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PAIR-QUASIPARTICLE POTENTIAL DIFFERENCES
IN CURRENT-CARRYING SUPERCONDUCTORS

James Lenander Paterson
Inorganic Materials Research Division, Lawrence Berkeley Laboratory

and Department of Physics; University of California
Berkeley, California 94720 '

ABSTRACT

We have used an rf SQUID voltmeter to measure the potential dif-
ference between the quasiparticles and pairs in tﬁe current-carrying
superconductors tin and lead over the temperature range 1.3K to 4.2K.
The results have been compared with the theory by Tinkham which
indicates that this potential difference results from a quasiparticle
excitation spectrum branch imbalance or quasibarticle current in the
sﬁperconductors. This branch imbalance relaxes in a characteristic
time TQ' Our measurements for tin confirm the theoretical volume

and injection voltage dependences of the nonequilibrium potential V.

The temperature dependence of T, is seen to be in fair agreement with

Q
the theory near TC and in excellent agreement at low temperatures.
| -10 A0) _
The magnitude of TQ near TC of.l x 10 A(T) sec is in good agree
-10 2€0) sec and in

ment with the theoretical estimate of 2 x 10 (D

fair agreement with the results of Clarke of 3 X 10710 %%%; sec. At

low temperatures the data lie below the theory by an amount which is
: *

consistent with Tinkham's estimate of Q /Q ~ 0.7 for the branch im-

balance parameters. Our measurements for lead confirm the volume and

injection voltage dependences of the nonequilibrium potential. The
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But the increase in V below 4.2K 1is not understood.

data near 4.2K agree with Tinkham's estimate of T

=3 x 10
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I. INTRODUCTION

Thebarea of thé response of superconductors to external stimuli
haé been one of considgréble interest for both theorists and experi-
menfalists. jThe supercbnductor consists of a composite system of
éondenséd paifs (of electrons) and gxcited quasiparticles. If the
syste;>is perturbed from equilibrium it will return to equilibrium at
é cﬁgracteristic rate. The perturbation may affect the densities of
the,pairs.and ﬁuasiparticles, the current carrying state of the pairs
and quésipaftiéles“of bqth. ﬂ J

We diséﬁss‘fifst experiments dealing with perturbations affecting
the density of palrs and quasipartiplesh The thermal equilibrium density:
oquuasiparticies n;T) in_a spperponductor at a temperature T is

e

a(T) = 2N(0) §¢
: A

E 1
(EZ—Az)l/Z, 14

g7kt 9Es (1)
JE/KT .

.where N(0) is the density of states at the Férmi'levelvper spin, —~§_7f'
~-A

(E )1/2
E/kT,~-1 USSP
) T.1is the Fermi function.

is the reduced BCS1 denisity of states and (1l+e
If this density is perturbed from equilibrium, the excess number of
quasiparticles will recombine to form pairs in'a'chafécteristié time

T This time has been measured using two superconducting-insulator-

R
superconducting (SIS) tunnel junctions in series which form a system
S§1-I-S2-I-S3, The quasiparticles injected into S2 from S1 form a

steady state excess quasiparticle density An which can be determined

.by measuring the increase in tdnneling current through the $2-I-S3

probe junction. Rothwarf and Taylbr2 have indicated that the
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measuree lifetimes will be larger than ré because the phonons, created
when quasiparticles recombine to form pairs, will.create additional
quasiparticles. They calculated the relationship between Texp and

= for An >> n(T) and An << n(T). Typieally, experimental valees fer‘

On are intermediate between the low end high temperature limits |of

n(T). for low temperatures [An >> n(T)] Tp is independent of temperature;
for higher temperatures with 4An < n(T) the recombinetion rate is pro-

portional to the number of thermally excited quasiparticles and

TR ~ t-l/zeA/kBT where t is the reduced temperature T/TC and A the
energy gap. Gray, Long and Adkins3 have found that for aluminum

~ 10~ -
Te 2 x'10 © sec at A/kBT 4,

Owen and Scalapino4 have shown theoretically that this excess
quasiparticle density will depress the energy gap 1ﬁ the super-
conductor. Parker and Williams5 have measured this depression of the
energy gap in Sn-oxide-Sn and Pb-oxide-Pb tunnel junetions irradiated with
e'He-Ne laser., They observed the predicted decreeee in A with laser ”
power. ‘They also measured the energy gap depression at constant laser
power versus temperature and found that it saturated at low temperatures.
This saturation occurs for An =n(T);at still lower temperatures the
quasiparticle deneity will be dominated by An and therefore independent

of temperature. 'Since‘An is proportional to TR? they were able to

- estimate T, at the saturation temperature and obtain

R
t;é = 2 x 1079 771/2 /kgT (£50%), (2)
!
TPb =2 X 10 1/2 A/kBT (+ factor of 5).(3)

[
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In most casesvthe‘perturbing inflyence on a guperconductor is
the currenf flowing through it. We turn now to a nomequilibrium
condition in which’the quasiparticles are carrying current in a super-
.lconductor. Measurements of the resistance of supérconductor;normal

metal—éuperconductor kSNS) junctions by-Pippard, Shepherd and Tindall7
indica;ed that the superconductors aﬁparently contributed»to the
resistance of the junctions. This extra resistahce iﬁcreased with
increasing temperature near the transition temperature. Rieger,
Scalapino and Mjerc:ereau‘8 ( hereaftef referréd to as RSM) pointgd
outAthét there must be a transition region near a normal metal- |
'supérconductor intefface in which the electron‘current is converted
to pair cu:rent. (The electrons enter quasiparticle states in the
superconductor aﬁd these quasiparticles eventually transfer their
momentum to the pairs.) The time of interest in this system is the
lifgtime of the current-carrying quasiparticle stétes.

Because the condensed pairs have‘infinite dc conductivity (i.e.
because the system is a superconductor), the gradient of the electro-
chemical‘potential of the palrs must be zero. If the pair chemical:
potential, which is proportional to the pair density, varies from
‘point ﬁo point, an electrostatic potential will be established to
just cancel this variation and maintain the electrochemical potential
constant. If this did not occur, an infinite cdrrént would flow.

For a superconductor of Jniform temperature, thé electrical potential
of the.éairs will be eQéwahere constant. If the quasiparticles are
carrying a current, however, this current will establish a gradient

in the quasiparticle electrical potential, and a difference in the



e

pair and quasiparticle électrical'potentials willufesult. It ié this

nonequilibrium potential Aifference V which is measured experimentally.
“The suggested RSM configuration for measuring V .is shown iﬁ Fié. 1.

The strip of supercohductor S'—S-Sp is separatediintb three parts by

two Josephson junctions? Provided that the éritiéal currents fﬂr

thése junctions are not'exceeded; the.pair electricai potential ;111

be constant across ;he strip. The normal probe'Né, provided it

carries no current (null measurement); will havé the same electrical

potential;as the quasipar;icles in S. Rieger et'ai. have.used time-

dependent quzburg—Landau theory for the case of:'a:.gaple.ss sui)er— '

conductor S to calculate the nonequilibrium potential V and they find

It
24 e%Q N(0)

, T~T,, (4)

where I is the current, T isvthe'Ginzburg-Landau relaxation time for
the gapless case, §! is the volume enclosed by thé dashed lines iﬁ
Fig. 1 which includes a depth of approximately one éoherence length
into fhe nofmal metgl, and N(0) is the density of.states per sbin

at ﬁhe fermi level. This potential per unit cuffent, then, is just
the resiétance de§e10pgd in the superconducior-

It is‘impordant A; this point to emphasize that V will be non-
zero only in regions of the superconductor in wﬁich the quasiparticles
are carrying current. An excess quasipafticle densi;y which carries
no current will éause the éhemical potentials of ﬁhe pairs and quasi-
particles to differ, Eut for‘this case there will be no difference in

the electrical potentials V.
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Fig. 1. Configuration suggested by Rieger, Scalapino and

Mercereau for measuring pair-quasiparticle potential
difference V.
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Thg RSM configuration has the experimental-difficulty‘that the
nonequilibrium volume is not well defined. A configurétion thch
1soléteé the superconductor S and tbe analysis in terms of the BCS
theory wili be discussed in the next section. wﬁereas in the RSM..
theory the energy gap is assuﬁed to bé zero, in the new theory it is

the eneigy,gap whiéh'plays the dominant role. The quasiparticle

current creates a population imbalance between the k > kF and k < kF

-

branches of the excitation spectrum which relaxes 1n.a characteristic
time TQ as the current is transferred from the:quasiparticles to the

pairs.

