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AN INVESTIGATION OF THE SNS JOSEPHSON JUNCTION |

AS A THREE-TERMINAL DEVICE

‘ABSTRAéT
Follvbbwing the discovel;y bva. Meissner and R.R, Rockefeller of

the control of an SNS Josephson junction by a current entering the
normal région and leaving through one of the superconducting regions,
an investigation was initiated to study the phenomenon and to charac- z
terize the new devicé as a circuit element. |

‘The effect of the control current on the junction current was de-
scribed by an eAmpirical parameter a.- The resulting tr»a.bnsistor’-like
output current-voltage characteristics support the f_in‘d‘ings -of
Rockefeller. |

Thg value of a_ was typically 0. 8, and it was discovered to depend |
upon the ratio of th‘e resistances of the two halves of the N layer. In
partiéuléf, a could be varied by 'introduci.ng a tﬁin og:ide lﬁyer at one
of the SN interfaces. In t'kh'eéry,‘ uov ‘;:ah be predetermined anywhere in.
the fange 0< go< 1 t’hro‘ugh \fariations in the thin-film depositi_oﬁ pro-:
 cedure. o ” ”
A low -frequency, lumped, nonliﬁ"_ear model based on that of Stewart
a_nd McCﬁmber was proposed to déscribe the -«electricgi .characteristics

. of the'device'.' The three-terminal current-voltage characteristics



were in good ag'reerhelj'lt with those predicted by the model.

A method peculiar to the three-terminal device was developed to
plot the dynamic junction resistance as a function of junction current,
With this method it ;xaas demonstrated that the device was c;perable at
signal frequencies of at least 9. TkHz, the limit of the lock-in ampli-
fier.-

The effective thermal noise temperature of the sample was deter-
mined to be ~20-30K. With the r.f. shielding of a screened room, it
was found to be reduced markedly to ~ 3K,

- A small-signal iinearizekd analysis of the device suggests its use

as an impedance transformer. However, due to the present geometry

- limitations, no transformer action was observed. In theory, with a

suifable geometry to reduce the input lead resistance, transformer
ratios as high as a;l are possible under favorable conditions,

In the vliinear épproximation the breseht device is reéiprécal and
no power gain‘ is poss{b‘le.. It is felt that the device has promisg to
become a "superconducting transistor" Wi'th suitable meté.llur-gical :

and geometrical improvements.

ii
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1, INTRODUC TION

I.A, Preface

Following the experiments by H, ’Meissner and Bedard1 and by H,
Meissner2 on the properties of the two-terminal, superconductor/
normal—conductor/supgrconductor (SNS) junction, H, Meissner and
Rocke_feller%nvented the three-terminal, SNS Josephson junctionrd-evice.
Using an SNS méchanical-contact junction consisting of two crossed t{n
wires sandwiching an i.ntermediate film of gold, they discovered that
the introduction of a current directly into the center layer of the sand-
wich would modify the two-terminal electrical characteristics of the
de‘.rin:e;4 The resulting current-voltage characteristics of the three-
terminal device are not unlike the output characteristics of the bipolar
junction transisvtor.

Since this new transistor-like phenomenon was observed in a device
consisting of only thre’e rhéfals at cfyogénic temperatures, it had the
potential advantage over the semiconductor junction transistor .f ease

of fabrication, low thermal noise, and, due to the very small energies

1. H. Meissner and F, Bedard, Phys.Rev. 101 , 126 (1956),
2. H Meissner, Phys Rev. 109 , 686 (1958).

3. H Meissner and R.R. Rockefeller, U,S, Patent No. 3 689, 780
- Sept. 5, 1972,

4, R.R, Rockefeller, Ph D, thes1s, Stevens Instltute of Technology,
unpubhshed (1970) . . ,



characteristic of superconductivity, greater sensitivity. In addition,-
because the SNS’ sandwich is a tunnel junction, the intrinsic frequency
limit of the device 'might be as large as that corresponding to the energy
gap in the superconductor.

The present investigation was initiated to (a) study the properties
of the hcw device in thin-film form, (b) determine the physical mecha-
nism of the phenomenon, (c) propose a circuit model for the device,

and (d) determinc its applicability as an amplifier.

I. B. Superconductivity

I.B. 1. Origins

The seeds of the science of superconducﬁvity were planted in 1908
when H, Kamerlingh Onnes first succeeded in liquefying helium. Liq-
uid helium boils at 4. 2K under one afmosphere of pressure, and it
serves as a liquid bath environment for the study of phenomena at low

‘temperatures.
' - ’ e R ‘ . o 5, 6 N

Superconductivity was discovered in 1911 when Onnes™’ found that
the electrical resistance of a mercury wire drops quickly to an immeas -

urably small value as it is cooled below a cr{ticral temperature. Sub-

5. H.K. Onnes, Leiden Comm, 122b, 124c (1911},
6. H.K. Dnies, Leiden Comm., Suppl. No.34 (1913),



sequently, it was discovered that many polyvalent metals had their
resistance drop to an apparently zero value below a characteristic tem-
perature called the transition témperature, 'I‘C. These metals are
called superconductors and the currents which pass through them with-
out experiencing a measurable resistance are called supercurrents,

After the initial discovery of superconductivity, Onnes soon found
that the resistive state of a superconductor would reappear if a mag -
netic field larger than a certain value, termed the critical field HC, is
applied to the superconductor. He also noticed that the superconducting
state could be quenchéd if a current larger than a critical value, IC, is
passed through the sample. Later, it was proposed by Silsbee7 that the
critical current produ;es a magnetic field of value I.-.IC at the surface éf
a bulk superconductor.

In 1933, Walther Meissner and R, Ochsenfe1d8 discovered that the
superconducting state is hot su‘ffi:’ciently described by perfect conduc-
tivity but that perfect 'diamagheti;m is also fundamenktal to the phenom-
enon. This waé demonstrated when they found that a ;ylinder of tin
Situa’ted in an applied uniform magnetic fie“k‘i: g;&pels the magn_e‘tic’frlux .

when it is cooled below the critical temperature. This is known as the

''Meissner effect.' It implies that the transition from the supercon- -

7. F.B, Silsbee, J. Wash.Acad.Sci. 6, 597 (1916).
‘8. W. Meissngr and R. Ochsenfeld, Naturwiss. 21, 787 (19‘33).1 '



ducting state to the non-superconducting (normal) state is thermodynam-
ically reversible (i. e., the final state of the specimen is not dependent

on its path of transition).

I.B,2. Theoretical Background

In 1935, H. and F. London proposed a phenomenclogical theorygof
the elecfroma-gne‘tic properties of superconductors which has been
fqund to be extremely useful. They proposed two equations to describe
the supercurrent, | The first relates the acceleration of the supercon-

ducting electrons to the force of the elzctric field E by'
afjat= (2/am 28, ~ LB.2.1
JS e C m . L 2 . . .

where Ts is the supercurrent density, c is the speed of light, and )\L
is a characteristic length,called the superconducting penetration depth,

given by Eq. 1, B.2. 2 at absolute zero temperature.
)«L(O) = ( ch/ 41rns ﬁ'z)l/2 I.B.2.2

The quantities m and e are the effective mass and charge of the electron,

respectively, and n_ is the density of superconducting electrons in the

* c.g.s. units will be used throughout this work unless otherwise
specified. ‘ I :
9. F. Loadon and H. London, Proc.Roy.Soc. (London) A149, 71 (1935).
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metal. Typically, )‘L(O) is of the order of 10 5 to10 6cm. The vari-
ation of AL with temperature may be represented s]"atisfacterily by the

empirical relation

) 4 -1/2 i .
ALty =A,(0) (1-¢t) "7, I,B.2.3

where t & T/'TC_ is the reduced temperature.

The second London equation is phenomenqiogical and is given by
T)=-(c/an2)A, | I.B.2.4
s 4 L ’ ‘}, ) ) 3 . .
where A is the vector potential defined by ‘yxA = H. The simultaneous
solution of Eq.I.B. 2, 4 with Maxwell's equation for the static magnetic

field penetration into a superconductor ,filling the half-space x>0 is

i

H(x) = H(0) exp( -X /J‘)\L) , | I.B.2.5

where x is the distance into the superconductor and H(0) is the mag-

* implicit here is a phenomenological two-fluid model of supercon-
‘ductivity®® where it is assumed that a certain fraction of the electrons
are in a superconducting state which does not contribute to the entropy
of the system, and the remaining electrons are in the normal state.
Although not rigorously correct in the light of the current microscopic
theory, this model is helpful in depicting many aspects of supercon-
ductivity. :

10. C. Gorter and H.B.G. Casimir, Physica 1, 306 (1934).



netic field at the éurface of the superconductor. Thus, the theory
predicts that the tri;ltagnetic field does not disappear at the surface of a
supercénductor but:‘vfa.lls off exponentially with distance into the metal
with .a characteristic length called the London penetration depth )\L.
The predicted field :petuétration was first confirmed by Shoenbergllin
1940, | The L.ondon theory provides a useful approximatge description of
a superconductor v-ci’nere ch.anges occur slowly over a distance AL
(i. e., for low frequencies and long electronic mean free paths). The
next section will introduce a theory which accounts for these short-
- range disturbances. -

“In the absence of a magnetic field, the superconductor experiences
a second-order transition in returning to the normal state. However,
in a magnetic field, the transition occurs when H= HC (for T<TC(H=0)

and is a first order transition. The variation of HC with temperature

is described to within a few percent by

.~~ | ‘2~
Hc(t)—-HC(O)(I—t ). | I.B.2.6

11. D. Shoenberg, Proc.Roy.Soc. (London) A175, 49 (1940).
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I.B. 3. Pippard Non-Local Theory

In 195 3,Pippard12' 13 found that the penetration depth was depen-
dent upon the size of the norm'al electronic mean free path, £. Such a
dependence of \(0) on £ is incompatible with the original London model.
Using the analogy of the anomalous skin effect in normal metals, and
other arguments, Pippard proposed that the London equation (Eq. I. B, 2. 4)
be replaced by a non-local relation where the supercurrent density at
a point should be determined by an integral of the field over a distance
of the order of £(£), the Pippa.ré coherence length, £(4) is a charac-
teristic length of the superconductor describing the distance over whick
perturbing effects are important. Experimentally, Pippard found that

£( 2) obeyed the relationship
1/ &) = 1/€°+ 1/0.8¢ , I.,B.,3.1

where §o is a constant of the superconductor and is identified with the
range of coherence of the pure superconductor at T=_O. Equation
I1.B. 3.1 indicates that §(L) is smaller.than §o and decreases with de-
creasing 4.

§° has been determined from the microscopic theory14 ( and

12. A.B. Pippard, Proc.Roy.Soc. (London) A216, 547 (1953).
13, A.B, Pippard, Proc.Roy,Soc. (London). A203, 210 (1950).

14 J, Bardeen, L N. Cooper, and J.R. Schrieffer, Phys Rev. 108
1175 (1957) ,




experimentally by Pippard), and it is given by

§0=0.18‘5Vf/kTC, I|B¢3-2

where \ is the electron velocity at the Fermi surface and h is Planck's
constant. §o is approximately the minimum size of a localized ensem-
ble of electrons at the Fermi surface with the energy kTC, where k is
Boltzmann's constant,

The effect of Pippard's theory was to make the theory non-local a.nd
" to replacé the London pene>trati6z71 deéth with one dependent upon the
mean free éath. .Eor‘short mean-free-path supérconductors (i.e.,
§(£)<f_ A, termed the ""London limit''), the penetrat%on depth is given

byls

:;[,&’o/e(z')]llz ) S ' B 1.B.3.3

where )b is the Aempirica.l' pen_etfation depth for a bulk sample and ta’kes

~ the place of the London value. The experimental values of these intrin-

sic parameters for tin are A SIOA16 and &,o: 21004,

15, E A, Lynton, Sl&grconductlwty (Methuen, London, 1964), p. 46

16. Ibtdem, p. 38.

17. ..g., T.E, Faber and A. B P1ppard Proc Roy. Soc. (London)
A231 336 {1955). .



|

I.B.4. The Ginzburg-Landau Theory

In 1950, Ginzburg and Landau introduced a non-local phenomeno-
logical theory18 which provided a powerful intuitive insight into sﬁper-
conductivity years before the deve1§pment of the microscopic theory.
They proposed the existence of a compléx wave function (x) to char-
acterize the superconducting state, wheré é norrnalization was chosgn
such that zp*(x) P(x) represented the density of superconducting electrons.

Using a free-~energy approach, they arrived at two equations,
‘ 2 7 \ - ‘ F 2 ‘ :
ap + pl.p b+ (1/2m)(-iRV-26A/c) =0, I.B.4.1

T, = (eB/im) (37 vp - pvg ) - (40 /me) p YA, LB.4.2

called the Ginzburg-Landau equations. a and B are two coefficients

from the expansion of the free energy. In pure metals for weak fields,
where W) is small,- Eq.1.B. 4.2 'reducesi to a form'of London's equation
(Eq.1.B. 2. 4).

For the casé where the currents and the magnetic; fields ére suf -
ficienfly small such ‘that“‘zb(x) (hereafter referred to as the "order

parameter'') suffers only perturbations from the field-free state and

~ the vector potential can be neglected, Eq.I.B. 4.1 reduces in the one-

dimensional case to

18. V.L. Ginzburg and L.D. Landau, Sov.Phys.-JETP 20, 1064

(1950).
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gGLdqu/de + ¥ -P=0, I.B.4.3

where Ux) is a rediuced order parameter and gGL is a characteristic

length over which ¥(x) cannot vary rapidly. £ is called the

GL
Ginzburg-Landau coherence length, and near TC it has the form19
£ (T) = 0748 (1 -ty /2 LB.4.4
| GL o L] .
(for a '""clean'' metal)
! 1/2 -1/2

(for a ''dirty'' metal).
A "dirty" metal is one for which the electronic mean free path £ is
much less than the coherence length £ _

GL®

I,B.5. The Microscopic Theory

A brief sketch of the microscopic theory is presented here as an
aid to ﬁnderstanding the p};ysical opération of the three-terminal
Josephson jpnction device to be described in latef chapters.

In 1956, Bardeen, Cooper, and kSchrieffe’r proposed a qua.fxturn—
mechanical theéfy14 of supercoﬁductivity based on the ’interaétion of

electrons in a metal lattice. It is known as the "BCS' theory,

19. P.G. deGennes, Superconductnnty of Metals and Alloys
' (BenJamm, N. Y., 1966), p 225,
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and it has been enoi-mously useful in providing a derivation from first
principles of the properties of superconductors.

Eséent{ally, thé theory depicts a superconductor as having a ground
state composed of elcctr n pairs (C;)oper pairs). The électron pa‘ivlv's
are formed through a mutual interaction with the lattice waves (phonons)
which,‘ for the proper values of electron spin and momentum,cén effect
an attraction between two electrons. This binding is extremely weak,
however, and the '"diameter'' of the Cooper pair is as large as thou-

sands of Angstroms (~§ Thus, the electro_ns»of each bound pair

GL ‘
simultaneously range over a volume that contains millions of other

electron pairs. This spatial overlapping of the pairs requires that the

motion of all the pairs be correlated. 20 BCS showed that all the pairs

in the superconductor may be described by a‘s‘ingle mécroscopicwave
funqtion or "order parameter'' and have, in the absence of applied
fields, identical qﬁantum;mechanical phase. As will be seen later,

: thié long-range‘ éohe‘;ence makés possible the Josephson effect.

The -ground state of pairs is separated from the single-electron

states by an energy gap A(T), where A(0)~kT _, which is essentially

C

the energy necessary to break up a Cooper pair. The excited states

consist of unpaired electrons and holes (vacant electron states in the

20, e.g., for a detailed explanation see D.J. Scalapino, Tunneling
‘Phenomena in Solids, ed. by E, Burstein and S. Lundqvmt
(Plenum, N Y., 1969), Ch 32, p.477-8.
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Fermi sea) with energies at least 4(T) above the ground state of pairs.
These excited electrons or holes, which carry the normal current in
nonequilibrium supercpnductors, are called ”q\:la,sipa.rticl'es.“2

: C?rorkov22 has demonstrated‘ that the Ginzburg-Landau equations
‘(Eqs.I1.B. 4.1-2) are derivable from the microscopic theovry. Pippard's

intrinsic coherence length (go) is also confirmed by the BCS theory.

21. for a discussion of the quasiparticlé conc'ebt see C. Kittel,
‘Quantum Theory of Solids (J. Wiley, N.Y., 1963), p.84,

22. L.P., Gorkov, Sov.Phys. - JETP 10, 593, 998 (1960).



13

II. THEORY OF THE EXPERIMENT

II,A, The Theory of an SN Junction

If a normal conductor N is in good electrical contact with a super-
cpnductor S, Cooper pairs can ''leak'" from S to N, The result of this
transfer of pairs to the N metal (and quasipérticles to the S metal) is
a lowering of the degree of ''order" (i.e., degree of superC'onduqtivity)
in S near the SN boundary. Experimental evidence of this effect in the
form of a depressed transition temperature of S is documented in the
pioneering work of H. Meissherl.' 2,23 As will be shown, this plie-
nomenon, known ag the '""proximity effect', is strongly dependent upon
the thicknesses of both the S and N metals and their respective coher-
ence lengths gGL and §N. N

In a metal near an SN boundary where the degfée of order of the
superconductor va.;ies spatially, the BCS theory is no longef applicable.24
For this case, deGennes25 introduces a spatially-dependent degree of
order called the "condensation‘amplitude, " F(x), where 'F(x) ,2 is
proportional to the probability of finding a Cooper pair at x (i.e., it
represents the superfluid density). F(x) is eqﬁivalent to the Ginzburg-
L“a-ndau order parameter ¥(x), and it is related to the pair potential

: A‘_(x) by A(x) = V(x) F(x), where V(x) is the electron-electron interaction

23, H, Meissner, Phys.Rev. 117, 672 (1960).

. 24, J. Clarke, Proc. Roy.Soc. A308, 447 (1969),
-25. P.G. deGennes, Rev.Mod.Phys., 36, 224 {1964), p.227.
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potential. A(x) is analogous to the energy gap A of the BCS theory.

It is the fact that the condensation ‘amplitude cannot change abruptly at
an SN boundary, but only over a distance of the order of a coherence
length, which gives rise to the proximity effe(;t.

Consider the one—dimlensional problem éf a normal métal (occu-
pying the half-space -c0<x< 0) in contact with a superc;onduct‘or
(occupying the half-space 0< x<o0) at the plane x=0. According to
Deutscher and deGennes‘Z;'6 the spatial variation of the céndensation

émplitud'e in the N metal is given by
FN(x) « exp( -kNx) I, A,1
for kNx >1, where

HH,A.2

kl;l = £ [1+2/4n(T/T ) ik

represents the depth of penetration of pé.irs into the normal ndetal.
TCN’ is the traﬁsition temperature of the normal metal (here a normal
rﬁgtal vi_svdefined as a metal above its transition tgmperature which, in
'some caéeé, Vmar,y:be absolute zero), and §N is the coherence l,eng'fh

in the normal metal, where

26 Superconductivity (Marcel Dekker, Inc., N. Y.. 1969). ed by
: R D, Parks, p.1006,




gN = ‘th/ 2wkT ; I, A.3
(in the clean limit, §N<< LN)

_ 1/2
£ = (Bvydy/ 6 TKT) ILA. 4

. . - o> g
(in the dirty limit, §N !,N) ,

where VN and !'N arewthe Fgrmi velocity and mean free path in the
normal metal. T”hbe Ginzburg-Landau equations cannot be used to de-
termine the coherence length §N in the normal metal. 27

In thé _superconductor, the condensation amplitude (or order 'param-
e"te,r) is considerably depressed near the SN boundary by the presence

"of the normal metal. Its value as a function of distance into the super-

conductor is given by the solution to Eq.I1.B, 4.3 as

I.A. 5

F (x)/F (=) = ¥(x) = tanh[(x—x¢o)/2€GL] ,

where FS.(°°-) is the equilibr‘ipm value of the condensation amplitude in’
S fa.ifhf:rom the SN interface. If the electrical contact between S and N‘
’kis gooa,, if the density of States in N is comparable to that in S, and if
>N is thick compared to &o, then the value of x_ in Eq. Ii.A. 5 is approx-

28 ‘ '. S
i -x &~ b~ : << .
rlmated by x R b : §o for temperatures near TC where §° 4< gGL

The parameter ''b'"" is the '"extrapolation length'* of F;s»'(x) into fhe N

1t

‘, 27. P.G. deGennes and E. Guyon, Phys. Letters 3, 168 (19’6’3), p.f.'l,'69.
28. see ref.19, p.233. ‘ L
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metal (see Fig.1l). The value of Fs(x) at the interface in terms of b

then becomes

F_(0)/F (=) =b//26;; .

I, A, 6

A plot of the variation of Fs(x) with x near an SN boundary is shown

in Fig.1 for a value of b=0, ngL' As shown in Fig.1l, a reasonable

|
]
e hing
~ . )
8 b Fe(x) X b
~ - ;—§—= +
e o5t T'Re) bv2éa VZ2¢,
x i .
E‘ ! I[:fi‘ll:tonh X+b
o Rleo) 2 &
C | 2 3

N*—r——o s
‘ XIGGL

Fig. 1. Fs(x)/rs(é-) vs x.

apprv'oximatiqn to Eq.II.A,5 is given by

Fal) = Fy(=)x/(b+ /2 baL) * =6/ /285,

for 0< x<'/2§GL; and

JCREACE

ILA,7

- ILA.8



for x>/2§GL. Then, from Eq.IL A, 7 and the appropriate boundary

conditionszg’ 30

for a dirty metal, the extrapolation length is found to
be
II.A.9

b= vsst,N(.T)/VNzN ,

where v .and £ are the respective Fermi velocity and mean free path in
the S and N metals.

The value of the condensation aﬁplitude in the N metal can be ap-
proximated from Eq.II.A,1 and Eq.IL A, 6, with the boundary condi-

tionzg' 30 that FN(O) = FS(O), to be

Fylx) = [F_(=)b//2E_ Texp(-1x|/t) , IL A. 10

where TCN is assumed to be zero.
This concludes thé discussion of the variation of the condensation

a.'rn'plitude in the vicinity of an SN boundary.

II.B. The Josephson Effect

The fact that a supercurrent can flow through a thin layer of non-
superconducting metal which is sandwiched between two supercmidufc-
tors was experimentally discovered by H, Meissner} .Four years

later, Josephson?’1 proposed a theory prcdittihé ‘such a phenomenon

29. see ref.25, p.231. ‘ ‘
- 30. N.R. Werthamer, Phys.Rev. 132, 2440 (1963).
31. B.D. Josephson, Phys. Letters 1, 251 (1962).
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from the vieﬁvp’oint of quantum-mechanical tunneling of Cooper pairs
through a barrier layer. This phenomenon is now known as the
"Josephson effect,' and the superconductor/barrier/superconductor
(SBS) sand\ﬁich is called a ;'Joséphson junction. "

’Although the term "Joséphson juncfion” had initially referred or‘iv“iy
‘to SBS sandwiches, it now includes a host of dévices32 wherein two
s‘upverconductors are separated by a '""weak link" which’allows the pas-
sage of a limited supercurrent. The following developrhenﬁ shall be
“restricted in particulvarvto SBS devices, although, many of the following
results will be applicable to all the ""Josephson junction' devices.

’ As described in section I, B. 5, all the Cooper pairs in‘_a_ super -
conductor which is free of applied fielt:is have the same quantum-
fhe;:hanical phé,ée. If two s'upei'conductérs are brought together from
a iargevseparation, the relative phases of the condensation amplitude,

F = lFs |exp(i8), in theb twb superconductors will be afbitra‘ryv until,
'at:ar., separation of the order of a coherence length, the phases of the

: jtwo supercbnduétors "lock in'" to be equal to each other. This ldng-
%r"yange order is similar to that of the bulk superconductor where order
;is a.cooperative effect brought about by motion of'the eleét;éns frbrh " o
_fone part of the system to 'anotl';er. In the case pf a thin barrier (i.e.,

1

‘ z-a weak link) between two superconductors, Cooper pa.i;?s can tunnel

3
i

232. e.g., see J. Clarke, ProcJEEEil_‘,' 8 (1973). -
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through the barrier and provide this coupling. In practice, the f:unnel'-

ing barrier is usually either an insulating layer of thickness <301.¥ or

a normal-metal la;yer of thick;less up to several thousand Angstroms.
As d‘;scribed by Anderson3,3 tﬁe phase 6 of the condensation am-

plitude in a superconductor is given by
d8/dt = -p/B2 , II.B.1

where p is the chemical potential of the Coopér pair. The application
of Eq.II, B.1 to the phase difference, 92- BlEﬁ', across a weak link

with a cqrresponding voltage difference of V= (pl -uz)/2e results in
d(ez-el)/dt = dg/dt = 2eV/h , 1I.B.2
which ig known as the ""Josephson frequeﬂcy" relation, and
9 = 2eV/E | I.B,2

ivs defined as ”the Josephéonfreé;uency (corresponding to 483MHz/pV
iof junction voltage).

C;nsider now the SNS (VsAuperconductor/normal-metal/superconductor) | |
‘junction'sh’own in Fig, 2, where the two superconducfors are assumed

identical so that the bulk value; FB(O),‘ of the condensation amplitude

33, P.W. Anderson, Rev.Mod.Phys. 38, 298 (1966).
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is the same in each. Since the contribution to the condensation

»xy

Fig.2. An SNS sandwich with N-metal thickness 2a.

, atiiplitude within the N region is now from two superconductors,

Eq.II,A.10 becomes
Fyx)= [Fs‘(é»)b//ngL] {exp[ -(x+a) /F’Nﬁel J+exp( (x-a) /§N+iﬂzj} .
| | II. B. 4

where 91 and 92 are the values of the phase in the two superconductors,
respectively. The Josephson supercurrent js may be found from

Eq.1.B. 4.2, and for negligible magnetic fields it becomes
. * ko
ig = (eh/mi)(F dF/dx - FdF /dx). II.B.5

' S‘u'ba.tituting the relation for FN(x) from Eq.'II.b. 4 into Eq.II,B.5, the

x dependence drops out and jé becomes -
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i, = e,sin(8,-6)), 1L B. 6
where
2v2 12 eh |F (=) %6
Jcm= 2 z mg 2 exP(-tngN)- II. B. 7
YN AN TSGL :

Equation II, A, 9 has been used here for b, and tN= 2a is the thickness

of the normal metal. is called the critical Josephson current

Jcm
density, and, as can be seen, .t depends exponentially on tN.
Equation II, B, 6 is the relation first derived by Josephson using a

tunneling -Hamiltonian method. 31,34

It describes the '"d. ¢c. Josephson
effect,' wherein a supercurrent up to some .critical value ij can
pass through' a Josephson junction with zero voltage drop across the
junction. For curre‘nts above ij" a voltage appears across the junc=
tion and the phase difference varies in time as deécribed by Eq.IL.B. 2.
Substituting this time-dgpendent phase éifference into Eq.Il. B, 6 re-"
sults in an alternating skupercu‘rrent. This is known as the "'a.c.
Josephson effect.'

The temperature dependence of ij may be approximated from the

temperature dependencé of the parameters in Eq.II.B,. 7 to be

34, B.D. Joéephédn. Rev. Mod.’f’hys. 36, 216 (1_9641).
35. e.g., éee, ref.19, p.238. '
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< = .
for t< 1, wheret T/TCsns is the reduced temperature, and TC sns
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is the transition temperature of the Josephson junction, defined as that

temperature where ij is zero (for H=0). Equation II, B, 8 has been

‘confirmed experimentally in the work of Clarke24 and Rockefeller. 4

II. C. The Magnetic Properties of the Josephson Junction

II, C. 1 Magnetic_Field Dependence of the Josephson Supercurrent
Thus far, the Josephson junction has been treated in the absence
of’.ma.gnetxc fields. When magnetic fields are present, a term,
L. ' 34, 36 L
(-2e/%c) J‘ A-d&, must be added™ "’ to the phase difference across
1 ;

the junction so as to make js gauge invariant.

th 3. The magnetic field penetration in an SNS junction.
: I _is the Josephson supercurrent

> (

36 P.W. Anderson and J, M Rowell Phys Rev.Letters 10 230 (1963).
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Figufe 3is a diagram of an SNS junction illustrating the penetration
of an external magnetic field, _-ﬁ, parallel to the plane of the ju;'xct_ion.
- An expreésion for ‘the total supercurrent Is through the junction as a
function of H can be obtained by integrating Eq.II. B, 6 ( with the afore-
mentioned a.dditioh to the phaqe difference to preserve gauge invariance)
over the current-carrying area of the junction ( Ix|sL/2, |yls W/Z).

The resulting expression for Is is

Is = Ics'm( 92- 61) ) ‘ II.,C.1.1
where. - ’
IC = ICmSIn(w@{QO)/(TrQ/QO) , I, C. 1.:2
'Iclm= jepaWls @ is the magnetic flux through the junction, and

, %
Qo*:- hc/2e is a quantum of magnetic flux. Thus, the maximum critical

Josephson current, I s occurs for H=0; and, for non-zero values of

Cm
H, the critical current is less than Icm- and varies periodically with H,
For small values of Is such that the field induced by Is itself is

small (see the following section for the alternate case), th_e} magnetic

flux penetrates the junction 'prop'er uniformly, and ¢ is given by

Sk Q 2.07x10" Gauss cm2 in the c.g.s. system, and'@ h/2e- o
: .2 07x10 ,15Webers in the m. k. s.vsystem. -
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where ) is the penetrat{on depth into the superconductor (see Fig. 3).

" At finite voltages, the current, IJ, through the Josephson junction
is corpposed of both a supercurrent, Is’ and a quasiparticie (normal)
cur;'ent, qu. The supervcuvrrenf has b»oth an alternating (a.c.) and
constant (d.c.) componenf;.37 If a magnetic field, H, ig applied to the
junctidn in this finite-voltage region, the amplitude of the supercurrent ’
would be expected to vary periodically witﬁ the number of fllux- quanta
m the junction, perhaps somewhat like the variation expressed in
Eq. 1I, C‘. 1.2 (where a uniform supercurrent deﬁsity was assumed*).

If the total junction éurrent, I = Is+ qu, is fixed at a constant value,

J
then the effects of varying H can be observed as a change in the junc-
tion voltage, V. Rockefeller4 has plotted Vvs H and determined that
the variation of the supervcurrent with H is indeed given by the form of

Eq.IL. C. 1.2 for the finite-voltage region. This plot provided a con-

venient method of measuring the junction diameter in the ébove work,

* the exact current distribution for finite voltages has been treated
in reference 37, ’

/37, I, Clarke, Phys.Rev.B 4,.2963 (1971),
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1I.C.2. The Josepﬁson Penetration Depth

When the Josephson supercurrent density,js,becomes sufficiently

: lar‘gve (e.g., due to decreasing T for a thin barrier layer), the mag-

netic field due to js itself will tend to confine js to within a distance

XJ. of the Josephson junction edges. A_ is called the ""Josephson pene-

i .

J
t ration depth, ' and it has been shown by Ferrell a.nd_.Pra.nge38 that -

A, is given by Eq.Il. C, 2.1 for the simple junction geométry of Fig. 4.

J

r 1 Y Jé“i‘ls

O T oo Dt e B B

RYE ¢ A N 2
T F 4"15

sbz

Fig. 4 One -dimensional Junctton model

for. X <L/2 and I <IC

1/2

= [#c? /8mej_(t +zA)] II.c.2.1

vl’f. for the model of Fig. 4, js is assumed uniform across the junc-

tion width, W (i.e., the direction into the paper in Fig. 4), then the

C

total critical current, I, is limited ‘by-the a_ize..‘of:A,J. and is given by

YA

. 38. 'R,.A‘. Ferrell and R.E, Prange; Phys.Rev, Letters 10, 479 (1963);
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IcszZAJW R : II.C.Z.Z

where jC is the critical current density. This restriction of.the super -

current to a distance ~).J within the edge of the junction is called '"self-

field limiting,'" and it is ;:onventiona137 to approximate its onset for a

value of j8 such that )\J <L/4. Typically, )\J is of the t;:rder of 0. lmm.
In essence, self-field limiting is a Meissner effect wherein flux is

expelled from the center of the jtlmction. In the presence of a small

external field, a circulating supercurrent is set up to screen the ap-

- plied field _f;-pm the irﬁ;erior of the junction. 39 Thus, for tﬁe case of

a‘ aelf-field‘.l'imited junction, the value of the flux, Q, penetrating the

junction for a given external mégnetic field, H, becomes

where the simple model of Fig. 4 has been used.

+

-39. A, M, Goldman and P,J. K.re'iéman." 'Phys.Rv,ev. 164, 544 (1967).
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II, D, Electrical Characteristics of the Josephson Junction

II.D.1. The Current-Volggge Characteristics

When the current, IJ,

stant and less than the critical value, 'Ic, then the voltage, V, across

the junction is zero. However, when IJ>IC' a non-zero voltage ap-

pears across the junction and I, may be composed of both a.c. and

J

d.c. superc‘urrents and a quasiparticle (normal) current. In the

following, an equation relating V to I_ is obtained from a lumped cir-

J

cuit model using the method of Stewart40 and McCumber‘%1

That the Josephson junction could be approximated by the lumped

passing through a Josephson junction is con-

circuit model shown in Fig. 5 was proposed independently by Stewart4’0

and Ivk:Cumber.:q’v1 The total junction cu‘i'-rent, IJ, divides into three

Fig. 5 A lumped, equivalent circuit
for a Josephson junction.

components within the junction: a supercurrent -is(t)’ a displacement

40. W.C. Stewart, Appl. Phys. Letters 12, 277 (1968),
41, D.E. McGumber, J.Appl. Phys. 39, 3113 (1968).
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current Id(t), and a quasiparticle current qu(t). For an SNS junction
37
the capacitance, C, can be neglected, and the total junction current,

IJ= Is(t) + qu(t), can be wr.ttten as

I_. =1 _sing(t) + v(t)/R , II.D. 1,1
J C n

where the instantaneous j;mction voltage, v(t), is related to ¢(t); the
condensation amplitude phase difference across the junction, by
Eq.II,B,2. If the current IJ is assumed fixgd and independent of v(t)
(i. e., alconstant-current source), then a solution for the time-
averaged (d.c.) voltage, V, in terms of I_ can be found from

J
40
. Eqs.II,D, 1.1 and II, B, 2 to be

12 1/2

2 ' .
V=R (I;-1.)" " II,D,1.2

whexje the quasiparticle resistance, Rn’ which actually has a nonlinear
iroltage dependénce42, has been assumed independent of V A plot of
Eq ILD.1,2 is shown in Fig. 6 for both polarities of IJ. The fact that
ft'.;r»IJk IC the voltage does not jump to the value IJRn is indicative of
the persisténce of d. c. supercurrents in fhe juncﬁon fof finife voltages:.

The shape of the IJLs_V curve may be changed by shunting the junc-

. tibn externally with a thin-film circuit element, Hansma et a143 have

‘42 W.C. Scott, Appl Phys Letters 17, 166 (1970).

43, P.K. Hansma, G.L Rochlin, and J.N. Sweet, Phys. Rev.B 4
3003 (1971). |
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Fig. 6. Plot of Eq. 1L D. 1.2,

‘experimentally verified the theory of Stewart and McCumber for this
é,a.se.‘ These results are important here because the dynamic imped-
anée of the SNS junction is then adjustable through proper fabrication
_techniques. For example, if a shunt capacitance is added to the junc-

tion, the initial slope at IJZ IC becomes extremely small (i.e., the

dynamic resistance becomes large) and quasi-linear. If the capacitance

R as
DR . T

is sufficiently large, the voltage jumps instantly from zero to IC

the critical current is exceeded, and the resulting I.vsV curve exhibits

J

4 : ‘
hysteresis”? 1. : VFig’ure 7 shows the theoretical normalized IJﬁV

‘ 4 ' -
curves of Stewart 0 illustrating the effects of increasing C.
The explé,natio'n for the increase of dynamic _junction re'sivstance

-with increasing values of C is that the covrrequln‘dir'ig'l‘a'rg;eir values of -
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-the RnC time constant tend to smooth the variations in the junction |
voltage, v(t), and as a result maké the supercurrent, Icsin[(Ze/th:r('r)d'r]
(Eqgs.II,C.1.1 and 1L, B, 2), mére sinusoidal in time., This reduces the
d. c. supercurrent, which is the time average of the total supercurrent;

vanid for a constant-current source, a decrease in the d. c. supercurrent

implies an increase in the d. c. quasiparticle (normal) éurrent and,
he}nce, an increase in the d. c. voltage, V. The result is an increase

in the dynamic resistance of the device for operating points near the

critical-current '"knee'' of the IJEV characteristic.

1.0}
(2
=4
~
._?.
055 "
0 7 - : [
0 o5 1O
/IR,

~ Fig.7. Normalized d. c. theoretical junction charac-
teristics (after Stewart“); The dimensionless pa-
‘rameter w T is proportional to/C. Discontinuous
jumps are indicated by dashed lines with arrows.
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II. D. 2. The Effect of Fluctuations

At temperatures sufficiently close to the transition temperature
thermal fluctuatioﬁs can disrupt the coupling of the phases a.cross‘ ’the
normal-metal barrier. In order to consider the effect of fluctuations
in a Josephson junction, Ivanchenko and Zil'berman44 and Ambegaokar
and Halperin45 have solved Eq.IL. D. 1, 1,with the addition of a thermal
noise current, for the time-averaged voltage.

Figure 8 represents the numerical solutions45 for the normalizéd
time-averaged voltage, V/ICRn; across ghe junction as a function of
the normalized current, IJ/IC (for a constant-curreﬁt supply), for

various values of the parameter

y=HI_/ekT i | II.D.2. 1
nOlse

For the case X = IJ./IC<1 and ¥ large, a solution is given in closed

form by45

F(X) = 2(1-X ) 1/2 exp{ ‘y[(l-X M+Xsin X]}smh(ﬂ‘yX/Z), ‘11, D, 2.2

v’v}th F(X)E»V/ICRH.

44, Y.M, Ivanchenko and L A, le'berman, Sov Phys. -JETP 28,
' 1272 (1969). '

45, V, Ambegaokar and B.I Halperm, Phya Rev. Letters 2z, 1364
(1969). »
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. -

2
V/IR,

Fig.8. Theoretical current-voltage characteristics

of a Josephson junction for various levels of thermal
fluctuations (after Ambegaokar and Halperin®®).

In Fig. 8, the effects of thermal fluctuations are seen to be a

; rc_\;unding’ of the critical-cur;ent ""knee." In-the limit as y=oc, the
flﬁctuations become negligible and the normalized current-voltage
curve becomes that described by Stewart for the absence of fluctuations

(Eq. 11D, 1, 2).
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111, DESCRIPTION OF THE EXPERIMENT

III, A, Introduction

The device studied in this éxpe»riment was a thin-film, SNS Joseph-
son junction which was vapor-deposited in vacuo. Thin film juncﬁorxs
were preferred to the crossed-wire, mechanical-contact junctions
investigated by Rockefeller4 because (a) thin films are more de”ﬁvrviitive,
rugged, and reproducible, (b) they allow larger junction areas than
point contacfs and, hence, larger currents and smaller fluctuatipn
effects, and (c) it was hoped that the inherent capacitance of the thin-

- film junctions would increase the dynamic output resistance of the
device as described in section II, D, 1.

Initially, in order to reduce interdiffusion between the S and N
layers, the films were condensed on a single-crystal, sapphire sub-
strafe precooled to 4, 2K, and the electrical characteristics were
-subsequently measured in situ. A hybrid evaporator/cryostat was
designed and constructed f.or this purpose. During the course of the
‘experiment, two limitations became apparent: (a) the proximity effect
of the normal metal on the tin was so strong that at times the critical
~current of the tin was less than that of the junction, and (b) it was
rféupd that this could not be corrected by increasing the thickness of
zthe tin, because there existed a maximum film thickness a‘.bovevwhich

_e cracks would appear in the metal films, Thesé films suffered severe
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internal stresses due to the inability of the condensing metal atoms

to migratq on a 4K substrate and reducg the lattice disorder, "I'he
cracks were a manifestation of stress relieval. Although for thick-
nesses exceeding a critic‘al. value the metal films would crack in small
grain-like patterns, the resulting metal islands would gtill adhere té
the sapphire substrate, thus illustrating that the adhesion of the film
to._the substrate was stronger than the metél-metal bond apd testifying
to the cleanliness of the system,

Cons.equen_tly, to produce thicker, more reliable samples, the
| mefals were then '(a)'vapor deposited onto a 273K spbstrate and (b)
co;)led in situ to liquid-helium temperatures within 20 minutes. These
films experienced some annealing at 273K and; as a result, were
rﬁacroscopically flawless even through cycling to 4. 2K,

The early SNS films were maintained at cryogenic temperatures
in the evaporafor/ cryostat by thermal contact with a liquid-helium
rese;yoir through the s{ngle-crystal sabphire substrate, the cbpper
'sub_strate holder, indium washers, and the copper bottom of the helium
ve‘vssel (see‘ Fig.1l). Despite the high thermal conductivity a;.nd large
cdntact areas which allowed the substrate holder never to be more
zt‘hian 0.15K above the temperature of the helium bath, when the joseph-
tét:in critical current wals exc}ggded in the thinne'r junctions (i. e., the

‘ junctions with la'.rgef criti'éé.l current) héatig‘g‘ effects became'a;pparen:t.

L
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iﬁ the electrical behavior of the junction. For this reason ard for the
flexibility of using an eight-stage vapor-deposition system to fabricate
more sophist'lcated junction ge'ometries, it was decided to vapor deposit
the later films onto a 300K substrate in a more conventional vacuum
system and then transfer them immediately to an immersion cryostat
where they could be cooled to liquid-helium' te*mpera.tl:res within 30
minutes to minimize interdiffusion. These later samples were diffef-
ent also in that the normal-metal composition had been changed from
pure gold to an alloy of gold /copper. The reason for the alloying wiil

be dis~ussed in section IV, B,

I1I, B. The Evaporator/Cryostat

The purpose of the dual evapor/cryostat was to provide an envircen-
ment wherein a thin-film device could be vapor deposited at cryogenic
tefnperatures and then electrically mﬁ-aéured in situ. The primary
advantage of the hybrid structure was the production of multi-layer
~ films with well-defined laminae (i. e., distinct inter-layer boundaries),
which was a result of the films never experiencing temperatures where '
appreciable diffusion Vrrni'gh.t 6ccu:. A cross-sectional view of the
eva.poratér/cryostat is shown i‘n Fig. 9.V The 'system- conéi}sts of a
f12‘-in(‘:1’1 O.D. pyrex ring sitﬁng on a collar a;nd supporting a stainless-

| “steel plate, Suspended from the top plate ié a éylindrical liquia -nitrc;gen

ey [
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Fig.9. Cross-section of evaporator/cryostat.

reservoir, inside of which is nested a liquid -helium vessel which

serves both as a cryopump and a low-temperature reservoir to cool

36



t'he' sample. The s”argple holder is mounted at the bottom of the helium
vessel facing the heaters for the evaporation of the metals. The multiple-
layer film patterné were creat'ed by the positioning of a mask manip-
ulated by means of a mechanical feedthrough.,

The non-magnetic metallic cylinders of the system allowed the
;uni)erturbed penetration of externally-applied, static magnetic fields
while, at the same time, shielding the sample from some r.f. radiation.

The system was capable of maintaining temperatures from 4. 2K to
;below 1. 7K through pumping on the liquid-helium reservoir with a Con-
Esolidated Vacuum pump, model E70A (41 ft3/min. rated capacity). Reg-
;ulation of the vapor préssure (viz., the temperature) was accomplished
‘through a needle vélve in parallel with a Wallace and Tiernan FA-149
ianeroid manostat. Tﬁe helium vapor p;-essure was r_neasux;ed on a
iWallac.e and Tiernan FA-135 precision mercurial manometer. The
bcorresponding 1iqﬁid-helium temper’ature was obtained from the tabie
of the N, B.S., 1958 Helium Vapor Pressure-Tel:rlperature Scale46.
iWith this method the temperature of the liquid heliurﬁ could be deter-
i : '

%ﬁmined to an accuracy of a few millikelvin. The temperature of the
%sample, on the other hand, was determineddirec'tly from the re‘sis-

' ;tance ofa calibrated carbon‘-composition resistor (see section III, F).
The 11qu1d -helium vessel has interior fms to reduce the Kapltza%

i
46 "National Bureau of Standards Monograph 10 (June, 1960)

L47 P L,.LJSapttz@ ngnghys.-.-lEIBﬁé.ﬂ 59 (1941).
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i-es{sta.nce between the copper and the helium II. It was designed to
have a maximum 0. 15K temperature difference between the liquid
helium and the substrate holder. Experimentally, this temperature
difference was found to b‘e ‘~0. 15K. This low thermal resistance is
‘ also evidenced in the short thermal time constants of the system: Any
change in the helium vapor pressure would cause a corresponding
change in the electrical resistance of the carbon resistor within a few(
s'econds. Similarly, any Joule heating i»nvthe sample (when the-samplé
. current exceeded a critical value) wa.; also éensed by the carbon re- '
B siel.to.r within a few seconds. Hence, the system thermal time con-
stﬁn_t from liquid-helium bath to sample was le-‘svs’ than a minute. ’I’his}
was a resu}t of the high thermal conductivity and small heat capacity
of the cryostat componenfs, | ‘
.TheA system was evacuated by a Weich two-stage mechanical pump:
witha 5 ft3/min. capacity in series with a Veeco three—stage diffusion
pump capable of 854/sec.- The concomitant use of Convalex 10 d{ffu—
'smn pump oil and Ap1ezon type N grease for the seals assured a mm-'
imum vapor pressure of contaminant oils in the system.48 In addi-
tion? all 91§sto.mer seals were fluorocarbon rubber (viton) beca.uée_ 6£ |

49

~ their low outgassing rate and high outgassing temperature tolerance. '

;48 L.I. Maissel and R. Glang, Handbook of Thm Film Technologx
' (McGraw Hill,’ N. Y., 1970), p. 2 10 :

49. Ibidem, p.z -53,
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Typically, each metal film was vapor deposited for one minute,
with the pressure reaching '?;"he‘ low 10-?Torr range during the evapor-
ation. The evapokzl'ati.on sources (boats) were constructed from 0, 005~
inch molybdenum sheet and would eonduct of the order of 60 Amperes
for an indefinite number of evaporations. However, if some gold
che.rge were to remain in a boat for a few days after an evaporation,

“ that boat would most likely break upon reheating - possibly caused by

- the diffusion of the gold into the molybdenum.

III, C., The Vapor-Deposition System

The vapor-deposition system: differs from the evaporator/cryo-

stat in that (a) it is physically separate from its cryostat counterpart

and (b) the substrate rather than the mask was manipulated to create
the neeessary thin-film patterns. | It is a modified Veeco VE-400
vacuum system wiﬁch utilizes a 15 ft3/min. mechanical pump in series

with a 4-inch, 400 1/sec. diffu'sion pump. A description ';vit_h photo -

A graphs of this multiple thin-film deposition systert{ appears. in the

: literature. >0 Five of the eight available mask positions were used:
;’(1) Sn, (2) SiO, (3) Au/Cu, (4) Sn, (5) Sn. The ma.sks were cut from

. 5-mil phosphor bronze. In essence, the Aboats we"re‘ eimila.r to those

: described above with the additiori of a silicon-monoxide sublimation"
. o 7

L so .M. Chirlian, V.A, Marsocci, H. W, Phau'. and W.V. Kraszew-

3

S slu,,.n.v,sc;.lnm..ss 1718 (1964).
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. éource. The deposition time for each film was approximately two
minu.tes except that of the Au/Cu alloy, which was less than one min-
ute, During evapo'ra.tions the vacuum pressure rose typicz;lly vto
~5x10 ®Torr for the metals and to the low 10 > Torr range for the SiO.
The diffusion pump was opefated with Dow Corning 704 6i1, and there
was a liquid-nitrogen cold trap between the bell jar and the diffusion

pump to reduce the back streaming of pump-oil vapors.

’ IH. D. The Cryosﬁat

The sample is tc;tally imme;-sed in liquid helium inside a glass
de;war which is supported within a thin-wall, stainlessA-steel cylin-
drical can. The top of the can has vacuum feedthroughs for electri,cai
léads as well as a port 1eé.d'ing to-a mechanical pump. Except for a
few inches at the top, the entire stainless -steel can is immersed in a
:Brass dewar of liq‘uid nitrogen. The:.helium-bath temperature could
be varied from 4. 2K to ‘be'low 1. 5K by éumping on the helium vapor.
With the exception of one run, all pressure and temperatufe 'contrdls
. and measurements were similar to those‘ described in section III. B,
One experiment was u‘nderté.ken with the cryostat ihside a screened .
‘: r’oovm to reduce the'effec.;ts of the r.f. radiation‘ present in the metro-
politan area.  The results are discussed in 'seétibn, IV F Here, the

3

helium temperature was controlled coarsely by adjusting a needle:
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valve in the pumpihg line (Kinney KS“'-47 mechanical pump). More
accurate temperature stabilization was accomplished through a man-
ganin-wire heater ‘driven by an ampliﬁerz phase-sensitive to the re-
bsistance variation of a carbon-composition resistor in the liquid helium.
The helium vapor pressure was read digitally on a Texas Instrument
precision pressure gage (accurate to £0. 2mm Hg) and then converted

to the bath temperature with the aforementioned table. No. correc -

tions were made for the hydrostatic pressure head of liquid helium,

III. E. The Magnetic Field Coils

There are two pairs of magnetic-field coils employed in this ex-

: perimént.‘ The first is a large Helmholtz coil surrounding the evap-

orator/cryostat and mounted with an azimuthal 'adjustment in order
to negate the earth's magnetic field (of the order of 1/2 Gauss) in the

vicinity of the sample to within a few milligauss. The second pair

_of coils is used to provide a known field up to 20G at the sample in

the piane of the Josephson junction. Since this pair of coils was re-

- quired to fit within the confines of the evaporator/cryostat (see Fig.9),

it was not constructed to the proportions of a Helmholtz coil. Later,

for convenience, this létter pair of coils was also used to a.pply an

external field to the sample in the cryostat (see Fig.10). A H_ewlett'

2

Packdrd 4283; d.c. miﬁiammeter: with'a 3529A probe wAas» used to
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+ confirm experimentally the field calculations for each coil and to
assist in the alignment of the Helmholtz coil for negating the earth's

field.

He LEVEL
INDICATOR
CRYOSTAT
OUTER JACKET
-+— SUBSTRATE
HOLDER
SAPPHIRE
LIQUID SUBSTRATE
HELIUM
- —— H COILS

Fig.10. Cutaway view of cryostat showing sample.
Helmholtz coils to negnie zarth's magnetic field not shown.

III, ¥. The Substrate Holder and Thermometer

The purpose of the substrate holder is to support the single-crys-
tal, sapphire substrate and make electrical contact to the thin films

thereon. It is essentially an electrolytic-tough-pitch copper block



43

with a carbon-composition thermometer within it,

When the evaporator/cryostat was used, the substrate holder
made electrical contact to preprinted gold islands via indium-tipped,
phosphor -bronze leaf springs. The SNS films were then vapor depos -
ited onto the sapphire making instant electrical contact to the gold is-
lands and, hence, to the external measuring apparatus. Figure ll

illustrates the electrical connections of the substrate holder.

A " NO.36 COPPER
- (CURRENT)

COPPER =
AV —
G . A K& AT

R EHBS

(VOLTAGE)

A «d SECTION A-A
Fig.1l. Substrate holder with sapphire substrate.

The substrate holder was designed so as to present a low thermal
resistance path from the sample to the liquid helium vessel in the
evaporator/cryostat. The substrate was held down at three points
by indium-tipped, phosphor-bronze spring clamps. Under each of

the three points was a small blob of indium to increase the contact
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.surface area. I‘Indium was chosen as the interfacial heat conductor be -
.cause of its softness (at 290K, indiumkhas a Brinell hardness th orde;s
%’_of magnitude less than coppé Sl‘ - which provides a larger thermal con-
étact area for a given:spring pressure) and ifs high thermal conductivity
'(a.t 4K, e.:. p. copper and ind,ium have approximately equal thermal
:c,onductivitysz). The copper block itself was clamped to the helium
?vessel against indium washers with phosphor-bronze lock washers
"used to maintain the pressure of the .clampifig sérews after the con-
,jtractions' due to coo’liqg to cryogenic temperatures.
‘The temperature ‘of the copper block was obtained by measuring

the resistance of a carbon-composition resistor imbedded within it

;anc_l interpolating the temperature from a curvevz53 fitted at three
temperatures. From a few trial temperatures, the accuracy of the
resigtanee-‘te‘mperature curve was determined to be better than one
percent. The resistor was a 100-Ohm, 2-Watt, Allen-B’rad‘le’y carbon- |
composition resistorvwh'ich had‘ béén stripped of its élastic protection
éand»tﬁen imbedded within the copperk bluock in Emerson.and Cuming
Stycast 2850F T high-thermal-conductivity epoxy. This epoxy was

also used to enhance the thermal contact of the electrical leads to the

.51, e.g., Metals Handbook (American Society for Metals, Ohio, 1961),
' Vol. 1, ‘ o

152, Properties of Materials at Low Temperatures - A Compendium,
ed. by V. Johnson (Pergammion, N.Y., 1961),

53. J.R. Clement, E.H. Quinnell, M. C. Steele, R.,A. Hein, and

. R,L, Dolecek, Rev,Sci.Instr., 24, 545 (1953). .. ..
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copper ''cold finger"' (se; Fig. 11)’a'nd reduce the fxeat inpv.;t to the
sample.

The carbon-cdfnposition thermometer was used for experiments
;in’.both the evaporator/cryostat and immersion cryostat, Its resistance
was measured on a d.c. bridge circuit which allowed a resolution of
better than a millikelvin while producing only a few pWatts in the re-

sistor.

}III. G, The Sample and its Preparation

The Josephson junction device studied was a composite of super-
.conductor and normal-metal thin-film layers forming an SNS sandwich.
iEa.c‘h layer was vapor deposited in turn onto the substrate and previous
jla,yer. The superconductor, S, layers were formed from 99.999%
‘pure tir;, while the normal metal, N, was formed from either 99. 99%
pure gold or an alioy of gold co;xtaining 10wt. % of copper. The copper
‘was stripped magnet wir:e.. ”

. All of the samples investigated in these experiments were "dirty'",
fithat is, the electronic mean free path was shorter than the coherence -

3

%lejngth in the N metal. This was desirable for the f'dllowing reasons:
ﬁ(ra.) it allowed higher resistivity junctions with lower critical currentsgE
than clean sa,mple_é with similar dimensions-and smaller self -induc'eq

K

ima.ghetic« fieldﬁfeffec:lg (cee sections 11, C, 2 ;n'dE 1V.C), '(b') these small-
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er currents caused less sample heating, (c) it facilitated the separatio.
of the Josephson and tin critical currents (see section IV, B), and (d)

in the dirty limit the detailed atomic structure at the interface is less
important and the large-scale motions of the superconducting electrons
are ruled by a simple diffusion equation.zs whereas in the clean case
the reflection and transmission properties of the transmission region
play an important role.

The earlier experiments carried out in the evaporator/cryostat
used the’aample geometry shown in Fig.12. This sample was design-
ed as a thin-film imlogy to the crossed wires of Rocket‘eller4 with a
simplicity that allowed it to be vapor deposited in the constricted en-
vironment of the evaporator/cryostat. The Josephson junction proper

was 0, 25mm x 0.25mm.

% -preprinted

% gold lead

2 - 0.25mm,

é — |.8mm dio.

2

Yz zizzzq B — sapphire
substrate

e e 7/

Fig.12. Early sample geometry. IN is the
control current and IJ the junction current.
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The later use of a separate thin-film deposition system and an
immersion cryostat permitted the development of an improved sample
geometry shown in Figs.13 and 14. In order to reduce both the input
impedance and the Joule heating in the control-current lead, the nor-

mal-metal film carrying the control current, I, into the N-layer

N

tunneling barrier was replaced with a superconducting film of tin,

Also, to insure complete injection of 1. into N, a thick insulating film

N
of SiO was deposited both below and above the IN lead, save for a
0.19mm slot which defined the width of the Josephson junction. The
current-carrying area of the Josephson junction was 0.18mm x 0.19mm,

Figure 14 illustrates the masking patterns and the sequence of deposi-

tion.

MY &
\\\\\\\\‘\*\1 \,

A \»- O

> e R
mn—f "“'
Fig. 13a. Sublfrute with Fig.13b, Section A -A with exag-
improved sample. Tin gerated scales for clarity.

films not labeled.
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(1) Sn (~15,0004) |(2)Si0 (~8,000A) |(3) Au/Cu alloy

T

0.18mm.
L=0.19mm.

(8) Sn ¢15,000A) |(5) Si0 (~&,000A) |(6) Sn (~15,0004)

—

MM AR

Yl e

Fig. 14 Sequential construction of improved thin-film sample.
(Shaded area is the material deposited during that step.)

The substrate was one of three 0.031" x 1. 5" x 1.5" polished, single-
crystal sapphire slabs (obtained from INSACO, Quakertown, Pa.) with
a surface asperity of 10-6inches. Single-crystal sapphire was chosen
because at cryogenic temperatures its thermal conductivity is three
orders of magnitude higher than that of glass.

The preparation of the substrate for vapor deposition initially in-
volved the removal of films from a previous experiment. Metal films

were readily removed by rubbing with a mixture of Linde B, 0, 05-
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micron, alumina abrasive and distilled water (sapphire is the crystal-

line form of alumina, AIZO The removal of SiO films, however,

3):

required the use of a buffing wheel and polishing rouge.* The substrate

was then cleaned by hand with a glassware detergent (e.g., '"Sparkleen"
“in distilled water) and a tissue, Next, the ultrasonic cleaner was em-
_ployed: First, a wash in a detergefxt and distilled water solution, and
.then five successive rinses in distilled water. Finally, the substrate
-was cleaned ultrasonically in a beaker of reagent-grade methanol
éwhich was chosen both for its dissolution of water and sundry impur-
it‘ies as well as its volatility kfor the next‘ step). Drying was accomp-

'y lished by withdrawing the substrate from the beaker after the meth-
.;a.nol had been heatéd to its boiling point. The substrate was thorough-
“ly dry after a few seconds in the hot methanol vapors. An indication

of the effectiveness of the cleaning procedure was the uniformity of

“the evaporating methanol film over the substrate surface, for inter- )

. *Apparently, this treatment was not detrimental to the sample; for,
‘although some small scratches could be seen in the sapphire using
:side-lighting and a 30x microscope, they disappeared when the usual
.-;15, 000A initial layer of tin was deposited. The mechanism for this

. :scfrat-ch filling is thought te be related to atomic migration and to the
- probability of some of the impinging metal atoms having sufficient en-

‘ergy for at least one reflection (i. e., one reflection in the scratch
‘might direct the atom within the scratch, while one reflection on the,

- flat would leave the substrate). The complex geometry of the evapor -

ator/cryostat was replete with evidence that a fair proportmn of the

-;metal atoms suffered at least one reflection off a 300K substrate. ..

‘and somewhat less off a 4.2K substrate.
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ference fringes were observed in the evaporating methanol film across
the entire surface. It is believed that the interference pattern was due
mostily to the vertical position’ of the sapphire in the rising vapors (and
the gravitational field) rather than being '"grey-breath figu’res"SA4 in-
dicative of slight surface contamination.

After cleaning, the substrate was moﬁnted 1n a-holder particular
to the vapor dcposit.i(‘)n".being used.b If it were the evaporator/cryostat
system, the substrate wod-l‘d ’.b’e ’.vpl’aced first on a mask for pre-printing
the‘gold islands. After this depbsition, the substrate would be cleaned
in successive beakers of xylene, methyl ethyl ketone, and methanol in
order to remove traces of pump oil which may ha\}é condensed during
depositioh of the gold islands. The first two were recommended by
the manufacturer as solvents for the Convalex 10 diffusion" pump oil,
and the methanol was used for the dr&ing p>1:;cess. The dried subs.tl;aytier_‘
was fhen mounted én the substrate hoider and placed in the evaporator/
cryostat for final deposifion 'and'measvurément in situ. Altefnatively,
if the conventional vacuum system were used,‘the substrate would be: -
moﬁnted in a holder which allowed it to be liffed and positionea over
one of five masks. The vapor -deposited sample would then be removed

and mourit.ed in the immersion cryostat for study. o

54, see ref. 48, p.6-38,
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III,H, Measurements

III. H,1. Film Thickness

The thickness of the thin films was ascertained by optical methods

55,56 For this

using the principle of multiple-beam interferometry.
method a thin film of aluminum was vapor deposited over the sample
in order to imprbve the reflectivity of the SiO film and the sapphire.
Each sample was used for just one experimental run, and the fhickness
measurement was made after the sample had been warmed to room
temperature,

The computation of the thickness was computer assisted, and the
accuracy of the measurements for the N film was usually better than
502\. The measurement of the S (tin) and insulating (SiO) layer thick-
nesses was not required to such an accuracy; therefore, these films
were measured to within ~ 000A (~1/3 of a fringe .shlift for sodium
light) which cdrresb'onds to an acrcur'acy/ of ~5- iO% for these thicker

films,

55, W.F. Koehler, J.Opt. Soc. Amer. 43, 739 (1953).

56, R.F. Duffy,v Ph. D. thesis, Stevens Institute of Technology, 1964
(unpublished). '
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III, H. 2 The Thin-Film Electronic Mean Free Path

The electronic me‘an free path of the N metal is needed for the
calculation of the coherence length in the tunneling barrier of the SNS
Josephson junction. The ratio of coherence length to mean free path
determines whether the clean or dirty limit of the theory should be
applied to the sample,

At cryogenic temperatures the primary contribution to bulk elec-
trical resistivity in metals is the scattering by lattice defects. In thin
films the‘ resistivity is increased by diffuse surface scattering. In
ord;a‘r to obtain theé desired bulk mean free path, zo, the contribution
fro.m surface effects must be segregated. The following method ™ for
the calculation of LO waé developed by Fuchs57 and extended by
Sondheimer5

If the surface scattering is assumed to be entirely diffuse (a good
approximation for vapor-deposited filmssg), the equation relating the

mean free path to other film parameters is give-n by

o/o =1 -<3zo/t>1f°°<1/73-1/~r5>[1 -exp(-t/4 )ldr , LLH.2,1

*an excellent review of the subject is in ref. 48, ch.13. 3,
" 57. K. Fuchs, Proc.Cambridge Phil. Soc. 34, 100 (1938).
58. E.H. Sondheimer, Adv.Phys. 1, 8 (1952). |

59. H. Mayer, Structure and Properties of Thin Filmvs (Wiley, N.Y.,
1959), p.225. B » : ‘ :
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where o, is the bulk conductivity, o is the total measured conductivity,
and t is the thickness of the film. An equation defining the resistance

of the film at 4. ZK; R4 2 along the length, L, of a film of width W is
o 2 :
oc/o=[LAR, ,Wt'o /4 )](t/4 ). 1. H. 2.2

The quantity 00/.60 is a constant for a given metal and independent of -
temperature. It can be determined from measurements of the anom-
. 10 -1 =2 '
alous skin effect. Values of‘co/zoz 8.3x10 ohm c¢cm = for gold and
10, -1 -2 - : —
00/£0= 9.5x10 ohm ‘cm = for tin were obtained from the literature.
The value of oo/zo for gold was also used as an approximate value for
that of the 90wt %Au/10wt%Cu alloy. The value of R, , was deter-
mined from the resistance of the normal-metal film leading into the
barrier in early samples. The simultaneous graphical solution of
equations III, H, 2.1 and III, H, 2. 2 yields values for % and o/o'o. The

experimental values for the mean free path are given in Tables 1 -3

(section IV. A).

‘ 60. D, K. C. MacDonald, Encyl. Phys.,XIV (Springer-Berlin, 19’56),
po 188. ‘ . )
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1II. H, 3. The Experimental Arrangement for I_vs V Characteristics

J
The time-averaged (d. c.) operating characteristics of an SNS
Josephson junction can be displayed as a graph of the tunnel current,
IJ, versus the volt_age, V, across the junction. If a control current,
J

IN' is introduced via a third terminal directly into the N layer, the I

vs V characteristics as a function of I . resemble the output curves of

N
a bipolar transistor.

The I_vs V characteristics in this experiment were measured using

J :
two diffexient techniques. The first was a d.c. method which had the
adva;ntége of (a) ha’virig only one voltage reference point (ground) in the
ciréuit (at the voltage amplifier) and, hence, no grouhd loop currents
or common-mode signals, and (b) no signal distortion due to lead and
sample inductance. However, the tradeoff Was that thermal e.m. f.'s
c"ould be detected as noise and the sensitivity of the amplifier was at
best ~30nV, whic‘h was the ""jitte -'' at the output of the amplifiér'meas-
ured over a fgw ;econds with the input si‘xorted. Coﬁéequentl% this
method was 'ﬁot a.d.eq;l;ate .forithe thicker samples wher.e the in.t.efe_sting
region (i. e., large dynamic resistance region) occ1.1r.red for voitages
below 30nV. Therefore.-, this d. c. method was uséd fér the thinner

' samples (with correspondingly 'Ia._;-ger critical curygntsj-and'to ché-ck v
the second method at higher:vvoltages, The d. c-k. circuit is shown in

Fig.15. Both the I and IN current supplies were 12-Volt lantern



55

batteries with a series transistor controlling the current. Both cur-
rent supplies were floating, but both their cases were grounded at the
d. c. amplifier through microphone cable shielding. The value of IJ
was varied with a ten-turn potentiometer controlling the series tran-
sistor and was measured by the floating Y -input of a Hewlett Packard
135A X-Y recorder across a 1.05{}) resistor. ;IN was measured with
a Weston 931 rhi‘lliammet‘er. The voltage across the sample was
measured vﬁth é Keithley 149 milli-microvoltmeter, whose output

drove the X axis of the X-Y recorder. The capability of either cur-

rent source was ~900mA.

D.C.
I, —
\
SUPPLY |
mA. R A
| v
Y | | |
Iy | |
Y suPPLY | ]
X—Y "CRYOSTAT Y
- [ow.
RECOR
RECORDER |X | N e

Fig.15, The d.c. circuit to
determine IJQV characteristics.

The second method of measuring the I_vs V characteristics was

J

to employ a lock-in amplifiei- -a techhique, which has the advantage



of permitting the detection of a signal buried many dB below the noise
level. In esseﬁce, the lock-in amplifier is a narrow-band tunable
amplifier which ignores all the noise outside a narrow frequency band
about the signal frequency. A diagram of the experimental circuitry

is shown in Fig. 16.

lf' _____ ]
: L
| |PREAMP [T - 3~ -—-
: ¥ : X=Y mA. :IN :
| . X | RECORDER i K |
: AMP [T : I
Y Ad.c.
: Isynch : “outpu' D z : :
| |SQUARE A 1 | sueeLy | !
R -t |7 [voLTMETER | 1
{ I ympupins gugit { . L !
LO:::;!N oL CRYOSTAT
DIFFER.
Y AMP
* " \agase/
_]—1__ ==
J_L _ s - STVTTTO
PREAMP.- | AMP.
MUTUAL
INDUCTANCE

Fig.16. Experimental setup for measuring IysV
characteristics with a lock-in technique.

A Princeton Applied Research HR-8 lock-in amplifier (.her'eaft.c;r‘
denoted PAR) was used both as a signal source and as a detector and '
amplifier. The sample current was switched on and off at a fixed
‘frequency’ ('typica.lly Sng) in square-wave fashion, and the'resulting

square -wave sample voltage Was synchronously detected (locked-in)

. and amplified by the PAR., A square‘-wav’é current also has the ad-
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\;antage of heating the sample only about half as much as an equi\;alent
direct current.

The PAR amplifies a signal which is the fundamental Fourier com-=
ponent of the square-wave voltage times a proportionality factor which
is the cosine of the angle, ¢, be£Ween the phase of the generated square
wave fundamental and the detected signal fundamental. An internal
phase adjustment, @ is included in the PAR to determine which com-
ponent of the incoming complex wave form is amplified.

A constant-amplitude, 5kHz square wave (switching from 0 to its
peé.k value) was generated by the PAR and sent to a preamplifier,
which consisted of two operational amplifiers and a ten-turn potenti-

ometer for adjustment of the square-wave amplitude (i.e., I The

J)'
signal then was amplified further by a series transistor (witha 2-
Ampere capacity) and applied to the sample, The value of IJ was de-
termined by measuring the square—waw}e voltage across a series,
0.982-Ohm manganin wire. This volta ze was amplified and isolated
from the current-supply circuit by a Sanborn 8875A differential am-
plifier and fed into a Hewlett Packard 400K a.c. voltmeter. The d. c.
. éutput of this voltmeter, which was proportional to IJ, in turn drove
the Y-axis of the X-Y reéor.der.
The sample impéda_,ri‘ce \ﬁas both resistivé and inductive, and since

the current was a square wave (from a current source, switching from
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0 to IJ), the resulting sample voltage contained terms proportional to
both IJ and its derivative. Hence, the square-wave voltage detected
by the PAR containéd a voltage spike due to the differentiation of the
square-wave current. This was vremedied by including in.the circuit
a negative mutual inductance which would negate the effect of the sam-
ple indﬁctance (see Fig.16). The mutual inductance was inserted by
diverting the sample current through a 0.17-0. 27uHy, adjustable r.f.
coil \f)l;xich had been éoupled via its ferrite core to one turn of the volt-
:agé lead lwith the proper winding polarity. An optimum value of the
‘, mutual inductance'wa;s obtained by adjusting the position of the ferrite
cor.e'while monitoring the square-wave voltage on an oé'cilloscope.
After an optimum setting had been obtained, the mutual inductor was
removed and its value a‘scértained to ~2x10-.8Hy. The effect of the
mutual inductor was to cancel better than 90% of the voltage spike,
»which,was moré‘ than sufficient; for the residual spike had a negligible
Fourier component at thie fundamental ffequency of the square wave
i(i. e., its du’fation was an order of magnitude less than the width of
‘the square wave at 5kHz),
| 1 Thév detected signal quality depended also upon the choice of the ’
;félug -in pre;mpliﬁef for the PAR. Initially,a type B-1 preamplifier
;gwas employed becausie ‘of its sensitivity (InV full scale) and its avail-

| :;a.bility. However, it had an isolating-transformer input with a small k
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impedance which was essentially inductive (~250puHy); and if the sample

inductance were not cancelled by the mutual inductance, the desired
resistive componer;t of the junction voltage would have been difficult to
discern due to the inductive loading of the B-1. Later, a type B pre-
amplifier was obtained. It was preferred to the B-1, for it had the
same sensitivity but with a much higher input inductance (~ 0. 25Hy).
With the lock-in amplifier technique the noise voltage was as low
as one nanovolt, and the I_-V characteristics were in excellent agree-

J

ment with those measured with d, ¢, methods,

III. H. 4. The Experimental Arrangement for IJ-_A V Curves

In this part of the experiment the current, I ., injected directly

N

into the N layer of the SNS junction was a positive-going square wave
and the Josephson junction current, IJ, was direct current., When
the critical current of the junction was exceeded here, the junction
:voltage contained both a d. c. aﬁd a square-wave component AV. The

%operation was to fix the amplitude of IN at a value smaller than the

critical current of the junction and vary the direct current IJ in order

that a graph of the junction square-wave voltage, AV, versus I could

J

be obtained. The curve of I vs AV was repeated for different fre- .

J

;quencies and amplitudes of IN' The experimental arrangement is

‘ fsimilar to that in the previous section and is shown in Fig.17.
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Fig. 17, Experimental setup

for obtaining I

Y8 AV curves,
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IV, EXPERIMENTAL RESULTS

IV. A. The ‘Samples

The operation of the SNS Josephson junction depends significantly
upon its individual elements; therefore, the experimental character-
‘istics of the separate thin films will be presented here first. Tables
1-4 are a summary of the film characteristics.

As was explained in section III, A, the samples fabricated during
the course of this investigation may be divided into three categories:
(a) pure metals vapor quenched on a 4. 2K substrate (Table 1), (b)
pure metals condensed on a 300K substrate (Table 2), and (c) pure tin
and a Au/Cu alloy condensed on a 300K substrate (Tables 3 and 4).k
The following describes the normal-metal (N) filmé and the super-
conductor (S) films for these three cases. |

N Films : As described in section II,A, the range of the proximity
effect is gGL and §N iﬁ the S and N films, respectively, and decréas;zs ,
with decreasing electronic mean free path. The theégy w‘hich explains
z}this "leaking'' of Cooper pairs from a superckonductor to a normal
‘metal is divided into two cases depending upon the ratio of the mean

,,fxi'e,e, path, £ to the coherence length, §N, in the normal metal, If

N’
VI,N/§N(T) >>1, then the SN junction is in the ""clean' limit of the theory;

" - H
and if I.N/ §N<< 1, the junction is in the "dirty' limit, For this inves-



rtiga.tibn, it was desirable to have the junctions in the ''dirty' limit as
explained in section III. G,

In general, metal films vapor deposited onto a substrate held at
room temperature or below are in the dirty limit due to the large
number of lattice dislocations formed dﬁring the deposition. As ex-
| pected then, all of th.e metal films in this investigation were in the
dirty limit; and, if the ratio ,O_N/gN(T) is used as an indicator, the N
films may be divided into two groups: (a) pure gold films deposited on
a 4. 2K substrate having typical ratios of "’N/gN(S' SK)zO. 15 and
' 4Au/(.3u-alloy films deposited on a 300K substrate with zN/gN(z. 5)=0. 2,
and‘ (b) pure gold films deposited on a 300K substrate with l,N/&N(3. 5)
X 0.5. The former group of films is "dirtier" fhan the latter because
of the increased number of e,lectr‘on’scatterihg sites due to either im-
purity atoms (viz., copper) or vapor -quenched lattice dislocations.

Tl"lé thickness, tN’ of the N layer was varied from _ZOOA to 5260:\,
with the thinner samples'deposited only on substrates at cryogenic
temperatures in order to reduce the possibility of ''pinholes’ in the
films. Warmer substrates permit the migration of co-‘riaevﬁvsing metal
a.tomé to nucleaéion‘centers, thus leaving voids in the fiim (e.g., the
" minimum thicknesé f'or’a continuous gold film dgposited on a 300K

' 1 ™ .
substrate 1'56 r}SOOA). However, because the stresses in the gold

+
3

61. M.H. Jacobs, D.W. Pashley, and M.J. Stowell, Phil. Mag. 13,
129 (1966). : _ ; \
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films deposited on the 4, 2K substrate caused cracking for thicknesseﬁ
above 2000-3000A, it was decided to vapor deposit the films on a 300K
substrate and res't‘rict their thicknesses to be greater than 500A to in-
sure film continuity. The resulting films were structurally sound and
exhibited the characteristics of a less disordered crystalline structure
(see Table 2). Finally, to insure that the films were indeed in the
dirty limit and for reasons given in section IV, B, the gold film was
alloyed with copper, resulting in an increased lattice disorder once
again (see Tables 3 and 4).

S Films: The superconducting (S) films in this investigation may
be described in tw9 categories: (a) the pure tin films vapor quenched
~on a 4, 2K substrate (Table 1) and (b) the pure tin films condensed on
a 300K substrate (Tables 2-4)., As with the N films, the S films which
were vapor quenched on a 4. 2K substrate also experienced cracking
for film thickn,e‘ssAes‘ exceeding a minimum value ~2000A. The S films
which were condensed at 300K,' though, were 'mirroxj perfect with
j‘_thicknesses ranging to 15, 000:\, which were w¢‘11 beyond the reported ;
%minimum thickness of a continuous film of tin on an ultra;c'lean_subw k
istrate.bz |

The transition.temperature, TCs"‘ of the S film was obtained by

v

_ '62. H.L. Caswell, J.Appl. Phys. 32, 105 (1961).
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extrapolating the temperature-dependent tin-film critical current,

Icé'(sce section IV, B), to zero 'cﬁrrent. The resulting values of TCs
in Table 1 compare well with those of Buckel and Hilsch63 who also
'vapbf quenched their films of tin on a substrate cooled with liquid
helium. In particular, fhe' resulting enhancement of Tcs.over that of
the bulk material, .3. 72K, may be attributed to a combination of inter--

~nal streaé64 and lattice disorder. 65 The electrical resistivity of the

"vapor-quenched tin film ( ~5x10-6ohm-cni for a 30002& film) also #-

xgreed with the data of reference 63. The corresponding mean freé
pa;th, 'Lé, was ~200A. Upon warming, the films annealed; and, at

‘ r'oo'm temperature;‘ their vresistance was about oné ha;lf o£ their low-

: tgtﬁperature resistance. Latér, when the sample was vapor deposited

~onto a 300K substrate and ,the thickness of the S layer was increased

tb ~15.;000A, the meé.,n free path correspondingly increased to 240001.3.
The vacuum pressure d.uring the deposition of these later samples

- rose to ~5x10”>Torr fof the SiO and ~5x10'6Tor_r for the metals

: Since it became desirable to dirty (\;iz. , alloy) thé N film, the addi-

tional impurities contributed from the condensation of the gaseous

i contamination were not detrimental to the desired characteristics

' 63. W. Buckel and R. Hilsch, Z.Physik 138, 109 (1954).
64, J. M, Lock, Proc. Roy. Soc. (London) A208, 391 (1951).

i 65. J. W, Garla,nd K.H., Bennemann, and F. M, Mueller, Phys Rev.
. Letters 21 1315 (1968).
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;)f the N layer nor were their secondary effects62 on the superconducting
properties of t’he tin films deleterious to the investigation of the com-~
posite structure a's a device*.

' Tables 2-4 contain values for tixe critical temperature of the SNS
device, TCsns’ which were determined by extrapolating the tempera-‘
?ture dependence of the Josephson critical current to zero current. ‘A

possible explanation for the enhanced T in Table 4 is the stress

Csns
experienced by the films of tin due to the differential contraction of
g;film and substrate when cooled from room temperature to that of
;liquid heliuméé. On the other hand, thoge in Tables 2 and 3 are
islightly suppressed due, most likely, to the proximity effect which
idepends on the coherence length, §N(T), in the N metal as well as the
%thickness of bofh the N and S layers, 'tN and tS.

| Thé remaining parameters in Tables 1-4 are: PNy o the N-metal
§resisf:ivity at 4. Zk; Rin’ the resistance seen by the control cﬁr’rent,_
iIN (se# section IV, D, 2); and Rn, the Josephson junction rebistancé
%for currents far exceeding the critical value. |

i
i

%* The overall effect of these layers is quantitatively described in
igection IV, D. 1 by. an empirical ""effective coherence length. "

JORPVISO I

166 see ref, 48, p.22-9, ) . S P



TABLE 1. CHARACTERISTICS OF FILMS DEPOSITED ON 4. 2K SUBSTRATE

Sample t tg1 tgo pN4 ) EN §N(3. 5) R, TCs
. theor.
. 3e 3e -6 . .
No. A 10°A 10°A 107 D cm A A Q K
7 1050 1.5 2 <38 > 40 > 250 50 b
8 750 2 3 28 60 310 50 ~3.8
9 200 2.5 2.5 27 40 250 300 3. 85
C
13 900 3.3 5 <65 >30 220 100 4,1,4.4
15 340 2.6 4,2 77 20 186 320 4,35
16 530 3 1.75 65 25 200 170 ~4,3

i ]
* The mean free path of the tin is ~200A.

a. obtained from Eq.IL. A, 4

b. very noisy near T

Cs

c. both films of tin became normal

99



TABLE 2. CHARAC TERISTICS OF FILMS DEPOSITED ON 300K SUBSTRATE
IN EVAPORATOR /CRYOSTAT ‘

o ; * a |
Sample | fy ts1 ts2 PNy > I | En(3D Rin ’s Csns
. theor. _
‘ 'S 3e 3e -6 . . .
No. A 10°A 10°A 10" Qcm A A Q A K
19~ 550 2.8 2.9 - 6.0 230 600 15 10> | -
20 750 4 : 5.7 4,3 350 L7150 8.0 103 ~3.5
23 | 1450 6.5 9 4.4 500 900 4.5 - 3. 62
24 1125 9,2 9.7 4,8 380 - 780 5.5 4x10° 3.55
TABLE 3. CHARACTERISTICS OF FILMS DEPOSITED ON 300K SUBSTRATE
IN EVAPORATOR /CRYOSTAT - GOLD ALLOYED WITH COPPER
Sample [wt.% Cu t t t £ . R. T
P ’ N | 's1 s2 | Py N | NG in Csns
10-60 cm A ;X £ K

27 5.2 1700 8.2 9.6 9.0 160 500 4.5 3.6

28 9.1 780 | 8.9 | 9.7 11 | 130 450 12 3. 66

A . . a. obtained from Eq. Il A. 4.

L9



TABLE 4.

CHARACTERISTICS OF FILMS DEPOSITED ON 300K SUBSTRATEJ‘

MEASURED IN CONVENTIONAL CRYOSTAT - GOLD ALLOYED WITH COPPER

Sample |wt.%Cu |ty | tg | t5p | By, R Csns
No. % 2 |10% [10% Q 10”% K
30 9.4 5200 | 12 12 1.8 1.5 3.75
improved geometry begihs here
32 9.2 1290 12 175 a 14 3.76
34 8.9 1410 13 15 . 068 6.0 ~3.70
35 8.6 | 1550 | 12 15 .10 10 b
36 9.2 3000 12 13.5 ’ . 057 32 b
37 10.0 | 2580 14 155 . 083 22.5 b
38 11.5 1225 13.5 15,5 . 22 370 3.52
5‘39 9.8 540 . 15 15 -- <5 tLL 3.8'tﬁ
( a. input lead open circuited.
b. critical currents too small to be determined near TCsns'

-6
~11x10 Qcm
pN4. 2

. L
ZN ~ 100A

[ ]
£y (3 5K) = 5004

89
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IV.B. The Critical.Current of the Tin Film

A serious problem which arose during the early stages of this in-
vestigation was the transition of one or both of the superconducting tin

films to the normal state whenever the junction current, IJ,, or a com-

bination of I.]' and the control current, IN' exceeded a critical value,

ICs' The purpose of this section is to present (a) evidence of the phe-

nomenon, (b) a feeling for the underlying mechanisms, and (c) a method

for eliminating the effect. In the following, IN is assumed to be zero

for simplicity; no attempt is made to pursue the quantitative effect of

IN on ICs'

When an S layer became normal conducting near the junction, it
destroyed the operation of the SNS Josephson-junction device and con-
tributed an additional resistance of upkto 10—3‘1 to the junction resist-
ance (Rn~10-50). In the early samples, this phenomenon was evidenced
in the unexpected éppearance of a large negative voltage in the junction
IJ.y__s_V characteristic. An example illustrating the effects of the tran-
sition of the tin film is shown in Fig.18. As the junction current, ' IJ, ,

1is increased beyond the junction critical current, I s(not shown on

Csn

the scale of Fig.18), the device exhibits ohmic behavior (with a slope

‘equal to the junction resistance, Rn= 1.5u€d) up to a critical current

1

ICs' kw_hereupon the voltage begins to reverse with increasing IJ,~. As

'IJ is increased still further, V becomes negative and increases rapidly
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in the negative direction until the junction again acts ohmic (for a value
IJZ 350mA, not shown in Fig. 18) but this time with a slope of 215u},
which is just the value of the junction resistance measured at 4, 2K

when both tin films are normal conducting. Thus, the reversal of the

3001
IJ(MA)’
?2|5' o
| Caisy 200-
[ SAMPLE 30 . l
H cs
| Au-5200A 100 -
Sn- 12 000A
" 12000A 1.5uAd |
. A
-2 -l o o
Viuv)
Fig.18. I_vsV showing a volt- Fig.19. An early sample showing the
age reversal at ] s (ICsns not flow path of I_ for both S films normal
seen on this scalc). o and IN=0. Equipotential lines A-H not

incremented equally for emphasis.

jnn;:t,ion voltage is caused by the value of I.J exceeding the critical
,cﬁrfent of both’ tin ﬁlms. This krnay be ex:plained using Fig. 19, which
-is a diagram of the éarly sample geometry ilius‘trgting the ‘approximate
flow patterns and ec!uipotentia.l lines when both tin films are normal

conducting (e. g., IJ>> ICs)" VThle flow of IJ is shown heaviest in the
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t;;vo tin (S) films because the S layers are thicker than the N film. The
two-dimensional approximation assumed in Fig.19 for the equipotential
pattern is valid here because the thickness of the films is negligible
compared with their other dimensions. The current is conventional,
and the potential increases from lines '"A" to '"H'" in varied increments
for emphasis of illustration. The junction voltage, V, is defined as

the difference of the’ potential measured between superconductors ''a'"
and ''b'"! sufficiently distant from the flow of IJ (i.e., V= Va- Vb). When
‘both tin films are normal, as shown in Fig.19, the lead measuring Va

is at potential ""D" and the one for V_ is at potential "'E"; therefore,

b
Va- Vb<0. On the other hand, when both tin films are superconducting

(each tin film is then one equipotential), Va. is greater than V_ by the

b

Josephson-junction voltage drop across the thickness of the N layer

:between the two superconductors, and Va- vV, >0. A further look at

b

Fig.19 suggests that the voltage reversal occurs only if both S films
‘become normal conducting.
As the N layer was made thinner, the value of the critical current

tOf the junction, ICsns’ approached the critical current of the tin, ICs'

Figure 20 shows the I_vsV characteristic for a sample at a tempera-

J

ture where I . 1is slightly larger than I _ . It is thought that the

Cs Csns

,cﬁtical current of only the thinner S layer is witnessed here, and, '

8 ihencé‘, no vorltage} decrease ié expected. Figure 21 illustrates the
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Fig. 20. IJy_g_V plot showing the crit-
ical.currents of both the tin and the

sandwich. An expanded graph is

used to determine 1 .
Csns
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for this sample.
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Fig.21. Temperature depend-

ence of the two critical currents,

Uponwa closer inspection of Fig, 20, two negative differential resist-

ance regions are noticed.

They occur when the total sample resistance,

Y/IJ, increases rapidly due to the tin films changing to the normal

is’fta,t:e.
[

Since the source resistance was ~500},

the increase in sample

fteaistance corresponding to this current drop is of the order of 1/2(}.

v

i

" a 90004 tin film at 4. 2K.

1
i
H

Flg. 22.

Ed

This is in good agreement with ~0. 350 for the measured resistance of

A plot of 1og(Ic )vs log(l-t ) for fwe different samples is shown in

One of the samples (le) was fabrtcated with the N layer

e



omitted. The critical current dependence on (1 - tz) is seen as a 3/2-
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Fig. 22. Temperature dependence of I

Sample 15b has no N layer. Ce

power law for sample 16 and approximately as a 0.58-power law for
j;the other samples, including 15b.

f In their work on critical currents in films of tin, Mydosh and
iMei‘ssnerfJ?_ have reported a similar'3/z-power dependence on (1 - t-z)
i%for low critical gurrents and a ~1/2-powér law for higher currents.

3
#

567 J.A, Mydosh and H, Meissner, Phys.Rev. 140, A1568(1965),
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Phillips and Meiasner68 have made it plausible that the appearance of
a voltage iz due to an instability of laminar current flow. Thus, the
tin critical currents observed in this investigation may also have been
caused in part by the onset of the instability. While it may be more
correct to call the current at the first appearance of a voltage an
"instability current,' the more conventional label 'critical current"
will be applied herein.

An additional experiment was undertaken to determine the change
of the cri|tica1 current of the tin when:it was brought inté proximity
rwith a gold layer. First, a 90002\ tin film was vapor deposited in the
sha;pe of a ""V'" (see the pattern of Fig, 12). Next, a IOOOI.X‘gdld film
was deposited atop one of the legs of the vee, covering about one-fourth
its length, These thicknesses were chosen .'a's representative of the
SNS sample. 'The critical current’s of both tin legs were measured
sepa“ratelyy’, and the résults are shown in Fig. 23,

First, it is observeci that the ,relativrvely thm laye? ‘.of gold had its

greatest effect at higher temperatures in.suppressing ICs' This is

‘expected from Eq.II.L A, 7 and the temf;era_ture dependences of b
(Eq.1I.A.9 and Eq.IL A, 4) and gGL (Eq.I. B, 4.5), for Fs(x) increases

"W'ith decreasing T, and the critical current of an isolated supercon-

x

';68." H. L. Phillips and H., Meissner, Ph&é.Rev.B. 5, 3572 (1972).
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duct:or69 varies directly as the pair potential A(x)=F(x)V(x). Secondly,
the slope of the linear portion is once again ~0.58. Thus, the pres-

ence of a thin layer of gold is seen to decrease the value of ICs'

200 . L] . ‘ L5 § "‘ v L ] . " LA LR
100 = ?
F 3
o -
- | X =
qa [ 4
E I SAMPLE 25 ]
- GOLD: 10004
] . TIN: 90004 1
X o-TIN ALONE
i 3 X-GOLD ON TIN 3
L o B
2 - A A ‘ 2 A4 A. ' 4 r'y l LAA
0.01 o 10
2
i-1

Fig, 23, Temperature dependence of
critical current for S and SN films.

It would be desirable to make comparisons Qith other findings.
%However, this requires the knowledge of the intrinsic property the
‘icritical‘ current density rather than the total cufrent, and it is diffi-

, icult to determine the tin critical current densities from the tin criti-

cal currents, because the tin probably goes normal first near the SN
iinterface where the path of the current depends on both the penetratic;n;

:
Lo

9. J. Bardeen, Rev.Mod. Phys, 34, 667 (1962).
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depth in the tin (Eq.I. B. 3. 3) and the Josephson penetration depth in
the junction (Eq.II, C,2.1). As a first approximation, the critical-

current carrying area of the tin was taken as either the entire cross
section of the tin film or the produc‘t of the width of the tin and twice
the penetration depth (Eq. I, B, 3, 3), whichever was smaller. At

T/T .~0.7, the resulting critical current densities were of the order

C
of IOSA/cmZ. This is two orders of magnitude smaller.than those
qbtained by Hunt70 for isolated, very narrow tin films, where flux
~tl‘1bes and instabilities are absent.

in summary, the currents at which the S layers vbecame normal
conﬂqcting depended somewhat upon the proximity of thé N layer - to

~ the extent that it reduced the size of the critical currents but, appar-
ently, did not change their functional dependénce on temperature. The
vie‘@poinf of the analysis was exploratory, and it was intended to elu-
_cidate the conditions necessary to prevent the SNS devi’ce breakdown
rather than determine the exact mechanism thereof.

In practice, the actual solution td the problem of relatively small
values of ICs entailed (a) increasing the S-film thickness and (’b) short-
eéning‘ §N by decreasing zN through alloying the gold with copper. The

: 'forfner had the effect of increasing both the current-carrying area as

well as the critical current density, since the dépression of the order

70. T.K. Hunt, Phys.Rev. 151, 325 (1966).
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parameter, W(x) « Fs(x), in the superconductor occurs for distances

of only a few coherence lengths (see Eq.II.A, 7). Reducing gN decreases
the Josephéon criti‘c.'—:fl current exponentially (Eq.II, B, 7) and also in-
creases the tin critical current through increasing the order parameter
in the superconductor. In other words, the‘depression of the order
parameter in the tin (Eq.1l. A, 7) is affected by the normal metal only

up to a thickness,tN,of the order of &N, whereas the Josephson critical
current depends exponentially on the entire thickness of the N layer.

‘Hence, reducing EN allowed the reduction of 1 by increasing t

Csns N

beyond a few coherence lengths and also permitted an increase of ICs'
The results of these modifications were that, with the prssible excep-
tion of sample 39 at lower temperatures, the tin critical carrents no

longer appeared within that range of currents necessary to study the

SNS device.

1V.C. The Effect of External Magnetic Field

The application of an external magnetic field, H, alters the

~

‘Josephson critical current in a periodic manner described in section

II.C.1. The measurement of this effect is important for two reasons:

.(a) the observation of a critical current dependence on H of sin(H)/H '

iverifies that the critical current is indeed the Josephson critical cur-

i

-f‘gent: ICa‘ns (rather than, say, the tin critical current, ICs) and (b)
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vs H characteristic asy to
Csns—

whether the junction is operating in the self-field limited region. If

‘afdeltermin_ation can be made from the 1

"the junctions are self-field limited, the critical current may be signif- .,
‘icantly reduced b\," the self field, -This is a fundamental limitation on
the current-carrying capacify of the three-terminal Josephson junction
device. Although the barrier current, IN' a.lso cohfributes to the self-
field limitation of the device, it will ke a.s,shmed to be rnuch smaller
than IJ. here (i.e., a small-signal approximation) apd, hence, its con-
tribution'to the magnetic field of the junction will be neglected.

The periodic behavior of I . for simplicity)

C

(hereafter called I
Csns }

'with H was observed in two types of measurements, The first was a
direct reading of IC from the IJv_s;V characteristic for various values

of H. A typical I .vsH curve obtained in this manner is shown in Fig. 24.

C
d
£
SAMPLE 37 o
T=1.5IK 'Q "%
L ]
° .
L 1 L) [ ]
° th
* 4
* * -~ b ... had
e o° ¢ " e e
0.‘ ‘et ¢ o 1 *, ** ..oo.
. 1
i 1 A L A ) . |
-2 -1 4] | 2
g - ’ . H(GAUSS)
Fig.24 1 _vsH.

C
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The minima occur at inieger multiples of H , the magnetic field at

1’
which the junction centains one quantum of flux. The asymmetric
""skew'" of the Icv_siH plot in Fig. 24 is due ta the fnagnetic field of IJ
itself [i. e., the self field) 71, and the small shift of the curve from the
H=0 center is caused by stray magnetic fields. As the value of IC in-
" creases, the junction becomes self-field limiting and the critical cur-
rent varies linearly with H for small fields. 24, 39

'i‘he, second method was an X-Y recording of the variation of junc-
tion voltage with H for a fixed value of IJE,IC. Section II, C,1 describes
the theory of this approach. "Althpugh, in generai, the shape of the

Vyvs H characteristic differs from that of the I ,vs H curve due to the’

C

nonlinear relationahip between I and V (Eq.II, D,1.2), the maxima of

' J
the former and the minima of the latter curves appear at the same
~values of Hanl (i.e., those fralues‘ of H corre_spondﬁing to an integer
number, n, of flux‘quanta in the junction). Figure 25 shows Vyvs H
_curves taken ét two different terriperatures and junction current levels,
v ;C.urve 25b, plotted for a higher current level-,’ shows the junction' in
ithe normal state for |H‘|2,4. 1G.
: The \falue of}H1 can bg readily detefmined_ from either type of curve, |
?and, if the junction is not self-field Iimitred. a theor,etical value cé.n

also be determined from Eq.II.C.1.3. Therefore, a riletho,d to deter'-

<

z

In T Yamashita and Y. Onociera, J.Appl. Phys. 38, 3523 (1967)5.'



mine whether the SNS device is self-field limited is to compare the

values nf H1 obtained both from Eq.II.C,1.3 and experimentally.

SAMPLE 24

V SCALE:
{(a) litnV/uniT
{b) 3uV/uNiT -

. 'l 'l
0 8 6 -4 -2 0 2 4 6 8 0
H(GAUSS)

Fig.25. VvsH plots (a) T=3, 44K, I =2, 561
(b) T=3, 35K, I_=1,15I v The vert1ca1 scaFe
indicates only voltage changes from V(H=0).

If there is reasonable agreement, then no limiting occurs. However,
if the theoretical value is significantly smaller, the device is limiting

the penetration inte the junction of H and I_ to within a depth )\J, the

J
: ' 3
Josephson penetration depth 8 defined by Eq.Il.C.2.1. For example,

] - [ ]
~ for sample 37 at 1, 51K with A=500A, L=1,9x10 2(:rn, and tN=2580A,

‘qu. II, C. 1. 3 yields H1=0‘. 28G which is to be compared with the experi-

mental value found ‘from Fig, 24 of H,=0.53G. The degree of self field

1

80

limifing is then determined from a calculation of Ay from ‘Eq.II, C, 2.3,
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The result is )LJ=5. 2x10_3cm, and since )‘JzL/.4 (where L is the junc-
tion length), the device is experien'cing minimal limiting due to the
self field o.f IJ. It .shc;uld be kept in mind, tl;ough, that Eq. I, C..Z. 3
"is for an idealized junction geometry, and the results here are depen-
"dent upon the validity of thjs approximation.
Since >‘J depends on the temperature-dependent Josephson critical

: current &ensity and H1 depends weakly on AJ, it is expected that Hl
will be weakly temperature deéendent. An experimental plot of‘the
‘temperat‘ure dependence of H1 i.s shown in Fig., 26, The approximately

linear dependence of H on T is due to the linear dependence of H on

1

,IJ(Ampere's law) and the approximate linear behavior of IC with T over

a small range of T. For the example of Fig. 26 from a combination of

6 v ! T '6 T 1
(b) H'<0
- 4 -5 ® e =
a .
2 1°T )
S 1.k )
= 37 -1
5 1.1 _
| | sample24 4 -I}- -

O ik i 1 0 A 1 i
32 34 3632 34 36
T(K) T(K) B

- Fig, 26 Experimental temperature dependence of H.
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;Eqs.‘II. C. 2. 2-3 (which is equivalent to Ampere's law for the idealized
‘geometry) an expression for H1=(lOOGauss/Amp) IC is obtained. The
value of dIC/dT near T=3.4K is approximated from the ICiS_T plot as
~0.2A /K, The resulting theoretical variation of H, with T is given by
| Hl;zo(TC-T) which’ is to be compared with the experimental‘slope of

22G/K. The agreement suggests that the idealized model for the mag-

netic-field effects in the junction is a good approximation.

IV.D. The Current-Voltage Characteristics of the Device

“IV.D.l. I vsV Characteristics with I =0

N

 This section describes the IJ_\_r_s_V characteristics of the SNS sand-
wich with only two electrical terminals (i. e., the control current, IN'
is: zero), because a fundamental knowledge of the properties of the
two-_ferminal device (viz., the usual SNS Josephson junction) is essen-
tial to the thorough understanding of the three-terminal, SNS device.
The critical current‘, IC, of the SNS- Josephson junction is defined
‘as t_hat; current through the junction for which a voltage first appears
Eao::jross the junction. Figure 27 is a representative X-Y recording of
;théf d.c. voltage V, across the junction, Figu;e 27 differs from Fig.
Cs is now sufficiently large so as not to be seen,and the
Srol!;age scalé has been expanded by two orders of magnitude, The

- theoretical points are a fit of Eq.1I. D.1l.2, V:Rn(IJz-ICZ);-‘/Z,‘ to the

20 in that 1
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‘experimental curve with the junction resistance, Rn' as an adjustable

parameter., For the curve of Fig, 27, Rn is found to be 3701Q .

so -
T 2o}
-
-3
Te — SAMPLE 39
—— EXPERIMENT, T=3.53K
o r o VeRy(1P-13 V2 )
/ forfRye33.0
- I// Ic.'443mA .
/
/
. /
o,.rl‘ PR N D WP WO S
' 0O 200 400 €600 800 000
vinv)
Fig.27. IJy_s_V plot for I, =0.

N

, ,All values of Rn were determined in this way and are listed in Table

i4 As will be discussed in a later section, the values of Rn calculated

%;f?om the N-metal resistivity and the juncfion geometry were much

gszmaller than those values found using a best fit of Eq.I1I.D.1.2. With

;the exception of those early samples troubled by. small c,riﬁcal currents
, : . i

éof the tin films, the 1,vsV characteristics were all afa»(}:}isf;cjtqrily desé
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| ‘i cribed by Eq.IL D. 1. 2.

Recently, a Cooper pair-quasiparticle potential difference has been
.measured 72,73 near an SN boundary in a nonequilibrium superconductor.
§Since the reported voltages have been as large as 2|¢V72 for a super-
‘current density of js=450A/cm2, a few words should be written here’
':re‘lating this phenomenon to the operation of the SNS device.

| »"I’he pair;quasiparticle potential difference is due to an imbalance
in fhe humbér. of electron and hole quasiparticles in a superconductor

74,75

~when V--j.s #0. Physically, a non-vanishing divergence of js im-

plies tha.; Cooper pairs are created (quasiparticles condensed) or des-
'fréyed (pairs dissociated), and this occurs over distances éxtendizxg ta
a few coherence lengths into a superconductor near an SN boundary.
Thé imbalance occurs when quasiparticles are injected into a super-
conductor at an SN interface and pairs are extracted from it elsewhere.
~fI‘h§ quasiparticles entering the S layer produce a potential gradient
~fof‘ a few coherence lengths into the supérconductor until they decay

| and condense into pairs. If the electrochemical potential of the pairs

in the superconductor near the SN interface were also to experience '

72, M.L. Yuand J. E. Mercereau, Phys. Rev. Letters 28, 1117 (1972); o
73, J. Clarke, Phys.Rev. Letters 28, 1363 (1972). |

'{74' T.J. Rieger, D.J. Scalapino, and J.E, Mercerea.u, Phys. Rev.
i Letters 27, 1787 (1971).

175, M. Tinkham and J. Clarke.'.Phy‘s-&Rév. Letters 28, 1366 (1972).
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;svt‘xch a potential gradient, the supercurrent would increase in time as
described by Eq.I.B. 2.1 until bounded by some critical phenomenon

| {e. g., phase slippage of the order pa.-“;fa.metex"). Instead, a space charge
“of pairs is set up74 in order to cause the pair electrochemical poten-

_ tial to be constant throughout the supercondhctor.l Therefore, the
:pair-quasiparticle potential difference is due just to the resistive pen-
_etration of quasiparticles into the S layer.

Since the value of the junction resistance, Rn’ includes the resis-
tance of the interface layers (as‘ described in the following section) and
i§ experimentally determined, the pair-quasiparticle potential need
not be introduced directly into the physics of the device equations. The

?ékcellent fit of Eq.II, D,1.2 for the I_vs V characteristics is evidence

J
that the proper choice of Rn will include the effect of the pair-quasi-
‘particle potential difference in the superconductor.

‘The temperatufe dependence of ihe junction critical current is
ishown in Fig. 28 for samples of varying thickness. The current Was

" strongly dependent upon the thickness of the N layer, t_, as might be

N
o ~expected from Eq. II. B. 7. However, some samples, (e.g., sample 38),
;;ha.v‘e exhibited critical currents far smaller than those of samples with

‘similar dimensions (e. g., sample 32 in Fig. 28). Since these samples

vn.th suppressed critical currents all had larger values of R | than

‘their higher-current counterparts, the effect was most .lik;el_y due to
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Fig.28, 1 _ vs T for four samples.

C
a Boundary-layer resistance which impeded the diffusion of pairs

. through N and decreased the effective value of gN. * Sucha boundary

1;fef may result from too high a pressure during the vapojr"' deposition,

*Rockefeller has utilized such an approach in successfully explammg
his results for the ‘values of I for specimens of large R .
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ahd it is due to the ox-ida,tion.76 of the tin layer and the general conden-
sation of volatile impurities during the depoéition. Evidence of the
oxide layer and its efféct on the characteristics of the three-terminal
device will be presented in a later éecvtion.

In general, all the samples in this experiment experienced anoma-
lously high values of Rn (i.e., the experimental values of Rn in Table
4 were as much as 500 times larger than that value computed from the
bulk resistivity of the N layer). The high-resistance junctions experi-
eticed no self-field limiting because of the supressed values of IC.
| For equivalent junctions of Pb-Cu(alloy)-Pb, Cl.:'),rke24 reported values
of IC an order of magnitude larger and Rn an order of magnitude smaller
than those found hére. This suggests the presence of a boundary layer
' déminating here but absent for Clarke's junctions which were conden-
sed é.t 1'0-.8"I"orr.

Figure 29 is a'p‘lot of log (IC) versus Tl/2 illustrating the types of
critical current behavior observed here. The two arrows indicate

temperatures where a I . vs H curve was plottea and the amount of self-

C
~field limiting determined. Point "a'' for sample 37 indicates the ap-

‘proximaite onset for self-field limiting (AJzL/‘i), and point ''b" for

: sample 38 indicates a temperature where flux still penetrates the

4

76 S. Dushman, Scientific Foundatton of Vacuum Technigue (Wiley, ‘
‘N.Y., 1949), p.17. ‘ -
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- Fig.29. Log(l ETI/Z for two samples.
At point "a" H penetrates the entire
junction, and at ''b" )LJ~ L/4.

i gﬁtire junction area. Thus, the decrease in slope for sample 38 ap-

ﬁéara to be caused by self-field limiting. The linear pdrtion of the

~_curves below limiting may be expressed as

' - 1/2 ‘ L
I(T) = I exp(-5.3T '), | IV.D.L1

. where ICQ ’ ,
-;f'"va.lid only .yift;e'ar“.']." o Now, 1f1tls used for lower temperatures, the

is a positive constant. The theory (Eq.Il.B.7) is strictly |

88
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exponential term dominates; and, with the temperature dependence of

E.N for a dirty metal (Eq.II, A, 4), it can be approximated as

1/2

I(T) R D exp(-GT ') , ~ IV.D.l1l.2

iw'he,re D is a positive constant and G=(61r'kt:;/fvaLN). Thus, Fig.29
suggests that the form of Eq.IL. B, 7 is valid for a dirty SNS junction

‘even for Tx~0,5T

log( Ic)zg_T1 /2 found by Clarke24vfor T < 0. STC was indeed dominated

c It also suggests that the linear behavior of

by self-field limiting. Sheperd77 has verified Eq.II, B. 7 in the region
T & 0. ch for thick, clean SNS sandwiches.

| An effective value of §N(T) for the combined N and boundary layers
can be obtained from the above relation for G using the experimental

%vé.lue of G obtained from the slope of the curve in Fig.29. The re-

[ 4 o
(T=3.5K) are 250A and 125A for samples 37 and

sulting values of gNeff

- 38, respectively. The theoretical value for §N(3. 5K) obtained from
‘ (-]
the mean free path in the bulk N layer is 500A., Therefore, if Eq.II.B. 7

(3.5) illustrates

i * . 3 <
158 indeed valid for TX TC/Z, then the value of gNeff.

; ‘ti\at the additional scattering in the boundary layer has a strong effect
" on the properties of the SNS devices in this investigation. This idea
- of an effective §N(T) (i.e., an empirical value) encompasses all bound-

5 a;ry-layer phenomenon including interdiffusion betweeﬁjhmina.
st . i

'77..1.G. Sheperd, Proc.Roy.Soc.. (London) A326, 421 (1972),
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limit strictly valid only near T
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In summary:
(a) the SNS sandwiches exhibited anomalously large values of Rn
probably due to boundary layers at one or both of the SN interfacezs;

(b) the I_vs V characteristics were in excellent agreement with

J
Eq.I1.D.1.2;

(c) as expected, the pair-quasiparticle potential difference was not

directly observed in the I_vs V characteristics, é.ltho,.ugh it did con-

J

tribute tothe experimental value of Rn;
(d) the SNS junctions experienced little self-field limiting because

and, hence, smalll

Neff. c’

> (e¢) the temperature dependence of I , was described remarkably

C

‘well by an extension to lower temperatures of the theory in the "'dirty"

c*

IV,D.2,. I_vsV Characteristics with IN 40

of a SNS sandwich meodifies the 1

J

The introduction of a control currenf, 1., directly into the N layer

N’

Jls_V characteristics of the junction.

The purpoez of this section is to (a) present the experimental evidence,

(b) characterize the effect with empirical parameters, and (c) explain

the observations with a physical model.

Asg illustrated in Figs.12 and 13, IN flowed directly into the N layer

‘and out of the j‘un.c'ti!’on’ through one of the S layers. In the.later samples
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(Fig.15), the film carrying IN to the N-metal layer was superconducting
for the purpose of reducing the input resistance of the device. How-

ever, in these experiments the superconducting IN lead contacted the

N metal sufficiently far from the junction so that only unpaired elec-
trons were injected into the junction proper.
A typical IJ_\Ls_V characteristic obtained for various discrete values

of IN is shown in Fig. 30, where positive values were assigned to IN

when it was in the same direction as I_ in the S film common to both

J

L A . 4
currents, These curves are similar to those obtained by Rockefeller
for crossed-wire SNS junctions, with the scaling adjusted accordingly
for the larger junction areas irn this investigation,

The noimenclature for the critical value of I_ with IN# 0(i.e.,

J

es B " "o . .
-those crltlca,l current '"knees' in Fig. 30 for IN;f 0 ) will be IJC(IN)

or just I if the particuiar value of 1., is assumed known. The sym-

N

JC

“bol Ic shall be reserved for the critical value of the supercurrent

through the N layer ( i.e., the actual Josephson critical cirrent), and

it repreg;ents that value of IJC for IN= 0.

The result of introducing IN into the sandwich is to shift the

-Vlng_V characteristics along the current scale without changing their

shape.v Thus, Eq.Il.D. 1.2 ( Fig. 6 ) still describes the curves but

" ywith the zero of ’Ij shifted. The polarity of ‘t;he current shift is def

' pendent upon only the relative direction of IN with respect to the
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Fig.30. I_vs V characteristic

with IN as a parameter.

direction of IJ. and not with respect to the junction. That is, the mod-

by I _is not a charge-controlled effect ( as is the bipolar

J

| ulation of I N

transistor ) due to the injection or extraction of quasiparticles into or:

from a population of pairs and quasiparticles within the junction,

, for the shift inl

Neither is the effect due to the magnetic field of 1 7

N

with IN is essentia'lly, independent of external magnetic fields much

o -2
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,lérger than those generated in the junction by I These arguments,

N’
as well as Fig. 30, suggest that the modulation of IJ by IN is a current-
controlled ‘phenom’e‘nor‘x whereby IN’ or some fraction thereof, adds to

or subtracts from the Josephson current in the junction.

A measure of the modulation effectiveness of IN may be defined by

o =[-AL/Al IV.D.2.1

N JV=constant'

Values of a  can be measured directly from the I_vs V characteristics.

J

Figures 31 and 32 illustrate the observed behavior of a, with IN. For

L L L T T 0 v v L) LR T‘
6
9 T=3.46K
sl I.*105mA
-
s af
3p

.4 K 3 1 & 2 A 0. & 2 &

VWO T S E S WY TN TS W

;;_Blo 12 4 I8
T, (mA)

Fig. 31. a, vsI for a sample in the evaporator/

- cryostat. o m 0 for IN<O until the tin went normal.

'those samples measured in the evaporator/cryostat, the values of e

"are strongly dependent on I

N and are as lérgé as aoi‘»f 8(e.g., see

Fig.31). These values of o are probably related to sample heating

*
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1n ’the evaporator/cryostat, because both polarities of IN suppressed
Ic,a,nd for all later samples measured in the immersion cryostat the

values of a are essentially constant with IN and less than unity,

T T Y L § T | T ¥ Y

\j L
| | i . SAMPLE 39 |
! : (1) s ‘ T=3.47K .
i los Ic=18.1mA |
= (I1) . o o ¥ o L . ——o
: o A 2 1 2 1 0 i i 1 1 1
- -60. , =40 ~20 0 20 40 60
| | I (mA)

Fig. 32. a vs I, for a sample in the immersion cryo-
stat. Curve II I\Ihas_the return path of IN changed to the
S layer opposite that used for curve I.

Curve I in Fig. 32 illustrates a constant value of aolz 0. 8 for sam-

ple 39, Curve II is plotted for the same sample with a change in the

return path of I from one S layer to the other. The resulting aoIIz 0.2

N°
is constant for II | <18mA., For values of | IN | > 18 mA, which is ;

approximately the value of IC’ the variation of @I with increasing IN

suggests a suppression of the critical current; and since this occurs

for both polarities of I+ heating must be suspect, The reason for

Nl

. a +a ..=1will be discussed later.
ol " oll '

If the opefation of the device is indeed dependent upon a linear

combination of IJ and IN’ it should not matter whi'c'h current is varied ;
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to produce the same voltage changes ( with the effect of I being scaled

N

by e of course ). Therefore, X-Y recordings of INv_s_V for various

values of IJ were made. Figure 33 is one such plot for IJ.: 3mA. As

SAl é +6 o
Ts2.81K % + 4 v v r v —r— v s
% 3.0mA " ls ; SAMPLE 38
T=2.81K -
Tned . Ja «
44 5
1 =
ALj/Al,c*0.80" o 3
33
+ +2 I 2
|
1 1
L -+ W F |
! $ J
3 i L [+] 4 N . - ad A i A 0
-400 -300 -200 -100 O 100 200 300 -7 -8 -5 -4 -3 -2 oy 0
vinv) Inc(mA)
Fig. 33. IyvsV for I;=3mA., Fig.34. I,vs Iy.(Fig.33 defines Iy..)

V=0 defined for Iy=1,=0,

expected, it is of the same form as Figs. 6 and 30; and if the change
‘in the upper criticalcurrent kz;ee , INC (defined in Fig, 33), is plotted
‘versus IJ, as shown in Fig. 34, the resulting slope is indeed a,-

A nonlinear, low-frequency, lumped model of the three-terminal
SNS device is shown in Fig.35. The model 3 based on that of Stewart4o
and MéCumber41, wherein the junction current is divided-i‘nto-(a) the

- supercurrent ICsi'np(t), jwvhere ¢(t-) is the ph#sé differ/évnyc‘ce of the order

~parameter across the junction, and it is related to the instantaneous
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junétion voltage v(t) by Eq. I, B, 2 and (b) the resistive current (quasi-

particle current) which flows through Ra and Rb' where Ra+ Rb= Rn.

I SING(1)
P

I)-In I,
e - Vv(t) ]

Fig. 35. A lumped, low-frequency model of the "
three -terminal SNS junction, shown with IN<0.

The shunt capacitance of the SNS junction is ~ IO_IZF and is neglected
in this model. This is an excellent approximation since the highest
frequencies experienceg] by the junction were of the order of 199Hz
(viz‘. , the charac‘te‘riﬂgtic .}osephson frequency for a junction voltage

of a few microvolts - see Eq.IL B.3) resulting in a maxirriur.rl capac-
itive current of Cdv/dt ~ 10-8A << IJ"IN' Also, the RnC time constant
of the junction was so short ( ~'10-l 7sec ) as to have no effect on the |
‘. junctioh voltage.

The arguments for the modification of the Stewart-McCumber

model to represent the three-terminal device are as follows. When



there is zero voltage across the SNS sandwich, the quasiparticles in-

jected into the N metal from the I

N lead are expected to flow through

97

the N metal and boimdary layers to both superconductors. The expected

flow patterns for a simple junction geometry are shown in Fig. 36 for

a

: 4
0 0. 75. Since the interaction potential is small in gold and copper2

—————— — e e [ e e s e e
) ———— — >4 ——
e e 3
—————— P o P mnef e e e — — -> I
: ittt ——-——— | g J
\ —————— -
A A S
————— -

(a)

— +— supercurrent
~— resistive current -

‘Fig. 36. Simplified junction geometry illustrating diagram-
matically the paths of normal- and supercurrents for

: ‘“gfo" 75 (a) Iy= - 0.5y and (b) I ;= 0.51

7
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(i.¢., neither metal has been reported to exhibit superconductivity ),
it is expected that on the average fhe quasiparticles will not condense
into pairs within the N layer. Thus, the current IN will produce poten-
tial differences within the N layer. Now if IJ= IJC’ which from the

definition of a is given by

IJC:IC -aolN, Iv.D.2.2

then the supercurrent through the junction is at its critical value and

the quasiparticle current I must split as shown in Fig. 36 dictated by

N

continuity of totz! current. In addition, V=0 for IJ= IJC; and the volt-

ages across Ra and R, must then be equél. Combining the requirement

b

for the splitting of I _ with the .equality of voltages across the two re-

N

sistors yields the following relation between a and the junction resist-

ances:

a =R /(R +R,)=R /R . Iv.D. 2.3
0 a a b a n

Equation IV, D, 2. 3 was experimentally verified through measurements

of the values of Ra and R

N

b This was accomplished by setting I._= 0

and making X-Y recordings of IJ_\Lg_Va-V’N and I_vsV -Vb , where

J N

Va—VN and VN-Vb are the voltages between the N-metal contact and

- superconductor ''a'' and superconductor ''b'", respectively. Figure 37

is a sketch of the expected equipotentials for IJ> IJC and IN=0vi11us-

These current-voltage curves are similar

trating Va, V'b, and VN"
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Fig. 37. Sketch of the expected equipotentials

(dashed lines A-H) for IJ‘>IC’ IN= 0, and Ra> Rb.

to the IJ_\_r_s_V characteristics shown earlier ( because V= Va- Vb ),

N

and the values of Ra and Rb were obtained from the curves at the

where the curves become ohmic.

5 For example,

larger values of I
for sample 38 the three resistances were measured at T=2, 81K and
found to be: Ra: 305p82, sz 6518, and Rn= 370p3. The sum of, Ra

- plus R, equals R as expected, and Ra/Rn‘z 0.82. This is in good

b

agreement with the value of a s 0. 81 obtained from the IJY.EV curves

for T = 2. 81K, The disparity of Ra and Rb

asymmetry in the vapor-deposition process: Superconductor 'a'' is

the first film to be depos{ted, and it probably oxidizes ‘somewhat be-

fore the N layer is deposited over it. Therefore, the value of Ra.

'y might be doniinated by an oxide layer at the lower SN interf}a,cbe. On

+

is thought to be due to the

99
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the other hand, the second ( upper ) SN junction was formed by depos -
iting tin atop a layer of gold, and since gold does not oxidize, the re-
sistance of this boundary laver is expected to be smaller than that of

the lower SN interface. In one run Rb was measured to be less than

1% of the value of Ra ( here aoz 1). Therefore, if Ra were due to an

.oxide layer as supposed, the value of Rn measured in the absence of

such a boundary layer would necessarily be smaller by a factor of 10-2

(i. e., the bulk resistance of the N layer in this case is smaller than
i:he boundary-layer resistance by a factor of 102). This supports the
- supposition that the anomalously large values of Rn in these experiments
{ fI'alf)le 4 ) were due to boundary layers at the SN iﬁterfaces.
Another test of Eq.IV. D, 2. 3 is the observation of how a change in

the return path of I _ affects a Figure 32 illustrates the two resulting

N

values of a for the return path of I . being either superconductor "a'

N

or superconductor "b''. The values of @1 in Fig. 32 are obtained in

the usual manner with the return path of I . through superconductor ''a'

N

(e.g., Fig.36a or b)), Conversély, the values of o

are obtained

rwif:h the IN

return path through superconductor ''b" ( which, in effect,
is tﬁe same setup shown by Fig. 36 with the ”'a," and ''b' labels inter-
changed ). The resulting sum of these two experimental values of o
‘.l » . Y D. . : A - ‘ - )
is unity as expected from Eq. 1V 2.3, since e + o Ra/Rn+ Rb/Rn

= R,R,
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Since the value of Rn varies somewhat with temperature ( see
sectiqn IV.E ), then a must also if Eq.IV,D. 2. 3 is valid for all T.
Experimentally, the value of a_ was found to be slightly temperature
dependent ( as was Rn). For example, a = 0. 81 for sample 38 at
T= 2 80K, whereas at T=1. 77K the measured value of o.o increased to
a = 0.83. This increase in e is consistent with the decrease of both
Ra and R, due to the increase of Andreev78 scattering at the SN inter-

b

face for lower temperatures. For temperatures closer to TC more

“of the quasiparticles impinging on the superconductor from the N metal
will have energies greater than A(T) ( where A(T) approaches zero

- 1/2 7
with increasing temperature as (l-T/TC) /2 near T 9) and, conse-

C
quently, will have a finite p'roba.bility80 of propagating into the super -
: conductor where they will decay dissipatively. 81 The result will be a
'la.rger resistance. If this dissipative process occurs equally at both

SN interfaces, the change in Rn= Ra.+ Rb
the change in o observed for sample 38 from T=1. 77K to 2. 80K. This

need be only ~3% to produce

3% change in Rn is in reasonable agreement with the observed varia-

_tion of Rn with T ( e. g., see Fig.38).

78, A.F, Andreev, Sov.Phys.-JETP 19, 1228 (1964).
79. e.g., ref. 19, p. 124, ' |
80. W.L. McMillan, Phys.Rev. 175, 559 (1968),

81. A,B. Pippard, F.R.S., J.G. Shepherd, and D. A, Tindall,
Proc. Roy.Soc. (London) A324, 17 (1971).
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Thus far, the proposed model of the three-terminal device has
agreed with the experimental results for V=0 (i.e., in the absence of
an a. c. Josephson current ). When a finite voltage is present across
the junction, the solution to the pioblem becomes more complex since
the d.c, currents are then coupled to the a. c. Josephson current.

From the model of Fig. 35 when v(t)#0 (i.e., I an equation

>4 )

can be written relating the instantaneous junction voltage, v(t), to the
instantaneous values of junction current, iJ(t), and control current,

-iN(t); and it is given by
v(t) /Rn= [iJ(t) 4 aoiN(t) 7 - Icsin¢(t). g A IV.D. 2.4

v(t) is related to g(t) through Eq.IIL B.2. For iNz 0 and for a constant-

current supply whercby iJ(t) =1_, the solution to Eq.1V.D, 2,4 for the

J

time -averaged voltage across the junction, V=<v(t)>, as a function

of IJ' is given by Eq. II.D.1. 2. Now, if the variation of the control

current is much slower than that of g(t) '(v-iz. , the Josephson frequency
w = 2ev/% ), an approximate solution to Eq.IV.D. 2. 4 for iN# 0 can be

N The result-

obtained from Eq.IL. D. 1.2 by replacing IJ with IJ+ aoi

ing solution is given by

b Pt L s 22 c2.1/2
V-_Rn[(IJ+q01N) - 1. ]‘ . Iv.sz.s

M e s
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This is a good approximation for a low-frequency control signal, since
even for junction voltages as low as one nanovolt the corresponding
value of W, is as large as ~5x105Hz. That the model still satisfies the
experimental results ‘when V# 0 can be seen by holding V constant and
examining the right-hand side of Eq.IV,.D.2.5. Since I, is a constant

C

for any one temperature, then the quantity IJ+ o.oiN must also be a q¢on-

stant for the right-hand side of Eq.IV,D, 2.5 to be constant. However,
IJ+ aoiN = constant is just the integral form of Eq.IV.D, 2.1, and, thus,
the model satisfies the data for a low frequency or constant control cur-
| rent. |

In summary-

(a) the three-terminal SNS junction is a current-controlled device
in its present form;

(b) the introduction of IN shifts the IJv_sV characteristics along the
‘current scale in a manner described by an empirical parameter, a

(c) a = Ra/Rn and,so,depends strongly on the boundary-layer re-
‘sistance; |

(d) a is essentially independeﬁf o? t_he‘ value of IN' and it has a
-weak dependence on T ( as did Rn ); T

(e) a low-frequency, lumped model was developed whiqh character-
iizes the SNS device with the equation: V = R [(1 ta i )'2- I'2 ]I/.Z, ‘
: n-"J o N C »

H
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IV.E., Characteristic Resistances

This section presents the experimental values for those resistances
which characterize the three-terminal SNS device: Rin' Rn' and T
The importance of these resistances with respect to the operatipn of
the three-terminal device will be discussed in section V.

The control current 1. experiences a resistance Rin which is a

N
combination of the normal-metal lead resistance RC ( see Fig. 35 ) and
a junction resistance which, for V=0, ie given by the parallel combina-

tion of R'a and R As will be discussed later, Rin must be minimized

b’
- for the effective utilization of the three-terminal device as a circuit

element. Therefore, in the later samples the gold -filin I, input lead

N
was replaced by a supercﬁnducting film of tin which effectively reduced
Rin by three orders of magt?itude ( see Tables 1-4). However, because
of the accuracy limitations of mechanical mask alignment, the resulting
value of Rin waé sti}l dominated by the N-mefal resistance outside the
junction proper, Rc ( vi, e., Rin can still be reduced significantly by
contacting the N film with a superconducting lead closer to the junction
pro“per ).

The values of Rn and its strong dependence on the boundary layers
and the dissipative penetration of qua.siparticleé into the superconductor

" at the SN interface have already been discussed. A typical plot of the

temperature dependence of Rn is' shown in Fig, 38. At about 3. 5K the
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Fig.38. Temperature dependence of Rn'

;the junction becomes superconducting. The observed variation of Rn
zfrom T= 3 2 to 1.9K is ~3%. This decrease in R at lower tempera-
.tures may be exi)lained qualitatively by the reducti‘on of the number of
iquasiparticles which have sufficient energy to penetrate the S layer
=dissipative1y at the reduced temperatures where Andreev78 scattering
becomes dominant.

The third resistance, T is the dynamic resistance of the junction
i (i.e., tl‘;e slope of the V_\Ls_IJ curve, which may be found by differen-
jj;tvi‘a,ting Eq.II.D,1.2). AAmethod peculiar to the three -terminall device
;-was employed to plot a Ydltage change, AV, proport{onal to r versus
;IJ; As detailed in section III, H, 4, the 'tec_hniqug ipvolved injecting a

positive-going square -wave current iN(t) and then me?,sur"mg the ma.g'-

gnitdde, AV, of‘th.e‘resulfing squai-e-wave junction'voltage with the
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lock-in amplifier,
‘As the value of iN(t) switches from 0 to AIN, the voltage across the

junction changes by an amount AV as shown in Fig. 39, Since the IJ-
/

supply source resistance ( ~5082) is much larger than the sample re-

-5 '
sistance of ~10 "), the jump AV occurs essentially at constant IJ.

(&)

Fig. 39. I,vs V plot illustrating the
voltage change, AV, due to a change
in control current from 0 to Aly.

Therefore, if AIN is sufficiently small and constant, the contour "abc!

in Fig. 39 may be approximated by a right triangle where then AV

aoAINro. Thus, a plot of IJ

vs AV represents the variation of T with

I.. Figures 40a and 40b are examples of two such I_vs AV curves for

J

different square-wave frequencies. The dashed lines in Fig.40 are a

J

plot of the differential form of Eq.IV.D.2.5,

o . 19247172
V=R 2e AL {I- [/t o i))7) 70 IV.E.1
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for a value of R = 370uf) obtained from a best fit of Eq.ILD.1.2 to the

IJ vs V characteristic.

5 v ¥ L J v LS ¥
. N — {b) —EXP, T=1.77K
6 (a) —EXP, T=2.8IK -=--EQIV.E.l with
i ----EQ.IVE! with Icl47mA | al I.»1.90mA
_ 5:0.81 g ;,c.o 03 1
E 5 iy 3uA, E d o
= | 97Hz = InN®3pA
p at 9.7kHz
4%
3} L
: I, A o Sl ]
2t 1
Ic.. = -
'} 7 '
[\ PRSP US S WU ST UL SR S USA Y S W YO o 4 4 A | L A
°o 2 4 6 8 10 12 0 20 40 €0

AV(nV) , AV(nV)

Fig.40. I,vs AV plot for sample 38
with R =370u8d. (a) iy is a square.
wave a% 97Hz, (b) 9.7kHz.

The agreement between theory and experiment in Fig,. 40a suggests
that the lumped model of Fig. 35 is’ an excéllent approximation for the
~ three-terminal device at low frequencies. The ;cvurve of Fig. 40b. in-
dicates that at higher signal frequencies the SNS juﬁction reaches the

_normal-resistance state with increasing I

T somewhat faster than that"

predict_ed by the low -frequency theory. The greate:lsigniﬁcance of '

Fig. 40b, though, is that it provides evidence that the three-terminal .
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SNS device will operate at frequencies of at least 9. TkHz ( i.e., it is
demonstrated that the phenomenon is not restricted to constant currents).
It was not tested at higher frequencies because the upper frequency
limit of the lock-in preamplifier was 10kHz.

Thg results of this section may be summarized as:

(a) Rin is presently dominated by the N-metal lead resistance RC;

(b) the observed variation of Rn with temperature for T< TC is in
agreement with the corresponding change in as

(c) a 'ﬁlethodeas developed to plot the dynamic junction resistance,

r» versus I_for various control-signal frequencies;

J
' (d) the data confirmed the validity of the low-frequency model at
97Hz and showed its limited applicability at 9. 7kHz;

(e) experimental evidence was provided that the three-terminal

device will operate at frequencies of at least 9. TkHz.

IV. P, Fluctuation Effects’

The effect of thermal fluctuations on the I vs V characteristics of .

J

the SNS sandwich is to ''round" the critical-current knee, the region
of greatest dynamic resistance, T A quantitative description of this

~ rounding is given by the parameter

Y =RI/T v | | IV.F.1
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as described in section II. D, 2. Tnoise is the effective noise tempera-
ture of the fluctuation-current genei-ator. In the limit as y approaches
cc, the fluctuations produce a negligible effect. Now, since the maxi-

mum value of r is limited by the fluctuations, a measurement of r ,
o oMax

as from the I_vs AV curves of the previous section, can be used to de-

J
termine the experimental value of v, This section presents such a
method to determine ¥ and, consequently, the effective noise tempera-
ture of the sample.

A sketch is shown in 'Fig. 4] representing the case where fluctua-

tions are present when the control current is switched from 0 to AIN

in square-wave fashion producing a change, AV, in the junction voltage.

I
\ Iy=0
AT,
-4
IJC o .’)l
V= IcRaFiX,) ST ;
V'IJCR,,F(Xl) — 4 i
1
1
i
L -
] o 4 > ——
av v

Fig. 4l. Theoretical I, vs V curves for finite Y,
illustrating AV due o Aly. Dashed curves for
7-—- oC ., Xl EIJ /IJC ;'and XQEIJ /Ic.'
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The dashed curves represent the case where y=0c¢, From Eq.II.D,2.2,
’ 45
F(Xl) and F(XZ) may be used as closed-form approximations = of the

lower and upper curves, respectively, for Xl' X2< 1 and large . The

reduced currents are defined by X EIJ/IJC and X EIJ‘/IC’ where

1 2

Irc™ Iem b

The maximum value of AV= aoAI o is clearly dependent upon both

N
v and AIN and is given by Avmaxz ICRn[F(Xl)- F(XZ)JmaX, which is
the maximum voltage separation of the two curves along the load line.
A computer program was written to calculate [F(Xl)- F(Xz)Jmax.
However, the maximum value occurred at XIZ 1, for which F(Xl) is
not defined. Therefore, the theoretical voltage difference AV was ap-
proximated by the voltage difference between F(XZ) and the lower
dashed curve in Fig. 41 for y =co ( i.e., the curve defined by Eq. IV,
D.2.5). .This approximation will cause the computed value of Avmax
to be somewhat larger than the actual theoretical value, but the result-
ing error should be small because of the large values of ¥ in this ex-
periment. The solid curves shown in Fig. 42 are the computer calcu-
lations for AV /AL versus Al /I .. The curves are truncated for
max N N°°C
small AIN where ¥ is not sufficiently large to allow F(Xz) to represerit
the actual curve for values of X2 near 1.

The y =20 curve was obtained from Eq.IV.D, 2,5 using the following

argument. The maximum value of AV occurs at IJ.= IC for the dashed
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curves of Fig. 41, since varying IJ either above or below this value de-

creases the value of AV. Therefore, for ¥ =00, the relation for Avmax

can be obtained from Eq.IV.D, 2.5 with "I " replaced by I__ and the

C JC
2 1/2

. ’ 2
1" " : : = -
value of "I_+ QOI set qual to IC' resulting in AV ax—Rn(IC IJC)

J N
Then using Eq. IV, D. 2,2, the relation for Avmax becomes, for y=00,

2
a

1/2
o) ‘

Av /AL = Rn(ZaoIC/AIN - IV.F, 2

max N

The data bars in Fig.42 are obtained by measuring the value of

Avma from a series of I_vs V curves for various values of Al
x ys

J N’

Since the IJ y__s__kV curve is extremely sharp at AV= AVmax , the curve
is éifficult to trace, and the bars indicate the uncertaiﬁty in the trace.
A best fit in Fig, 42 is obtained for a value of ¥y~ 3-5x103. From Eq.
IV.F.1, this corresponds to an effective noi‘se temperature of ~20-30K.

The final experimental run was conducted in a screened room in
order to determine the effects that the ambient r.f. radiation had had
on previous samples, AA value of ¥ was §btained for this sample in a
manner similar to that for Fig. 42, and the resulting curves a“re shown
in Fig.43. A best fit of the theory is obtained for y ~ 105‘. This cor-
responds to an effective noise temperature of ~3K'.

The results of this section illustrate that, although the cryostat

was fairly well shielded, the r.f. radiation still penetrated sufficiently

to cause fluctuations at an effective noise temperature of ~20- 30K. -
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The effective noise temperature for the sample measured in the screened
room, however, was only ~ 3K, and it testifies to the effectiveness of the

screened room in shielding the sample from r.f. radiation.
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V. CHARACTERISTICS OF THE DEVICE AS A CIRCUIT ELEMENT

V.A, Linear Model, Twoport Characteristics

In this chapter‘ the three-terminal, SNS Josephson device will be
considered as a circuit element. It will be shown that under favorable
conditions the theory suggests its use as an impedance transformer.
Also, it is found that in its present form the device does not provide
power gain. The physical realization of a useful device based on the
phenomenon studied herein will be left as a subject for future inves-
tigation, 'and the following analyses are presented only to suggest pos-
sible device properties and act as a springboard for future study.

The three-terminal SNS device can be treated avs a twoport with one
of the three terminals common to both the input and output port. One

such configuration, called the ''common Sa’ " is shown in Fig. 44a,

L,

Fig. 44a. An SNS junction in the Fig. 44b. Nonlinear equivalent circuit
common-S_ configuration, ''for- where: 2,1/2

2
ward opera?'ti,onv. " V= Rn'[(IJ'+aoIN) - IC 1.
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with the control-current (IN) port being thelinput and the junction—éur-
rent (IJ) port being the output. This and any other configuration having
the signal applied across one SN junction will be defined as the '"for-
ward'' operation. A load resistor, RL’ and a signal generator, Vg'

in series with a source resistance, Rg’ are also included in Fig, 44a.
Figure 44b shows the equivalent low-frequency nonlinear circuit,de-
veloped in section IV, D, 2, for the common-Sa configuration.

A linear model can be approximated from Fig. 44b for sufficiently
small signals. One such model is the h-parameter representation,
which is useful here because the h parameters are readily determined-
from the experimental curves traced during this investigation. For
signals sufficiently small (i.e., a linear approximation), the h param-
eters may be calculated for the circuit of F1g 44b, and in the differ-

ential limit they are given by

(hif)saz[dVN/dINJV:(): Rc+ a»o(l-ao)Rn , C VLA L

(h g =LdV/av] _=o_ V.A.2
a . ;N’ |

(hff)s; [aig/aL ]y = -a . - V.A.3

‘(hof)s_: [dIJ/dV]IN:(): F/R = r;l o V.A. 4

where the Subscript "f'' indicates the forward oper!ation of the device
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1/2, where 0<F <1, is a parameter which

and F={1-[1 /(e L+1)1°)
defines a degree of '""normalcy'’ of the junction, When F=0, the junc-
tion current equals the critical value and V=0 (i. e., the junction acts
as a superconductor). On the other hand, when F=1, V=IJRn and the
junction acté ohmic. The resistance.r0 is the dynamic output resist-
ance of the (ii’evice and is defined by Eq. V. A, 4 (i, e., r;l is the slope
of the IJ}_/_S_{[E curve), and a = Ra/Rn'

!

The h-parameter equivalent circuit for the common—Sa configura -

tion is shown in Fig. 45. For differential changes in IN and IJ, F is
Rg
- <
-: hrV @ -hfIN °=I'° V RL
T=a.V [ =a, Iy g
Vg
- ——

Fig. 45, Linear model for the
c’ommon-Sa configuration.

constant and the model is linear. The values for the current and
" voltage output/input transfer ratios and power ''gain'' can then be cal-

culated from the equivalent circuit of Fig. 45, and they are
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-Q
= %
GIf‘dIJ/dIN“ 1+R, /r ! V.A.5
L "o
a
Gy 33 =72 1 1 > ’ V.A.6
g o,o+(RL+ r )[Rg+ Rc+ o.o(l -o.o)Rn]
and
Qa
_ _ o . V.A T
Gpe= lGIfGVf |= ‘

(1+RL/ro) {uz+FR—If+r;l)[Rg+Rc+ao(l -uo)Rn]}

An inspection of Egqs. V. A,5 and V,A. 7 reveals that GIf and pr are
always less than unity for this configuration. The voltage transfer

ration, G though, must be considered more carefully.

Ve’
In the following analyses, several assumptions will be made a priori

relating the resistance levels of the device. ‘It should be emphasized
that these approximations were not achieved experimentally because gf -
limitations imposed by the available thin-film fabrication setup; How -
ever, a discussion of the realizability of these approximations is in-
cluded ’in‘the next section, and there are no fundamental prohibitions

ox the attainment of these ends. In practice, the severity of‘these ap-
proximations would restrict the usefulhes,s of the device. Therefore,

the following theoretical results are to be interpreted as merely sug-

v
gestive of the possible uses of the phenomenon.
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Returning to Eq. V.A. 6 for the case of ro,R >> Rg'Rc’Rn' the

L

voltage transfer ratio becomes

Gvle/ao , V.A.8

and since 0< o.o< 1, the voltage ratio can be greater than unity. A
graphical description of the voltage ratio can be seen with the aid of

Fig. 46, where a section of the I_vs V characteristic near the critical-

J

current ‘'knee'' is shown for the case of RL~ro. For a sufficiently

0 A —

Y v

Fig.46. I_vs V characteristic near
the critical-current knee for R ~T .

L
small change, AIN. in the control current, the curves of Fig.46 may
be approximated as linear, and the output voltage change,AV, can be
. obtained from Fig.46 as AV = aoA INRL/(1+RL/rO). Now, the result
of such an inpﬁt current change,AIN, is also to produce a change in

) . r = ¥ . . 3 N .
the mp»ult voltage of A\ N AIN Rin’ where R“1 is the ;qput resistance,
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which may be found from the circuit of Fig. 45 to be

., 2
= = - r
Rin [dv__/dL ] Rc+ao(1 uQ)Rn+aoR /(1+R : /ro). V.A.9

NN ,
IJ—-V/RL

For the approximation of Eq. V. A, 8, the input resistance becomes

2 v -
Rin~ uoRL/(l+RL/ro) . V.A, 10

Then, an increase AI . in the input current will cause a corresponding

N

increase in the input voltage of

i 5 )
AV RALa R /(4R /r ), V.A, 11

while causing an increase of AVXA IN aoRL/(1+RL/ro) in the output
voltage. Thus, as in Eq.V,A. 8, a smaller value of a produces a
larger voltage transfer ratio.

Here, it is interesting to note that if the restrictions of Eq. V., A. 8
i. e. >> >
(i. e., ro,RL Rg’Rc’Rn ) were extended to T >RL>>Rg'Rc'Rn'

then the current ratio of Eq.V.A. 5 becomes

G % -a_. V.A.12

Equation V,A,12 also follows from Eq. V.A. 8 with the same approxi-
mations, because the restriction that ro>> RL>>!Rg’ Rc’Rn is simply a
statement that the power dissipation within the device and the source-

be smaﬂ so that essentially all of the input power is delivered to the
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s > ~ 3
load R; . Thatis, P, 2 P or IAINAVg|~ |a1,4V], and with Eq.

V.A.8, this results in Eq. V. A, 12:
: 0
lAV/AVg]~ a1 /81| = . V.A.13

Equation V,A,13 (i.e., Egs.V.A.8 and V.A.12) is characteristic of a
transformer with a '""turns ratio'" of a. and a small internal dissipation.

From Eq.V.A.10, fbr r0>>RL, the input resistance becomes

2
Rin™ %Ry V.A. 14

Thus, the resistance seen by the source is that of the load "'transformed"
| 2
by a factor a The output resistance may also be computed, and from

Fig. 45 it is given by

R =[dv/ai ]l _ =
out VR -VN/Rg

-1 2
[Rg+Rc+a°(1 -ao)Rp]/{ro [Rg+Rc+9o(l'°o)Rr]+°o}“ . V.A.1l5
For the above approximations, the output resistance becom_es
out

R za'z[R +R +a (1-a )R ], V.A. 16
o g ¢ o o' n

which is a transformation of the source resistance, Rg' plus the in-
" ternal resistances of the device.

. el L
The predicted forward voltage ratio of ~u°' , the transformation of
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the load resistance to ~Q:RL’ and the increase of the source resist-
ance to a value given by Eq. V. A, 16‘ ( which is but a transformation of
the source resistance for Rg>>Rc) suggests that the common-Sa;, three-
terminal SNS device could be used as an impedance transformer for

the restriction that r >>R, >> RoRLR .

If, indeed, the device has the properties of an impedance trans-
former, it must also exhibit them for operation in the reverse direc-
tion. Therefore, the ttransformer' ratios should be calculated for
the '"'reverse'' operation of the device. Figure 47 shows the SNS de-
vice and its equivalent circuit for reverse operation in the common-S

configuration. The current and voltage transfer ratios as well as the

Fig.47a. An SNS junction in Fig. 47b. Nonlinear equivalent circuit
the common-S_ configuration, here V=R [(I+a I )2 12 JI/Z
'reverse operation. where ¥="n "IN TC :

~ power ''gain'' can be computed for this configuratiori using Fig. 45 with
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the signal source and the load interchanged, and they are given by

-Q

° ’ V.A. 17
a2y 'I[R +R +a (l-a ).R ]
o ro L "¢ o o' n

GIr =

a

[o) , V.A,18
2 -1
ao(Rg/RL)+ (1+Rg/ro){1+RL [Rc+ao(l-ao)Rn]}

Vr

and

G, = |G

Pr V.A, 19

IrGVr , '

.-Upon inspection of Eqs. V,A,17-19, it is found that only the current

transfer ratio, GIr’ can be greater than unity; and, for the restriction

that ro>> RL’Rc’Rn’ it can be approximated by

GIr ~ ']. /Qo - V. Ao 20

A graphical explanation similar to that made for Eq.V.A.8 .ckan be
made for Eq. V. A. 20.

Thus, in theory for the appropriate resistance ratios, the device
also exhibits a reverse current transfer ratio greater than unity. The
above analysis then suggests that for the circuit shown in Fig. 44, if
the conditions that ro>>RL>>Rg,.RC, Rn are metf, in theory the commonf
S; device will operate as an impedancé transformer with a small but

) - 9 o
finite dissipation, and the transformation ratio will be ~a . Although
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necessary for large current and voltage ratios, the above restriction
on the source and load resistances érecludes, direct cascading of the
devices,

One immediate advantage of this device over the conventional trans-
former is that no magnetizing current is required, for its operation
does not depend upon magnetic flux coupling the input and output circuits.
Also, since Josephson devices operate up to the Josephson frequency
( Eq.II.B. 3 ), this device may have the same‘ potential.

The values of R and R, and, hence, a =R /(R +R,) may be varied
a o a a b

b
by altering the device fabrication procedure ( e. g., adding a thin oxide
layer ); and, as a result, the value of ao can theoretically be predeter-
mined anywhere in the range 0 < a <1, Therefore, the upper limit of
the transformer ratio, 0.;1, depends upon how small the ratio Ra/Rb
can be made.

In addition to the common Sa' two other configurations can be made’
of the three éterminé.l SNS device. One is the '"common Sb" which, inv
effect, is the common Sa as shoWn in Figs. 44 and .47 but with the labels

"a'' and '""b'" interchanged. Due to the inherent symmetry of the device,

configura -

the only difference between the common’-Sa and common-Sb

tions is the interchange of values for Ra and Rb’ which results in the
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interchange of ao in one case with l—o.o in the other, or vice versa.

Thus, for the common-S,  configuration the current and voltage ratios

b
become (from Eqgs.V.A,20 and V.A, 8)

GIr z-} /(1 - o.o) V.A, 21
for r >> R ,R R n? and
o L
Gvf;...l/(l -uo) V.A,22

forr ,R.> R ,R ,R . Again, since a_ can in theory be varied over
o L g ