by alectron
tunneliag injection at high voltnage (C72, Pa73, CP74),o0or by driving a
current in the direction of a spatial change of the order parameter, as at
a normal-superconductor interface (Yul4). The relaxation time associated

with this mode was found to be

SRR P LR (v=21)

It should be pointed out that in both modes the relaxation time diverges
as IIAeq for T » Tc.and that although the processes involved are quite
difierent, the relaxation times of the two modes are quite close. It is
pointed out by (5575) that a divergence should occur in any mode that
involves the order parameter essentially.

Since the details of the cslculaiions are quite involved and beyond
the scope of this work.we aro going to recapitulate the main ideas and
conclusione of this theory. The equations that govern the relaxation of
the superconducting order psrameter are a pair of coupled differential
equations for the eneryy gap and the quasiparticle distribution. One of
the equations has the form of the Landau-Xhalatnikov equation for the energy
gap, the other equation is a Boltzmann-like equation for the quasiparticle
distribution function. In solving thess equations one obtains two differ-
ent modes, one asvnciated with the relaxation of the magnitude of the
order parameter, the other assoclated with the phase of the ovrder para-

meter. Both these modes have similar relanstion times that diverge as
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llﬁeq for T Tc' The difference between superconductors and other systems
that exhibit gecond order phase transitions (He, ferromagnets, etc.) can
be understoody pinysically (Co75). Superconductors exhibit a forbidden
energy gap unlike other systems. When a Cooper pair is broken into quasi-
particles, by perturbing the energy gap (with electromagnetic radiation for
instance), the energy gap will decrease. Since the energy gap decreases
more final states are made available for the quasiparticles and consequently
more quasiparticles are thermally excited into these newly avail-
able states. Because of this we would expect the behavior of the energy gap
to be coupled to that of the quasiparticles, and we expect the relaxation
time of the order parameter to be a different dependence in superconductors
than in systeas that exhibit a second order phase traneition but do not
have an enargy gap.

To check this hypothesis in other systems besides superconductors it
would be very interesting to study the relaxation of the order parameter in

3 in B phase, vhich also has a real energy gap that presumably is

1liquid He
BCS-1ike. This could be done by studying the low frequency sound attenua-
tion in tha B phase of H¢3 in a similar vay to chat done by Chase (Ch58B)

for the relaxation time of the order paramster in Heb.

V.4. Experimsntal fetup

In order to study the relaxation time of the order paramster we illumi-
nate a tunnel junction with s fast risetime light pulse. The light will
break Cooper pairs in the {lluminated film and thereby will decrease the
energy gap. The relaxation of the energy gap back to equilibriua is
nessured by studying the real time response of the I-V characteristic of

the junctiom.



97

In this section we will deascribe the selection of suitable materials
for the experiment, the electronice and optics used and the behavior of
the ".aAs solid atate laser (used in the experiment) at low temperatures.

‘ Lie: vhe relaxation times to be measured are expected to be short
(v nse ), it {; convenient to perform the experiment on a material that is
expected to have the longest relaxation time. Also, it would be
convenient to have a metal that can be oxidized easily and that has the
transition tcopersture under the A poiut of helium so thst any thermal
problems are minimized.

A calculation of the electron collisions times T, can be made from the
thermal conductivities. The thermal conductivity K of a metal is given

by (Kittel 71, p. 262)
n
K-—;kTT (v-22)

vhere n is the electronic concentration per unit volume, m is the mass of
the electron, k 18 the Boltzmann constant and T is the temperature. n is
not expected to vary much wirh temperature since the linear coefficient
of thermal expansion for metals is a fev times 10-6. Because of this
we use the room temperature values of n. Tha relevant quantities for
some metals, as well as the calculated values of T, 8TE listed in Table
ITI. It can be seen from this table that aluminum and tin have almost
the same collision time if one considersthe fact that thermal conductivities
are reliable at beat to within 20%.

Although the calculations made from thermal ronductivities indicatre
that the collision timas in zluminum and tin are similar, calculations

made using the low frequency behavior of az(ﬂ}F(ﬂ) (phonon density of

states F(§l) weighted by the electron-phonon interaction uz(ﬂ)). (Ka?5),
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Table III. Relevant physical properties, and calculated values

for electron collision times for selected metals.

Tc[°K] K (Tc)[U/cm degl nllﬂzzlcm3] Te[uec]
(Ro55) (Kittel 71, p. 248)
Al 1.2 8.0 1£.0 0.54 %107t
Pb 7.2 4.0 13.2 0.061 x 10”11
Sn 1.7 22,5 14.5 0.61x 10"

indicate that the collision times in aluminum are much longer (v 500 times)
than the collision times in tin. In addition to this we expect a measure-
ment of the relaxation of the energy gap at low temperatures to yleld the
recombination lifetime of the individual quasiparticles. From Table III-1
we can see that the recombination lifetimes are longer in &luminum than in
tin,and consequently it is expected that at temperatures close to Tc this
will also be the case. Quasiparticle recombination rates (Gr69) also indicate
that the relaxation time will be longer in aluminum. In addition to all
thig aluminum has its transition temperature below the A point andcan

be oxidized easily. Consequently these facts support our choice of
studying the relaxation time of the order parameter in aluminum.

In order to compare our measurements of the relaxation times with the
theoretical dependence on equilibrium energy gaps, we measure the equilibrium
energy gaps also, Since the measurementc are of in:terest close to Tc'
vhere the relaxation time diverges it is more convenient to use a tunnel
junction made of dissimilar mecals for the measurement of the energy gaps.

In a junction made of the same materials the energy gap structure close
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to Tc is smeared out due to thermal effects. On the other hand, for a
junction made of dissimilar metals, sharp structure is seen in the 1-V
characteristic (at Al + Az) even as close as % oK from Tc of the weaker
superconductor.

Aluninum (1000 ;) - tin (2500 R) tunnel functions were prepared on
glass substrates with standard evaporation techniques. The junction has
an approximate area of 0.04 mmz. The procedure for the cleaning of the
subastrates was described in Chapter IV.3. In order to mnre easily obtain
non-shorted, low resistance junctions, it was found helpful to put a shield
around the electron beam gun 8o that electrons that escaped the bhending
magnetic field were not able to hit the junction, thereby presumably
breaking the oxide layer. The preparation of the samples on a substrate
cooled to liquid nitrogen temperatures did not increase the yicld of "good"
juanctions. Cooling the substrate had an effect on the appearance of the
tin film,which looked "shinier" when the substrate was cooled, compared
to the evaporation on room temperature substrates.

The normal resistances of the junctions were < 25 f2 at liquid helium
temperature. Since we are interested in measuring short times (nsec), it is
important to take into consideration the electronic (RC) junction time
constant. The relevant resistance for this calculation is the differen*ial
resistance at which the junction is biased for the relaxation time measure-
ment. Using the highest observed differential reaistance (v 5 1), con-
servative values for the thickneas of the oxide layer of 10 A,nnd a dielec-
tric constant of 10 (AIP 72, p. 9-109), the RC time constant of the junc-

tion is ~ 18 nsec,
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After the junctions were evaporated they were immediately mounted In
the cryostat and cooled to liquid nitrogen temperature. In junctiuns
stoved at room temperature for an extended period of time (2-3 days), increases
of up to 3 orders of magnitude in the room temperature resistance were
observed. The characteristics of the tunnel junctions stored at liquid
nitrogen temperature did not change significantly over periods of up to
3 weeks.

The aluminum film of the tunnel junction was illuminated by a pulsed
GaAs injection laser (RCA, 5G2112) of about 10 nsec risctime, which was
also immersed in the liquid helium. The tunnel junction and the laser
were encased in s.parate niobium shields to avoid direct electromagnetic
plckup {(seen as a ringing at the beginning and end of the pulse). 1In
addition to this, 50 } solid coaxial lines (UT-1415S) were used for the
electrical pulses for the laser, and for the biasing and detecting channels.
Also all the 115V supplies for the different amplifiers, scopes, etc., were
floated so as to eliminate all possible ground loops. In this way, the anly
possible source of pickup was direct elecr-omagnetic radiatior trom the
laser through the niobium shield to the junction and to a metallic coll
protecting part of the fiber optic bundle. The total pickup at the
junction was less thsan 15 pV peak to peak. A block diagram of the experi-
oental setup is shown in Fig. V-1,

The junction was optically connected to the laser via a fiber optic
bundle that had a loss of less than % dB. The biasing of the junction was
done with a battery-oparated power supply,and the high frequency pulses vere
blocked out from this power supply with a low pass RC filter. The pulsed
aodulation signal from the junction was fed into a series of low noiae,

fast risetime (v 4 nsec) awmplifiers, vhich then were fed into s sampling
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’

Fig., V-1 Experimental setup for the measurement of the relaxation

time of the superconducting order parameter,
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scope (Lumatron 120A), Integrated with a capacitor and fed into a digital
memory and Aignal averager (Varian TAC C-1024). The output from the signal
averager could be displayed on a scope or X-Y recorder, The triggering of
the sampling scope was done with a signal obtained from the pulse genera-
tor (HP 214A) for the laser (labeled '"fast" trigger pulse). In order not
to have the signal distorted by the integrating capacitor, a sawtooth

ramp (waveform generator, Tektronix 162) was used to sweep slowly (v 10 sec)
through the signal in the sampling scope (labeled "slow" sweep). Simulta-
neously with the beginning of the "slow" sweep a trigger signal (labeled
"slow" trigger) was used to trigger the signal averager. The system
equivalent noise referred to the input was about 20 uV peak to peak before
averaging, and < % uV after averaging.

The temperature was electronically controlled using a feedbick systen
with a germanium sensor. The helium was pumped somewhat below the tempera-
ture that was to be obtained. Then the germanium sensor, which was part
of a resistance bridge, produced an error signal in the bridge which vas
detected with a lock-in amplifier, amplified and fed into a wire-wound
resistor vhich heated the helium bath. In this way the temperature was
stabilized to better than % mK.

A GaAs laser (RCA SG 2012) was used, we believe, for the first time
in the temperature range 1.3-4.2°K. The light output versus the current
through the laser has the form shown in Fig. V-2. (This particular curve
was taken at 4.2°K after approximately 4 months of use.) There is first a
linear region up to a current labeled "lasing threshold", then there s a
sharp break in the curve vhere the lamer starte emitting coherent radiation.

Deterioration has been observed in the performance of the laser (the change
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Fig. V-2 Light output versus current for a solid state GaAs laser
(SG 2012, RCA). The breaking point in the curve is the point

at which the laser starts to emit coherent radiation.
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in the derivative of the light output versus current at the lasing threshold
decreases) after several months of use. This is fossibly due to thermal
recycling and self-induced damage due to heating.

In general the performance of the laser improves at lower temperatures,
particularly under the X point of helium. This is probably due to the fact
that at helium temperature the heat is conducted awvay from the laser more
efficiently than at higher temperatures. A comparison of the performance
of the laser at different temperatures is given in Table IV. A systematic
study of the operation of this laser, at helium temperatures, can shed more
light (CD6S, KelO, CP71, Ei73, LMM74) on problems relating to the operation

and degradation due to thermal processes in semiconductor lasers.
V.5. Experimental Procedure

For the measurement of the relaxation time the tunnel junction was
current biassed with a battery supply,and the change in its voltage due
to the laser pulse vas amplified and fed into the sampling scope. Since
the aluminum film is opaque, the pulse of light decreases directly only b“.

The change in A n is due only to the phonons that croses the tunneling

S
barrier and since AA). < ASn,thll will be small (5G75, Chapter IV of this
thesis). Therefora when the junction is bissed at point B (Fig. V-1),a
positive decay signal is seen and vhen ths junction is biased at point A,
the signal is negative. Note that thoss signals are shown inverted in
rig. V-1.

The noise wvas adequately averaged by the sampling scope, but the

pickup, vhich vas much larger than the signal (™ 1 uV) near Tes had to be



107

Fig. V.3. The change in the junction voltage versus time at bias points
A and B (shown in the inset). The laser illumination occurs
during the risetime of the pulse. DMote that the mignal is

shown inverted.
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Table IV. Comparison of laser parameters at different temperatures.

77°K 4.2°K 1.3°K
Maximum pulse width { sec) 0.7 30 150
Lasing threshold (amA) 600 00 200
Forward voltage (V) 2.0 1.5 0.7
Maximum duty factor 52 122 25X

subtracted in the following manner. Data (including pickup) at bias
point A was stored in the digitsl memory. Then the battery connections
of the current wupply to the junction were reversed, reaching a point on
the characteristic symmetrical to A but with opposite voltage. In this
wvay all the impedances, including the junction differential resistance,
were the same 80 that the pickup should be identical. However, the signal
is reversed. When the second set of datas is subtracted, the pickup sub-
tracts and the signal adds. A signal before and after subtraction and
signal averaging is shown in Fig. V-4.

The pulses of Fig. V-3 vere obtainaed in this way. The signal to noise
ratio wvas 5 1in the worst case, with naglibile evidence of direct pickup.
The decay signal shows a slight undershoot caused by the low {requency
threshold of o ssplifier (0.1 mHz). An amplifier with lower threshold
did not show the undershoot but had a much poorer signal to noise ratio.

Tha equilibrium enargy gaps A oq wveres measured in the sams run the
relaxation times were measured. A“ vas determined from the DC tunneling

characteristic using a wathod suggested by Douglas and Meservey (DM64).

The characteristic was plotted vhen the current was increased and vhen the



Fig. V.4.

Signal versus time before end and after subtraction and

averaging as explained in the text.
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current was decreased. The encrgy gap of aluminum was determined by the
hysteresis loop as described in Fig. V-5. At about 10 mK from Tr. the

hysteresis became very small but the structure due to /,. was clearly

Al
discernable and we were still able to use the methed of (DM64). The

square of the energy gap determined this way is plotted against the tzmper-
ature in Fig. V-6, The plot is done in this fashion so that later a direct

comparison can be made with the BCS theory,which predicts a straight line.
V.6. Results and Discussion

In order to extract the relaxation times the experimental data
(signal vs time, Fig. V=-3) was plotted on semi-log paper. The
baseline was chosen to give the best exponential decay and was slightly
below the undershoot 3cen in Fig. V-3. Provided that the change in A was
small compared to Aeq'we found a good fit to an exponential decay over
about 3 time constants with an average deviation of less than 5%. The
relaxation time is just the slope of such a plot. At high levels of
light intensity, saturation could be observed in the signal, as is expected.
In this case the light drives normal the illuminated film and the maximum
signal that can be seen is approximately the size of the equilibrium
energy gap at that tempevature.

A plot of the relaxation time t against the reduced temperature I‘ITc
ie gzhowm in Fig. V-7 for two different sawmples. It 18 clear from this
graph the dramatic increase of the relaxation time close to Tc and the
agreement between the two different samples is very good. In order to
plot both samples in a universal curve,'l‘c was determined from an extra-

polation of the data for Aeq ve T.



Fig. V.5.
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Procedure for the measurement of the equilibrium energy gaps
from the I-V characteristic. Line (a) is tangent to the curve
at the first point of inflection and line (b) 1is paralle. to
(a) and tangent to the curve. The energy gap is half the

horizontal distance between (a) and (b).
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Fig. V.6. Temperature dependence of the equilibrium energy gap. The

solid line 1s the BCS prediction.
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Fig. V.7. Relaxation time 7 versus reduced temperature TITC. The
triangles and the hexagons are data measured in two different

samples.
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In both samples a deviation from the BLS temperature dependence of
Auq was observed close to Tc.as seen in Fig. V-6. The BCS prediction

close to Tc is

. 1/2
Aeq v 3.2 kn 1c[1 - 'rl'rc] (v-23)

In Fig. V-6 the solid line represents a temperature dependence of the type
(V=23) as in the BCS prediction. However within adout 7 mK of the trans’-
tion temperature, the energy gap depends linearly on the temperature.
Deviations from the BCS behavior for the energy gap have baen seen before
(DM64) and they were attributed to grains with slightly different T
(DM64) or ro enhanced superconductivity at the edges of the junction
(Gre75) due to strains in the film. Calculations show that fluctuations
cannot produce such a large effect in reasonably clean, 1000 R. thick
aluninua films (Tinkham 75, p. 238); consequently we believe that the
deviation is due to spatial inhomogeneities in the films.

Returning to the data of Fig. V-7, we note that (t ims traditionsl
(PM73) to fit the relaxation times to (‘rc - T)n to compare with the various
theoretical predictions (see Chapter 11l) of the constant n. Howvever, this
may not be appropriate in our case since our measured equilibrium energy
gaps do not follow the BCS temperature dependence close to 'rc wvhare tha
divergence in t occurs. Hence we chose to plot T vs A.q as shown in
Fig. V-8.

Schmid and Schon (S575) predicted 1 = A:}.vhcrcal for a gapless super-
conductor (LS67, GE68) (fluctuations above rc or wvith magnatic impurities)

the dependence is T = A::. In Fig. V=8 wve find T = A;: closs to Tc in
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Fig. V.8. Measured relaxation times for one sample vs the equilibrium
energy gap, showing gond agreement with the solid line
vhose slope is -1. The other sample showed essentially the

saxe behavior.
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agreesent with the theories of (S575). It should he pointed out that over
the mame temperature range the best fit of 1 against temperature indicates
that 1 « (Tc - 1)-1 in agresment with gapless superconductors and the
theory of (LK54), but we feel this is only an artifact of the linear temper-

ature dependence of A. near 'l'c. vhich is non-BCS, and the {mportant

q
dependence is on the energy gap.

The possibility of thermal time constaant associated with the junction
can be ruled out. From the theory of Little (Li59) the thermal time constant
of the junction can de calculated using Eq. (IV-11) and the values of the
transaission coefficient for longitudinal and transverse phonons obtained
from Fig. IV-2. The thermal time constant is aimply the heat capacity
divided by the thermal conductivity and is fuund to be < 10 nsec, which is
susller than our measured times. The junction RC time constant was shown
to be lede than 18 nsec (this Chapter, Section 4) and is expected to "o
weakly temperaturs -dependent. There is,howvever,a possibility that heating
is affecting the results, but in the folloving we give soms strong arguments
to show that this is not so.

There are two possibls contributions to the oignal we observe at the
time the laser is turned off. One (ST) is dus to a change in the film
temperature,vhich then affects A“ and relaxes with the thermal time con-
etant T.. Another coatributfion (S.) 1s due to direct pair breaking and
decays with the order parameter relaxation time T vhich we wish to mesasure.
Ve make the reasonable assusption that for the highest temperature (i.e.,
the longest ssasured relaxation time) 1'1. << t. bUWe also point out the

fact that in none of our decaye s it possible to fit the data to two
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exponentials. These facts imply that at high temperatures S, the faster decaying

T
component of the signal, must bhe negligible compared to SR' We also point
out that experimentally the total signal ST + SR decreases as T increases,
However ST is expected to increase with T since %% increases with T and

47

T is approximately independent of T. Hence the ratio STISR is expected to

decrease vith decreasing T,and we conclude hat S is negligible for all T.

T
Any other assumption about the relstive magnitude of 1. and T leads to the

T
same conclusion, so we teel confident that we are measuring 7 and not Ty
at all temperatures.

The first reported experiments that showed sn increase of the relaxa-
tion time near Tc vare the steady stats quasiparticle lifetime maasurements
(GLAGY, Gr7]1). However these measurements vere not sufficiently detsiled
to establieh this behavior (see Fig. I1I-1). In these experiments the
relaxation time wvas measured by injecting quasiparticles through a tunnel
Junction and measuring the perturbed quasiparticle population. The coo-
plete relaxation time curve for aluminum is shown in Fig. V-9. The data of
(Cr?7l) wa3 scaled vertically so as to overlap our data in the ccmmon temper-
ature range. At TITc ~ 0.99 a transition 1s observed batween the single
particle beshavior and the collective bechavior described in Sections 2 and
) of this Chapter. This is the first time that the complete relaxation
cutve has besn established for a superconductor.

Using Eq. (V-20) and the experimental results of Fig. V-7, we find
that the inelastic elactron collision time T 1s 7 nsec. The inelactic
electron=phoniva collision time can be obtained from a surface~Landau-

level-resonance experiment (PN68), and 1is approximstely 200 nsec along most

of the Fermi surface, although it is quite anisotropic (DW73). An average
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Fig. V.9. Relaxation time vs reduced temperature in aluminum. The full
circles are the results of the present experiment and the

empty squares are the steady state measurements.
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over the whole Fermi surface might alter somewhat these results. It
should be pointed out that our measurement 1s sensitive to all 1nelastic
collisions (including electron-electron and electron-phonon collisions)
so that our measurements are not !ncornsistent with (DW75). A theoretical
calculation of the quasiparticle recombination time (KA75) indicates

that close to Tc the recoubination time 1s 104 nsec in good agreement
with gur low temperature results,

Our measurements determine the relaxation of the magnitude of the
order parameter, The relaxation of the phase of the order parameter was
done in the experiments of (CL72) and (CP74) for the branch imbalance
relaxation. They also obtain a time that diverges ag 1IAeq in good agree-

ment with the theory of (5575).
V.7. Conclusions

We have measured directly for the first time, the relaxation time of
the superconducting order parameter and the equilibrium energy gap close to
Tc. The results indicate that the relaxation time of the magnitude of the
order parameter diverges as IIAeq for TITc > 0.99, in agreement with the
theory of (5575). The inelastic collision time for electrons T, determined
from this experiment is consistent with surface-Landau-level-resonance
experiments (DW75) and theory (Ka75).

Additional experimente are under way to measure the relaxation time
of the order parameter in a sample ir which the equilibrium energy gap

obeys BCS more closely.
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Appendix I: Computer program for the calculation of the excess quasi-
particle number vs the coupling parameters and vs the

experimentally-determined change in the energy gap.

The computer program for the deconvolution of Aﬂexp vs € and GAexp was
done using the SPEAKFASY computer language developed at Argonne National
Laboratory. Essentlally the computer program calculates Eqs., (IV-20)
and (IV-21) in a matrix form where the rows give the value of ANexp vs T

for fixed €,and the columns give ANexp ve € for fixed T.

The parameter called EPS in the program is the coupling parameter €.



W M o~ o W s

NN NN RN NN NN
| ~w o oW N O WDy PN RO

PROGRAM
ETA=4, 4*NO*DEXP

EPS=GRID (.2,.8,.2),1.5,2,3,4,5

K=.8617E-4

N=.0464*NO*SQRT (DELTA*T)*EXP (~DELTA/ (K*T))
NPR=.0464*NOPR*SORT (DELTAPR*T)*EXP (-DELTAPR/ (K*T) )
DN=VECTOR (1/ (1-EPS) ) **VECTOR (ETA+NPR)
DN=DN+VECTOR (EPS/ {1~EPS) ) **VECTOR (N)

A=VECTOR(1/ ((1-EPS)**2) )**VECTOR ( (ETA+NPR)**2)
B=VECTOR (EPS/ { (1~EPS) **2) ) **VECTOR ( (ETA+NPR) *N) *2
C=VECTOR( (EPS/{1-EPS) )**2) *AVECTOR (N**2)
D=VECTOR(1/ (1~EPS) ) **VECTOR (ETA* (ETA+2*NPR))
I=GRID(1, 4, 1)

J=GRID(5, 9, 1)
DN(I,)=DN(I,)-SORT(A(I,)+B(I,)+C(I,)-D(I,))
DN(J+1, )=DN(J, )+SORT(A(J, }+B(J,)+C(J, )-D(J, )
FREE(A,B,C,D)
DNPR=VECTOR (EPS/ (EPS-1) ) **VECTOR (ETA+N)
DNPR=DNPR+VECTOR(1/ (EPS-1) ) **VECTOR (NPR)

A=VECTOR ( (EPS/ (EPS-1) ) **2) **VECTOR ( (ETA+N)**2)
B=VECTOR (EPS/ ((EPS-1)*%2) ) **VECTOR { (ETA+N) *NPR ) *2
C=sVECTOR (1/ (EPS~1)%%2 ) **VECTOR (NPR#*2)

D=VECTOR (EPS/ (EPS~1) ) **VECTOR (ETA* (ETA+2*N))

DNFR (I, )=DNER (I, )+SQRT(A (I, )+B(I, )+C(I, )-D(L, ))
DNFR (J+1, ) =DNPR (J, )-SQRT(A(J, )+B(J, )+C(J, )-D(J, ))
DN(5, ) = (ETA* (ETA+2#*NPR )) / (2% (N+NPR+ETA))

DNPR (5, )= (ETA* (ETA+2%*N)) / (2% (N4+NPR+ETA))
FREE(A,B,C,D)
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