€
VRN S

e -
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II. THEORY

A suitable configuration for isolating the volume of superconductor
in which the non-equilibrium processes occur is shown in Fig. 2. A
normal metal-insulator-superconductor .(NIS). tunnel junction of area
w2 is used to inject electrons into or extract electrons from a volume
Q= w2d of the superconducting strip S'—S—Sp. The dashed lines
delineate the tunneling volume labelled S. The pair potential is
measured with the superconducting proobe Sp and the quasiparticle
potential with the normal probe Np. A difference,in‘potential
between the quasiparticles and the pairs V will oécur when\a current
I is flowing; The non-equilibrium volume will be well defined and

equal to R, and the potential V spatially uniform provided that

"w>> X >> d where A is the characteristic distance over which V decays.

Tinkham}operformed a BCS calculation for this potential difference

which can be expressed as
y = R(Vinj,A,Q) I s (5

where Vinj is the voltage across the injéction junction, 4 is the tempera-

‘ture dependent energy gap in S and ! is the tunneling volume. The

quantity ® is the the non-equilibrium voltage per unit cﬁrrent in the
superconductor and will be used interchangeably with V/I. We turn now
to a detailed discussion of this calculation. \

Any system may be described in terms of the occupancy of its quantum
states. In a nbrmal metal at equilibrium at a temperature T the
probability that a state of wave vgctor k is occupied is given by the
Fermi function f(k,T) = Iexé(E(k)/kBT) + l]“l where E(k) is the energy

of the state of wave vector k. In a superconductor the state is
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Fig. 2. Configuration for Tinkham's theory for the pair-

quasiparticle potential V.
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" that the state is unoccupied is given byuk2 =1 - Vi s
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described in terms of the occupancy of pair'states (+&f,-k¢). In
equilibrium at a temperature T the probability that a pair state is

occupied is given by the coherence factor vk2 and the probability
2

=3 <1 - %) o = %(1 * %) > (6)

k k ’
where €y is the one electron energy relative to the Fermi energy and
Ek = (sk2+'A2)l/2. The functions vk2 and uk2 are shown in Fig. 3 for
momenta both greater than and less than the Fermi momentum kF and are
symmetriq about kF to an accurécy of’VA/EF. The excitation spectrum
for a superconductor is also .shown in Fig. 3. Thesé'excitatiqns are
not like the simple eleétron or hole excitations ina normal metal. The
pairing interaction in the superconductor affects the excitation
spectrum by introducing an energy gap A and by removing the distinction
between electrons and holes. An excitation of energy E consists of
a mixture of states at momentum k< and k>, The state of k< is hole-like

v 2 of the time and electron-like uk<2 of the time. Similarly, the

k<

state at k> is electron-like uk>2 of the time and hole-like Vk>2 of the

time. These follow from the requirement that thé_excited states be
orthogonal to the ground state. To simplify the notation, the wave-

> v.).

vector index in the coherence factors will be dropped. (e.g. Vies S

Consider now a normal metal-insulator-superconductor (NIS) tunnel

. junction. An electron from the normal metal entering the superconductor

will have a probability u<2 of entering the k< (hole-like) branch and a
probability u>2 of entering the k> (electron-like) branch. Figure 4(a)

shows this process. Conservation of energy requires EL + ER = eV,



-10- -

A(T)

|
I
| | .
k< v o

ke

XBL 736-6345

Fig. 3. Coherence factors vs wave vector fop a superconductor.
' Excitation spectrum for superconductor showing degen- .
‘erate states k> and k< and energy gap A(T). .
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Fig. 4. (a) Schematic diagram for electron injection into a
' superconductor. .
(b) Schematic diagram for electron extraction from
- a superconductor. :
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Upon reversing the bias electrons are extracted frdm‘the supercOnductdr.

This process is shown in Fig. 4(b). A pair is broken and two excitations
. N ' ‘

are created,‘bne in the superconductor. and one in the normal metal. The

probability that the pair state in question is occﬁpied is vkz.

As a result of the difference between u,

. I
restrict our attention to the case of electron injection into the'

superconduqtor) an 1mbalance,in the population of the two branches will
be created. The quantity. Q = n, - n. is the difference in the populations
of the éwq branches per unit volume. A non-zero Q implieé that the
quasiparticles are carrying curfent in the‘éupercdnductor and is closely
relaﬁed to the pétenfial difference V. Q will relax with a charécteristic
branch crossing time T. in a characteristic distance A = T VF.in a clean

Q Q

system (Z >,TQVF) or A = (‘IQVF,Q,)]'/2 in a dirty system (£ < T VF) where

Q
£ is the excitation mean free path. The steady state value of Q is
just Qinj Q where Qinj is the rate at which Q is c:eated by the injection

current. Tinkham has shown that Qinj is given by

o G -]
- NN : v
= — - - +
Qinj ezg .’. [£(E evinj) f(E evinj)] dE . (7
C s | |
i S v
where GNN is the tunneling conductance with the superconductor nqrmal.

This quantity differs from the injection current
: GNN ® -, . . o
1= P ./” ﬁI(E)[f(E - eVinj) - f(E + evinj)] dE ‘ (8)'-
: A _ v ,
only ty the nbrmalized BCS density of states

M(E) = 2;5:2?;175' . : 9)

and ﬁ<2 (for clarify we shalll
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The normalized density of states is absent from Eq. (7) because the
2 2 2 2 -1 .

degree of imbalance u,” -~u, =u, =V, =7. " (E) just cancels the

density of states. The degree of imbalance created by the injection

current can be expressed by the ratio {%eQ/I which we define as F,

Q0 . ‘
.. f [f(E - evinj) - f(E + evinj)] dE

.A N(E)[f(E - evinj) - f(E + evinj)] dE

(10)

This function F has been calculated numerically (using dimensionless

variables) vs eV, ./A for several values of A/kBT and is shown in

inj
Fig. 5(a). Figure 5(b) shows this same function F vs eVinj/A(O) fqr the
corresponding values of the reduced temperature.t. Fgr eVinj >> A virfually
rall ofvthe quasiparticles are created on one branch (the k> branch for
electron igjection or the k< branch for electron extréction) and F = 1,

For eV < A there are two regimes, kBT >> A and kBT‘<< A, For kBT >> A

inj
most of the electrons enter the superconductor at energies high relative to
A and F remains essentially one. For kBT << A the electrons are injected
into states near 4 where u 2~ u 2 and F goes to zero. The quantity F has

> <

the limiting forms (given by Tinkham)

R | 1 , TRT (11a)
2f(A)/gNS R evinj <<4 . (11b) .
F =
eV - 4 1/2. -
in i
(fﬂ) , T=0 o
nj

| where gNS = GNN/GNS is the normalized conductance of -an ideal (NIS)

tunnel junction in the appropriate limit. This quantity 8xs has been

1 s
tabulated by Berman1 for values of eVinj from 0 to 24 and for values of

A/kBT from 0 to 14.6.
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Fig. 5a. Degree of branch imbalance F created by the injection
current Vs evinj/A for several values of A/kBT.
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’ |
Fig. 5b. Degree of branch imbalance F created by the
injection current vs eVin,/A(O) for several

values of the reduced temﬁerature.
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The population imbalance per unit volume Q is determined jointly

by F and TQ,

~ V is related to this imbalance. Consider the systém of Fig. 2 with

Q= IFTQ/eQ. The pair-quasiparticle potential difference

the injection junction carrying a current I; we wish to calculate V.

If the normal probe>is shorted to the superéonducting probe (V = ?)
S I

Tinkham has shown that a current

GNN @ : v .
: . A
will flow in the loop. This can be expressed as
' *
GNNQ
. where
Q= 2N(0)./. (fk> - fk<) dE , (14)
A -

énd N(0) is_the density of states per spin in the superconductor at

, . , _
the Fermi level. The quantity Q 1is closely related to Q which is

[e o]
. Q = 2N(0) f N(E) (fk>‘ - fk<) .dE . (15)
. : ' A v
One can now define the non-equilibrium potential V which is the source
of this current as
. S . X

- I(V = 0) Q '
V= = e (16)
GNS ) 2N(0)egNS.

i

. where Bns = GNS/GNN 1s the normalized conductancevof”the normal probe.

The normal probe consists of a tunnel junction in series with the normal
metal lead. Thisiis the potential which will be measured across Np - Sp
in a null measurement. Near TC A >0 and Q » Q but for lower temperatures

%
Q >Q and



il
e
<
<
LS
~f;
<.
b

-17-
- Q .
Yo * Woergm ~ v (17
“°NS
The final results are
Ve, T =T, (18a)
2e N(O)ﬁgNS
1 intermediate
e g, e )
NS. ——%El-and T
v < _ZIJ—(—A—)T T evinj << A(T) . (18C)
2e’N(O) g ¢ S T=o0

We turn ndﬁ to a calculation of TQ’.

The bfanch imbalance Q can relax by inelastic phonon processes or
by elastic prOcesées. The usual scattering probabilities are reduced
in a superconduétorvby terms called coherence factqrs. In a spatially
homogeneous sﬁperconductor the coherence factor for scattering of an
excitation from a state characteriéed by (u,v) to one characterized
by (u',V') is (uu' - vv')2. The coherence factér for annihilation
of two.eXCitations is (uu' + vv')z. The excitation spectrum in a
superconductor is very nearly symmetric about kF.v As a result, elastic
scattering in an isotropic superconductor (E = E',A = A') is not

allowed because u = v' and v = u' and (uu' - vv")2 = 0. The processes -

which may contribute to branch relaxation are inelastic phonon scattering,
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elastic scattering in anisotropic superconductors and elastic seattering

&ue to a spatiailyfﬁarying gap .12

The déminant mechanilsms_lnear‘Tc afé inelastiq phonon ssatteripg
énd aﬁnihilation. The electrons até injécted into_qﬁasiﬁérgicie states
from 4 to evinj' The coherence factors for these iﬁelastié proéesses
are appreciable only when the final state (u',v}) iiés between A and 24;

it is therefore sufficient to restrict the final staces.to this range.

(qu E = ZA, u =v, "~ 0.03.) Assuming the initial state on the k>
branch haé energy E > 2A we havé ﬁ ~ 1, v=0 and.the sqat;ering and
annihilation coherence factors bécome (uu})2 andv(ﬁﬁf)z respectively.
Both of'these processes add a pair to thé condensgte; The relaxation
rate will depend on the number of final states beﬁweén A and 2A and is

therefore proportional to A(T). Tinkham's result for T, near Tc is

, Q
T (T} = 0.068 T o\ A T ~ T (19)
Q : O\ T, ACT) * ° " Tc

where Tel% Re /VF_is the scattering time at the Debye temperature. This

value is determined by extrapolating from room temperature (see Appendix

CII). Reduciﬁg O increases the electron-phonon cdupling thereby decreasing

T The prefactor can be evaluated for tin and lead {see Appendix II)

Q.

yielding
Sn - -10 A(0 - . A
Tq (D) = 2X10 Z%T% , TET, (202)
ORGSR O N R (20b)

Q

Tinkham estimates that the values at T = O will agree reasonably well

with the high temperature expreésion evaluated at T = 0.




-19-

Elastic scattering can occur for A # A'., 1In anisot}bpic super-
conductors this will contribute a parallel relaxation channel. Tinkham

‘has obtained an expression for this time
T 292 % * v ' ,
A 1 [ h ]T [ T :l - :
™ = 1+<————) — |1+ , (19)
Q” .2 “\#7E) |8 & .
o o

' ‘ *
where Tl is the elastic scattering time at low temperatures, T 1is the

characteristic temperature of the non-equilibrium distribution of
quasiparticlés, and (az) is the mean square bulk apiéotropy.- The
faq;or [i #(E?IK)Z]Zrepresents Tinkham's estimate ofbthe reduction in
the anisotropy in the films due to Andermx}3averéging. At T = 0,

_h/2T1A = "50/22 7/2 for our tin samples (£ Eo 2000A). Assuming T =T,

and with fl = Zl/VF ~ 3><10_13 sec and a bulk mean square anisotropy
- _ -6
(a2 )o = 0'02’1-'4 we obtain TS(O) ~ 1.5%10 10 sec . Near T  since Tg ~A

it will be very long. Once £ becomes several Ed, however, this relaxation

process will dominate the inelastic phonon process at low temperatures.
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III. EXPERIMENTAL METHODS

A. Sample Preparation for Tin Samples

The samples were prepared on 3 in. X 1 in. gléss slides which had
been scrubbed with soép and.water, rinéed with diStilled water‘and
dryed with-N2 gés.' Each sample consisted of an Al-oxide-Sn tunnel
junction to which had been attached a Cu-Al probe. Each slide céntained
féur such sampies; the configuration for one of the samples is shown
in Fig. 6. The details for the preparation of each such set of four
samples follow.

The Al-oxide~Sn tunnel junctions were preparediby first evaporating
a 3 om wide aluminum strip X - X', 12004 - 20007 thick, onto the |
substrate and then, immediately exposing the film tova one atmosphere
mixture of air ana nitrogen for a few minutes. The chamber was theh
evacuated and a 3 mm wide cross strip of tin Y - Y' of the required
thickness was deposited. The aluminum was evapofatedvat pressures
of (20—70) % 10_6 torr at rates of (20—30)A/sec.v The.oxidation mixture
varied from 100% nitrogen to 100% air. The tin wés evaporated at
pressures of (10-50) X 10“6 torr at rates of (10425)A/sec. This
process was repeated until.juﬁctions of aﬁproximately 0.5§! were produced.
These resistances would increase to 1-2Q while the sample was being
cbmpleted; ﬁhe time fof completion and cooling to liquid nitrogen
temperatures was typically four hours. |

For all but one of the sets of samples the tin was then exposed
to air for 20-150 minutes to produce a thin oxide barrier. The slide
was then returned to the evaporater and two evaporations of SOOA:thick

layers of Si0 were used to mask off all but an area of 9.4X10-3 cm2
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Fig. 6. Experimental configuration for one of the samples

showing the standard resistor and the SQUID sensor
represented as an ammeter.
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‘in the center of the tunnel junction. A strip 6va§-Al approximately
2um thick was then deposited diagonally‘so as to make contact with the
tin oxide through the window in the Sio; The Cu-Al served as the

normal prqbe. If the sample had_been left like tﬁié; thé 1 cm length

of Cu-Al would have contributed rOughly.lQ to the resistance of'the

‘loop in Fig. 6. Th;s would have severely réduced-ﬁhe voltage sensiti#ity
of the circuit for reasons which will be explained in Section iII-E., To
reduce this resistance, a lead strip Z - Z' was evaporated over the

g

Cu-Al so as to reduce the lead resistance of the‘strip to 45*10‘
which ié.the resistance of the 2 ﬂm thick layer-iﬁ fhe ﬁindow aréa; The
coﬁpleted normal probe consiétéd of a supe;conduétor—insﬁiator—normal
metal—suﬁefconductor junction. The aluminum (3 wt%) was added to the
copper to reduce the electron mean free path to ;lOOA. This in turn
reduced the pair pe¢etration debth in the Cu-Al and precluded pair current
flon%hrqugh the probe. The‘Cu—Al layer was deposited 1 Mm at a time in
two.separate'evaporations. The evaporations weré performed with the
aid of a pellet dropper which allowed individual pellets, contributing
~200A eééh, to be evaporated to completion in suéceséion. The evéporator
was opeﬁed to air for a few minutes for relbading,ofithe pellet dropper:
between evaporations; the oxide formed on the cépper‘in that time
did not appreciably affect the probe resistanée. |

The set of samples 11A-11D were made withouf exposing the tin
strip to air. After completion of the tunnel junctions, the $Si0O and
the first‘i um of the Cu-Al were‘deposited. The samples were then
expogsed to air briefly while the lead source was insgalled and the

pellet dropper loaded; the system was then evacuéted and the sampie
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completed. For this set of samples, therefore, the Cu-Al was in good
electrical contact with the tin.

B. Sample Preparation for Lead Samples

The configuration for the lead samples was identical to that for
the tin samples (see Fig. 6). The preparation of the lead samples |
followed the same general procedure as that for thg ﬁin samples with
the following specific differences:
(1) The tunneling barriers were made by oxidizing the aluminum in air
for several minutes.
;(2).The lead was evaporated at pressures of‘(iO—ZO) x 10—6 torr at
Ifates of (36—60)A/sec.
The Al-oxide-Pb tunnel junctions'wére found to decrease with time at.room
temperature; For thié reason the desired initial’résistances of the

junctions were ~2(.



24—

C. Shielding

The signal loop consists of the four thin film samples in series
with a étandard resistof and connecting strips of léad tape. This
loob is connected in sefiés with the signal}coil.within'the can containing
the SQUID ;ensor. All extraneous currents flowing in this loop will :
degrade the S/N of our measurements and must be minimized. Ihe following
are the primary noise sources:

(1) Vibrafion of the signal loop in a dc fiéid;

'(2) ac flux coupled info the signal loop,
(3) thermoelectric noise due to temperature fiﬁctuations across the
standard resistor.
The first two can be minimized by shiélding and will be diééussed here;
the last will Be discussed in Section III-E. Figﬁre:7 shows the
. configuration of the various shields.

Vibrationally induced emf's in the signal lqopvare minimized by
decreésing the magnetic fluk, stabilizing this reduqed flux and reducing
the effective area of the loop. The first is acéomplished with the
use of concentric mu-metal cans which reduce the earth's dc field to
<30 mG and attgnuate low frequéncy magnetic field; tq ~100 Hz. The
remnant flux within the mu—ﬁetal is stabilized by a (superconducting)
lead foilzcylinder. The effective area of the loop is minimized by
taping it (including the glass slide) to a sheetvof lead tape whiéh
is securely taped to the sample mount. The lead tape provides a
superconducting ground plane which decreases the effeétive area by

several orders of magnitude.

External magnetic disturbances are severely aﬁtenuated by the
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Fig. 7. Configuration of shields for shielding signal loop.
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lead cyliﬁder and screened from tﬁe signal 1oop ﬁy the ground plane;

Fﬁrther rf shielding was not needed as the(experimeAts weré performed

in the sécond basement of a well-shielded buildiﬁé.. 
| D. Electronics N |

The voitméter circuit 1s shown in Fig. 8'aha has been discussed

in detAil by Gifford et al¥® and by Clarke.l? 1t can be divided

into three parts: the signal loop, the SQUID sensor and electronicsAand

thé feedback circuit. |

The signal loop consists of a signal source-éS in series with a

, a standard resistance Rst and a total inductance

‘source resistance R d

S

L. =1L.+L + L where L., L

T 2 stray std 23 nd L are the inductances

stray a std
of the supefconducting signalvcoil, the stray sgperéonducting'leads
~and the standard resistor respectively. The standard resistors:used in
this work ﬁere of two different types. The first.consisted_of alecnm
" length of 3.5 mm diameter commercial copper wirg'to which had been
attached supérconducting leads. This resistor of 0.160 * 0.004 uQ
served as the primary standard and was calibrated»égainst the current
steps on the I-V characteristiésof a superéonduétér—normal—superconductor
(SNS)lsjunction irradiated at ~500 kHz. The induct:énce of tbis

9

standard is estimated to be ~3%X10 ° ‘H. The seéond‘Standard fesistbr

consisted of a 0.025 cm thick manganin sheet 1 ¢m square. The super-
conducting leads were attached to 0.5 cmz, solde;fcbated areas on

the two faces. This resistor had a resistance of 2.5410.06 uQ. The -

inductance is estimated to be “10-11 H.

: |
The SQUID system consisted of a Develcr.)l9 Model 8210 sensoriprobé,

Model 8110 RF Amplifier and a Model 8130 Analog Magnetometér Console.

1
i
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Fig. 8. Closed loop SQUID voltmeter circuit.
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The signal loop is coupled to_the SQUID sensor via a mutual inductance _

M. The 30 MHz voltage across the tank circuit is féétified and then

synchronously détected a2t 50 kHz. An integrator with a short time cdnstant_'

smooths the reqtified audio; the dc level is émplifiéd-andvthen filtered
by én RC circuit (155 seconds). ~This time consténf T is the dominant
one in the loop.

The output e, provides a fegdback current which for RF >>RStd is
just eo/RF;' The feedback capacitor CF'is used tQ stabi1ize the loop.
The detailéfof the closed loop system including aéCuracy, stability,
bandwidth and input impedance are treated in Appeﬁ@ix I.

E. Noise and Sensitivity

.Tﬁe shielding discussed in Section III-C eliminated noise problems
due to microphonics and exte;nal fields. IntrddQCing source and standard
resistors into the:signal loop introduces thermoelectric noise and
Johnson noise. For temperatures from 4.2K-~2.18K and 2.18K-1.3K the
voltmeter was limited.by thermoelectric nqise and Johnson nOise
respectively. | |

Thermoelectric noise is caused by temperature fluctuétions along
the resistors in the circuit. The voltage noise éﬁove the A‘poinﬁ
(TA = 2.18K) is attributéd to thermoélectric'noiéé because of ﬁhe
dramatic decféase in this noise as.the temperature wasilowered through
the A point and because the Ehin.Zum Cu-Al barrigrs in the normal |
probes did not exhibit this excess noise.' The rms'véltage noise
observed with the coppér standard in the circuit'was 2><10—13 V/Vﬁ; at

2.5K. The manganin standard was considerably noisier (higher thermopower)

b
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showing an rms voltage noise of l><10-12 V/YHz at 2;6Ki Assuming a

thermopower for the copper at 2.5K of “10_6 V/l(:,z'0

;the observed voltage
noise would be expectgd for rms temperatdre fluctuations (in' a dc to
1 Hz bandwidth) of ~QXI0—7 K//Hs. ‘Microdegree_temperature changes
along the 1 cm'length of the ‘standard resistor are certainly reasonable.
The obser&ed voltage noise anve the A point was tYpically 10-100 times
the expected Johnson noise.

For»témperétures below the A point the voltmeter was limited by
Johnson noise iﬁ the sample and standard resistors. The Johnson noise

/2

voltage is.egﬁs = (4kTRB)l where R is the total resistance in the

signél loop and B is the bandwidth for the measurement.

TS/ = 0.74 &2 o v v 2t K (222)
= 1,49 Rl/z (10'12v/¢ﬁE) at 4K . _ (22b)

The device noise is‘expressed as an equivalent npisé voltage in the

signal loop and is
' ed R
o

rms, g
€N /V/B = v s (23)

where € is the rms device noise expressed as a fraction of a flux

quantum ¢° _

€ = DN V . | (24)

and M is the mutual inductance of the signal coil L2 and SQUID inductance

L. For our SQUID € = sx10”% //Hz and M = o.9><1o'2un yielding

eIN//B = 1.1x10°8 R (v/VEzZ) . (@25)
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In Fig. 9 the device noise and Johnsonrudséare compéred over the
‘range of total resistance applicable for this work (10 6--10 2. The
SQUID voltmeter is ideal over this temperature,and resistance range

" as the Qoltage sensitivity is limited by Johnson npise. The noise

factor for the device is given by -

2 3 2,22, 2

eDN + eJN 4LKTR + €“0 R /M .
: 5 4kTR
e

One can further define a noise temperature for the device as the

temperature at which F'= 2. Thus

€2®02R ‘ J  ", (,7 )
T = — ' ’ . 27a
N 410 : ' '
TN = 240 R ' (27b)

and even at R = 10_49 the noise temperature is only 24 mK.

F. Measurements

Ihe measurement configuration is shown in Fig. 6. The resistance
of the normal probe was measured by passing a“currenﬁ ffoﬁ Z' to Y' and
measuring the resﬁlting voltage, I-V plots were reéofded on a Hewlett
Packard, Moseley Model 7000A X;Y recorder as theveﬁfrentvwas swept.
'The nonequilibrium voltage was recorded in én identiéal manner
versus current for both electron injection (current Y' - X') and
electron extraction (curfant X' - Y'). Each slide'éontained four
samples which were wired in series into the signalvloop. The expefi—
ﬁental data.were aVeraged for those samples (typically two) which had
acceptablé'injection and probe junctions. The film thicknesses were

‘measured using a Varian A-scope interferometer, Model 980-4000.
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Fig. 9. Johnson noise voltage, device noise voltage and

noise temperature vs total signal loop resistance
R. ' ’
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' IV. EXPERIMENTAL RESULTS - TIN
Tinkham's theory predicts that the nonequilibrium voltage per unit
- current & will be proportional to the product FTQ whefe’F'is proportional

to the rate at which the branch imbalance is created per umit volume

and T, is the relaxation time for this imbalance. 'C1arke21 has verified

Q

the order of magnitude (10-10 sec) and temperature.dependence of 1. for

Q
tin. We present similar results for tin as well as the first experi-

mental tests of the injection voltage and temperature dependences of F.

The chapter will be divided into four sections dealing with the injection

junction, the probe junction, the determinatioﬁ'of T. and the voltage

Q

and temperature dependences of F.

A, The Injection Junction '

The injection junctions were high quality Al;oxide—Sn tunnel
junctions. The resistance of the aluminum strib was ~ 0.1 per square
at 4.2K; this allowed us to use junctions of resistance 1 and have
the tunneling current densify uniform to ~ 10%Z. These low resistance
~junctions permitted high injection currents and éorrespondingly high
nonequilibrium voltages in the region of special iqterest,

0<eV < A. The I~V characteristic for the injection junction

inj ,
for sample 6B is shown in Fig. 10 and is represeﬁtative of the results.
The characteristics cover the temperature range (1;37-3;77)K. The
aluminum has an energy gap of ~0.13 mv af 1.37K. .fhe low voltage
portion of this figure was expanded and the slopé di/dV.méasured as

- )
eVinj 0. The normalized conducténce &xs for a BCS superconductor

11 .
versus A/kBT has been tabulated by Bermon. The value of A/kBT can
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be determined from

SO ! ey
_kBT - AQ0) ,kBTC t 1 o, |

using the BCS reduced gap and 2A(0) = 3,51 kBTCZZtnr' tin. For san.rple(

6C at T = 2.16K the measured and calculated valneeiwere both gs ~ 0.245.
The agreement.was generally excellent. This pfocess can also be re-
versed for high quality Junctions and the measured values of gNS

be used to determine the energy gap A vs T.

B. Probe Junction

The nofmal probe consisted of a.Sn—oxide;Cu/Ai tunnel junction in
~ series with the '"lead" resistance of the Cu-Al. Both the tunnel junc-
tion and the Cu-Al barrier had an area of 8.6 x 10‘__3 cng. The Cn—Al
IWas typically 2 um thick and was found from measurements on sample 11
to have a resistance of ~ 5 X 10_79. The resistence of the normal -
probe at‘the tin transition'temperature was typically 10759 so the
Cu-Al contributed at most 5% to the probe resistance.

As the voltage across this tunnel junctionywas'nanovolts or less, v
the measured normalized conductance must be.compered with that for an
ideal BCS tunnel junction in the low voltage limit eV << A. This
~comparison is made in Fig. 11 for samples 6, 8 and 15. Although
samnle 6 exhibited considerably more excess cbnductance than samples
8 and'iS, this was not found to affect tne values nfél.

Also included in Fig. 11 is the conductance ef sample 11 for which.

the tin was not oxidized. For this sample the probe junction consisted

of a Sn-Cu/A1-Pb (SNS) junction. The conductance was normalized
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Fig. 11. - Normalized low voltage conductance Vs A/kBT,for the

tin samples compared with the theory §solid line) by
Bermon. v
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to the low'témperéture result. The decrease in the measured con-
ductance ﬁear TC(A/kBT_+ 0) reflects the resistiéevéontribution 6f_thé
tin as a result of the measuring current. This édded resistance is
just the.pair—quasiparticleu potential differencé-ﬁér.unit current
reéulting from the meaéuring cufrenf which is apﬁlie& throqghvleads
Y', 2! 1ﬁ Fig. 6. In this case the cﬁrrentvis flbﬁing into the
Jgperconductor S via an SNS junction but we Qili”;oén see thaf the
ﬁeasureqlpotentiél is quaiitatiVely_the same as for_injecti&n via a
tunnel Jjunction. Since Fhe meésurements of the hdheduilibrium voltage
V are nu11 measQrements (I=0), the normalized.éoﬁdﬁctéﬁce used in
Egs. (18 ) should not include this conductance dip... The oxidized probes
exhibited a smaller conductance dip near'I'..C whiqhﬂﬁgs corrected_for

by normalizing the conductance to the m#ximum meésu;ed value.

C. Determination of T

. Q-
~For high injéction voltages eVinj >> A(T) Eq. (18) becomes
o . .
& = ——2 ., | C29)
2 N(O)gNSQ

i

as F apprdaghes pne.. We diécuss in this sectiéﬁ'measufements ofwﬁ
for whiéh eVinj:>v10 A(T> implying that F.> 0.97($ee Fig;_Sa);

A; eéch temperature V was plotted éontinuoﬁsiy versus 1 for
both electfon injection and electron extractién.f fromvthe.X-Y

ni = 10 A(T) were determined.

recorder traces the values of & for eVi j

For electron injection into the superconductor the Cu-Al probe was

negative relative to Sp; for electron extraction it was positive.
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"~ For all samples the values of & for injectionvand eXtractiOn were

nearly equal near T, but showed a gradually increasing asymmetry as the

c

L] - ﬁ
temperature was lowered vThis asymmetty ( inj e )/ average at the

lowest tempefatures was ~ 13% for sample 6 and ~ 50% for sample 15.
Since the excitation spectrum is presumed to be symmetric aboutvkF for

E << Ep,
pected. The average value & = V/I will be used for most of what follows.

i
At low temperatures ® was independent of V j for eVinj > 10 A(T) for

however, ® increased

this result, which was also observed by Clarke ,21 was not ex-

currents up to the maximum used ~ 20 mA. Near TC’

vsteadily [even for eV > 10 A(t)] and showed increasing instability for

inj
injection currents greater than a few milliamperes ~ This instability is
probably a‘result of temperature fluctuations affecting the enengy gap.
Reduction of A caysed by heating attributed to the injection current
would aiso eXplain the increase in &, N

Thetmeasured values of & increased raoidly'at low temperatures as
a result'of the'rapid decrease of gNS; The data»eorrected for the measured gNé
expressed as gNgﬁ = 8ys -g are plotted versus tempetature in Fig. 12.'
The quantity gNSV/I 18 seen to be inversely proportional to the volume
Q of the tin for samples 6, 8, and 15. The measured transition tempera—
ture for samples 6 and 8 was 3.81K and that for sample 15 was 3. 86K
The sample thicknesses are all + 100 A and the injection area was -
constant at 10 -1 m2. |

The results for sample 11 show the dramatic effect of the Cu-Al
on the energy gap in the tin. The proximity effect reduced the

transition temperature to 3.43K and the injection junction I-V

characteristic showed no observable energy gap down to the transition



-38-

12

10 | eVipj = 3.1 mV o . _

L 11(3840 A)

(2]
2
O e
> -
6__ —
u -
41— —
oL inj = 10 A(T) _
’ .
~ 6 (2000 A) > 7
8 (2890 A) -
15 (3550 A+ : '

+
|
—+
l
+

|, 2 3 4
CTK) § i
| XBL736-6354

Fig. 12. Average of potential difference per unit current for electron
" extraction and electron 1nJect10n corrected for normal probe
" normalized conductance BNg* :
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temperature of the aluminum at 1.8K. The small energy gap results in

a long T and a large value of VgNS/I.

Q
Finally we define a quantity

I = — gNSQ = ——-—9— . evinj >> A , (30)

which is proportional to T This quantity is plotted versus the

Q"
‘reduced temperature in Fig. 13(a) where the reduced‘temperatures
T/TC were determined using the experimentally meashred values for TC'
The Tinkham theory predicts a tempgrature dependénce for § of
A(0) /A(T) ﬁear TC. Figure 13(b) shows the data near TC with an exf::
panded scale for t. The solid line in Fig. 13(b) fepresents én attempt
‘to fit the data 6ver the range 0.97 < t < 1.00.using only one parameter,
the coefficient of A(0)/A(T). The agreement is only fair, in&iéaéiﬁév
that the relaxation of Q near TC involves more thén'inelastic elecffdn—
phonoﬁ processes. The same fit ¢ = 2.3 A(0)/A(T) is shown as the
solid liﬁe in‘Fig. 13(a). At temperatures below about 0.9 TC;Q* will
be appreciaﬁly less than Q and the experimentél data are expected to
-1ie below the theory. ‘

Using the value for N(0) for tin from Table I, Appendix 11, the

fit near TC implies |

e

The low temperature data imply TQ(O) = 0,7 ><10—10 sec which is in
good agreement with Tinkham's low temperature estimate of Q /Q = 0.7.

Clarke21' fit his data for tin over the entire temperaturg range to
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Fig. 13a. The values of ¢ for tin samples 6, 8 and 15 vs the reduced
temperature, The solid line is the theoretical fit at high
temperatures yielding ¢ = 2.3 A(0)/A(T).
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obtain T, = 3 X 1070 A(0)/A(1) sec and 1 (0) 3% 10710 sec.
[The published value of 4 x 10~ Q was incorrect due to a calibration
error.]
Since VFTQ 1s at least 46 um for our samples and 2 ~ 2600‘A

the quaéiparticles undergo a random walk before branch crossing with

a characceristic rms excursion (V T.2) 1/2 . ”Neer T

FQ e
Q

- diffuse only ten's of microns along the tin strip, the nonequilibrium .

" volume is well defined by the tunnel junction cross section (3 mm X 3 mm)

and the film thickness.

D. The Voltqge»and Temperature Dependences of F
At high voltages the resistance & is determined solely by TQ; "As

i nj is reduced however, the degree of branch imbalance produced by
the 1njection current is also reduced. The experimental quantity

normalized to .the limiting ualue at high vclteges L, is
eV N ,
inj : : ‘ L .
,F“w=E<Aw)’t> S (32)
‘The function F, expressed here in terms of the more obv1ous experi-
mental quantities eVinj/A(O) and t, is shown in'pig. 5(b). Figure 14
shows avcomparison of the experimental values for ;/¢ _with F for
sample.lOC at two values of the reduced temperature. The solid lines
indicate the experimental results for t = 0.53 and 0.89. The dashed
lines indicate the theory for t = 0 0. 5 0.9 and 1. All of the
i

samples showed a region such as that between 4 and 7 mV in this fig-

approaches

ure in which € exceeded ¢ . The reduction in F as eV inj

T ~ 10"9 sec and A ~ 13 um. Since the current-carrying quasiparticles
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A(A = 0.52 £(0) for € = 0.9 and 0.96 A0) for t = 0.5) is clearly
seen. Figure 15 shéws a similar resdlﬁ for sambié»iSA; The data.at
t = 0.35 wé;e taken below the ﬁransition.temperé:ﬁré'bf the alumihpm :
;trip. The general form for F is unchanged as the primary effect of
the'gap in fhe aluminuﬁ is to simply incréase thé'énergy‘gap iﬁ the
'tunneliné dénsity of states to AAl + ASn' The‘é;uﬁinﬁm enérgy gap
aﬁ‘t = 0.35 was ~ 0.1 ﬁV.f

' Figufé'16 dramatically shows the efféct of,V _on the nbnf

inj

equilibrium potential V. First the I-V characteristic for the injection

junction was swept to indicate the discontinuous jump in‘Vinj from

. Electrons are extracted from the
Sn Al -

tin for'Vi' > 0 and injected into the tin for V, . < 0. The non-
nj v inj

’equilibrium voltage (noisy trace) was then swept and V clearly undergoes

approximgtely ASn - AAl_to A, + A

a discontinuous change in step with V This~¢learly demonstrates

inj’

that the branch imbalance created for V, , = A+ A,, is greater than
' . inj “Sn Al

that for Vihj f ASn - AAl'
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Fig. 16, Successive 's'weeps of the injection voltage Vin' and pair-quasiparticle potential
difference V vs injection current I for tin saprle 10C. Positive and negative
‘voltages represent electron extraction and injvection respectively.
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V. EXPERIMENTAL RESULTS - LEAD

Measurements were also made on this systethith the tin replaced
with lead (see Fig. 6) for temperatures from 1.3 to 4.2K. These results

will now be discussed.

A. Injection Junction

The Al-oxide-Pb tunnel junction had normal stete resistances of
lf2 Q's. The low voltage portion of one of the tunnel junctions (12 C)
is shown in'Fig. 17 for temperatures in the range (1.63K—4.22K) over
which the aluminum was nbrmal. The limiting resistance for high voltages
‘'was 1.5 @ for this sample. For.temperatures above.tﬁe transition tempera-
ture of the aluminum, the low voltage values of gNS can be used to calculate
the energy gap A. For samples 12C ‘and 12D at T = 2. 52K the energy gaps
vere found to be 1.36 mV and 1.354 mV respectively. .Assuming a BCS
‘temperature dependenee for the reduced gap, these vaiues yield a value
of A(0) = 1.36 mV. Tunneling measurements indicate 2A(0) = 4.38 kTC22
for lead. From this we are able to infer a transition temperature for
our films of 7.21K even though no measurements were made abeve 4.2K.
Another'requirement for a high quality tunnel junetion employing a lead
electrode is that the tunneling density of'states exhibit the lead
phonon strdcture. For a normal metal- 1nsu1ator-superconductor junction
the derivative of the tunneling I—V curve (dI/dV) in the sdperconductlng
phase divided by (dI/dV)N in the normal phase is'equal to " (E) = g%%%_
where N(E) is the density of quasiparticle statesvin_the superconductor
per spin and N(0) is the density of states per spih at the Fermi level

in the normal metal. Figure 18 shows an X-Y recorder trace of (dV/dI)S

versus V for junction 12C at 1.63K. The regions of rapidly increasing
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Fig. 17. Low voltage I-V characteristic for sample 12C for temperatures from 1.63K to

4.22K. Successive characteristics are offset for clarity.

-8y~



ble 112 d

pago A

=|.63 K

B 1 ’ i T T T )
. , : . ,
T ! E ' \‘ . _

At

l _ i .
30 | 25 |-20 |5 | 40 | -5

~o | 5

Vinj TAVT

_6’7_

XBL736-636!

Fig. 18. Dynamic resistance dVi,:/dI vs Vin' for sample 12C at 1.63K. The arrows indicate
~ the location of the phonon density”of states peaks.
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(dV/dI)S:are the result of the ﬁhonon density of sgétes peaks/fof the'.
transverse and lonéitudinal phonons at energies of 4.5 and 8.4 mV. fhé
peaks oécu? atbvoltages of Afb + 4.5 and APb + 8.4,ot ~ 5.9 and 9.8 mV
respectively and are indicated by'the arrows; The I-V characteristic
was swept with a dc curre@t source with an ac modulating current of

35 pA peak to peak. S ' . ' i

‘ B. Probe Junction

The Pb-oxide-Cu/Al-Pb junctions had resistances of ~ 5 X 10—6 Q

at 4.2K about an order of magnitude greater than that expected for the

Cu~Al barriers alone. Thé lead films in sample 12 were oxidized in air

for 15 minutes and produced probe reéistances of 4 X 10—6 f at 4,2K;

sample 16 was oxidized for 65 minutes and produced probe resistances

of 6 x 107°

ever, as the resistances increased only about 5% from 4.2K down to 1.3K;

The results for tin, however, indicated that the values of the non-
. equilibrium voltage were not sensitive .to the quality of the probe tun-

nel junctiph provided an oxide layer existed. It is‘likely therefore

that the results presented here for lead were not affected significantly'by<:

the proximity of the Cu-Al. Additional measurements with better probe |

tunnel junctions would, of couse, be desirable. ;j”

C. Comparison with Thquy

The values of the nonequilibrium voltage per unit current - for
the lead samples showed little asymmetry and were essentially constant
for eVinj > 5A(0). The values for electron injection differed from

those for electron extraction by only a few percent. The quantity

4 ='VgNSQ/I was calculated for the two samples and”plotted versus the

. § at 4.2K. These junctions were not tunnel junctions, how- -

B
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reduced temperature usipg the estimated value of TC = 7.2K. The data

aré shown in Fig. 19 and represent the temperathe range 1.3K—4.2K. The
data for the two film thicknesses agree very well indicating the expected
inverse volume dependence of the nonequilibrium voltage. A solid curve
has been dréﬁn through the data points.v The data for samples-12 and 16
were taken using a copper standard resistor (1.6 x 10_79) and a

manganin standafd resistor (2.5 x 10~69) respectivély. The large error
bars for the sample.l6 data above the A point (t ;_6;303) reflect the
order of magnitude more thermoelectric noise across the manganin:
standard (see Sec. III-E). Tinkham's theory for Q relaxation via in-

elastic phonon processes predicts a constant value for £ at low tempera-

tures, [ = TQ(O)/ZGZN(O), and Tinkham's estimate is

TQ(O) = 3 x 10.12 sec for lead. The value of calculated using this

value of'TQ(O) and .the value of N(0) from Appendix IT is

3 3 and is shown as the dashed line in Fig. 19. The

0.5 x 10 0-cm
?alue of T at 4.2K agrees quite well with the Tinkham estimate-for
relaxation by inelastic phonon processes. The data, however, imply an
increase in TQ as the temperature is lowered. This is not expected as
addi;ional relaxation channels at low temperatures would cause [ to
decrease. |

The low voltage relationship between the injectidn véltage VinJ
and the nonequilibrium voltage V is shown in Fig. 20. The X-Y recorder

traces were taken at 1.39K, below the transition temperature of the

aluminum. No appreciable nonequilibrium voltage is developed for

| App-Ba1 o :
0 < Vinj's —e  even though an injection current of 150 pA is
flowing at eV =A. . -A As the I-V characteristic is swept with

inj ~ “Pb T “Al"
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Fig. '19. 7 vs the reduced temperature for lead samples 12 and 16.
The solid line is a smooth curve drawn through the
~data. The dashed line is Tinkham's estimate for .
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The pair-quasiparticle potential difference V vs the injection voltage Vinj for
sample 12D at 1.37K. The low voltage portion is enlarged in the trace at the

left.
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a current source, the injection voltage jumps discontinuously from
'APb - AAI to APb + AAl' Above the lead energy.ggp,the nonequilibrium
voltage appeérs and quickly approaches its limiting value with respect

to Vinj' The ratio of these voltages V/Vinj well,above the gap

- , |
approaches ~ 10 ? at this temperature. B ;
E

i e
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’ ‘ VI. SUMMARY

We have used an rf SQUID voltmeter to measure the potential dif-
.férence bétweep the quasiparticles and pairs, in the presence of an
electrical current, in a small volume £ of superconducting tin and lead
over the temperature range 1.3 to 4.2K. The current I enters the
superconductor through a tunnel juncﬁion and produces a branch im-
balance in the quasiparticle excitation spectrum. This branch imbalance
or quasiparticle current relaxes in a characteristic time Tq. The
" results have been compared with the theory by Tinkhaml0 which predicts
a nonequilibrium potential V thch is proportioﬁal to a quantity Q*
which is ‘related to the quasiparticle population imbalance per unit
volume Q. Since Q* cannot be calculated with this simple theory, the
theoretical result is expreésed in terms of Q. Near_TC, Q* ~ Q and
the theory is expected to agree with the measuremen;s.

Our measurements for tin confirm the volume and injection voltage
dependences of V. The temperature dependence of TQ is seen to be in

fair agreement with the theory near T, and in excellent agreement at

c

low temperatures. The magnitude of T, near TC of 1 x 10-10 A(0) /A(T) sec

Q
is in good agreement with the thgoretical estimété of

2 X‘ld_lo.A(O)/A(T) sec and in fair agreement with the results of Clarke21
of 3 x 10-10 A(0)/A(T) sec. At low temperatures the data lie below the
theory by an amount which is consistent with Tinkham's estiﬁate of

Q*/Q ~ 0.7. One sample utilized a normal prdbe which was in good
‘electrical contact with the tin. The tin electroéé,exhibited no

observable energy gap and V remained large at low temperatures, as

expected, since V is proportional to A(0)/A(T).



Our measurements for lead confirm the volume and injection voltage

dependence of V. The data near 4.2K agreelwith Tinkham's low tempefé—
 ture estimate of TQ = 3 x 10_12 sec; Below 4.2K, however, V inéreases;

this was not expected and is not understood at the present time.
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APPENDIX I, FEEDBACK ANALYSiﬁ
The voltmeter circuit shown in Fig. 8 will be discussed in detail
vvhere with a treatment which closely follows that by Gifford et al. 16’
/The circuit can be formally analyzed using the block diagram shown
in Fig. 21. The summing point is the SQUID sensor; the net flux Ad
in thé sensor is given by ¢S - @F where QS is the §;gnal flux and ®F

is the feedback flux. The forward, flux-voltage tfahsfer function G is

'G(w) = _G_(Q.Z_ e T ='RC.

1+ jwt °
where T is the dominant time éonstént (~100 secs) in the circuit. - The

signal aﬁd feedback transfer functions are easily_calculated by referring

to Fig. 8. 4
8 - M . T =L2 + Lstr§27+ Lstd (2)
’ B ]
8 (Rs + Rst:d)(l + ijs) s Rs.+ Rstd
g = M Rstd 1+ j(MF)(1 + Ju)Tstd-)
F 'RF(RS + Rstd.) (1 + ijs)

where std Lstd/Rstd and F .-RFCF' Thg yoltage ggin eo/eS can be

calculated with the help of one additional equation,

49 = ¢S - @F . A | 4)
The open loop gain AOL (¢f = 0) is
G(O) M 1 :
A_ =gG-= - . (5)
QL s A(RS+RStd) aa+ jwrs)(l +_jwr) _

The closed loop gain ACL is

A, = 1 isG ¢ - 1 jog ’ - (6)
T Bf L .

: o
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‘Fig. 21. Block diagram for SQUID voltmeter.
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where GL = ng is the loop gain. Using these'définitions,_we consider

stability,'bandwidth,éccuracj and input impedance for the closed

o
¢

loop system.

A. Loop Gain and Stability.

The general expression for the loop gain is

!

G, = GO) MRipq (L * JUTRI A+ JuT, o) (8)
L Ry, + R (1 + 3wt )@+ jur)  *
G(0) M R A . .
G. (0) = sed_ L)
L RF(Rs + Rstd) o v

The stability of the system requiresthat fof GL > 1 the feedback be
negative. The feedback will remain négative'so lpng as the phase

of the complex loop gain function is iess than m/2. For the usual case
‘(T > T, > Tstd) this requirement Vill be met indépehdent of the

frequency provided T_ = TS-, i.e.,

F

+ .
L2 Lstray + Lstd

C. > o (10)
RF F Rstd + Rs_ : .

If the féedback capacitor ié not used, the phase will reach T/2 at

/2

an angular frequency (TTS)_;

and the maximum alibwéble loop gain will
/2 ' ’ |

1
be (T/Ts)

B. Bandwidth

The bandwidth for the closed loop system (ZHTFB)fl greatly exceéds

that for the open loop system (ZNT)—l. We calculate T B for the case

F
tF = Ts}' Using Egs. (1), (2), (3), (6) and (9) the closed loop

voltage_gain~becomes
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_ g, (0) G(0) _
A = s . b
CL (1 + jwr) + GL(O) a+ JwTstd)
TTF 'w(TAOL + T/G. (0) ; (11)
J std L >
The voltage gain begins rolling off at 3dB/octave at a frequency
.24 o ; ' '
Bpp>
' -1 Rsea K |
B, = (2m7_..) ~ = + . (12)
FB FB 21rLStd 2nGL(o)
C. Accuracy

The fractional error in the output e, as a result of the error signal

can eésily be shown to be

o1 _ G E)

For dc measurements with GL(O) >>1 the accuracy is-lOO/GL(O)%.' For
periodic inbuts at an angular frequency W the accuracy is reduced to
100/GL(w)%.

. Often the input consists of a voltage ramp. For the case in which
the closed loop voltage gain can be written as in Eq. (11) with a single
term (1 + ijFB) in the denominator, the system responds to ramp inputs

in the same way as a simple RC filter circuit. Suppose the input is

‘swept to a voltage € max in a time T. It is easy to show that for times

T>>T B the output e, will be delayed with respect to the input es by a

F

time ?FB and the resulting output voltage error at time T will be

e T_./T where e is the output which would result from a dc
omax FB omax

input e . The percentage errorlg e will be 100 TFB/TA. If the
sweep stopg at esﬁax’ the output voltage will apprqach the value € max’

the value characteristic of the dc accuracy of the measurement, in a

time characterizéd‘by TeB
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D. TInput Impedance

Gifford et al.® have shown that for the case Tp =Ty << T the
input impedan_ce-Zin for the system is
Zin ™ Ryra 6L Ik [“LT - R tdEGL(O) ~ 2:] 15)
. 1+ wTh) ste 1+ wT

The input impedance is real and enhanced by the loop gain at dc.

E. Estimate of Accurécy

The feedback capacitor CF was not used for our measurements. The
3 .

< GL(O) < 104. The major

=2 }
was estimated to be ~2%X10 " sec

resulting loop gain was in the range 4X10

time constant T was 155 seconds and T_,

for the,1.6X10_7Q standard which was used for most of the measurements.

The feedback time constant T

IFB < 6><].v0m2 sec. The input was swept at rateé <10-12 V/sec implying

an absolute accuracy of better than 6X10-14 V.

FB calculated from qul(lZ) is, therefore,
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APPENDIX II. ELECTRONIC PARAMETERS
The BCS density of states N(0) and the Fermi velocity vy are
‘calculated for tin and lead. The density of states at the Fermi

surface pér unit energy per unit volume is

S 1 ' N
D(0) = —— [ = - J 1)
4mh (v ) .

F

where D(0)>= 2N(0), S is the area of the Fermi surface (excluding any

areas of contact with the zone boundaries), and (l/vF) is the average

. / } - :
over the Fermi surface of the reciprocal of the Fermi velocity. The

coefficient vy of the electronic specific'heat is —

Y = D(0) szsz ) _ ‘ - (2)

W

where kB is Boltzmann's constant and can be experessed, using Eq. (1)

as

k,“s ;. B
= B (fl.> . ' : .' (3)

The Fermi surface area can also be related to the electrical conduc-
tivity divided by the electronic mean free path, both averaged over

the Ferml surface,

S . e85 | (4)
) o |
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Equations(3) and (4) yield

ﬂszzyl : ) S
Ve = T3 — _ L - (5)
e’ o '

if we assume 1
o (&)
F YF

The experimental values for Y and 0/% = are listed in Table I

togeﬁher with the values for N(0) and v

g calculated from Eqs. (2) and (5)

respectively. Also included in the table are other quantities of
interest: thé Debye temperature @D’ the resistivity ag room temperature
P, the electronic mean free path £ for ourvfilms at 4.2K and the bulk
coherencevlengths Eo at T = 0.

The>time T9 is the phoﬁon scattering time éf a temperature O
Q" To obtain’T'O we extrapolate from

room temperature assuming T « T—l. We have

which enters the expression for T

') L . .
S] 293 293 )
T = = = — at T = 20C .
o Ve Ve o © v
Now
. 9293
293 o/t
80
o 93 293
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These values are calculated for tin and lead using the values for

e,

v, and 0/%4 from Table I.

The results for Ty also appear

9293° F
in Table I.
Table I. Calculation of Qalues for Tin and Lead
Aguantitﬁ Units Tin Lead . Reference
Y - 1.08 x 10°% 1.62 x 107*  .1s5p 23
ce~-k . : .
N(0) evilen™  1.38 x 10%?  2.07 x 102%  ——
0, K 200 105 15592
- - ‘ 7
/8 Tl en? 9.5 x10% 9.4 x 101 Chamvers’
8 8
Vg cm/sec 0.65 x 10 0.43 x 10 —
° ' ) -6 - 28
p(20 C) {i~cm 11.5 x10 22 x 10 CRC Handbook
2(4.2K) A 2600 ——
T sec 2.1 x 10714 3.1 x 10714 —
3 A 2100 800 ——
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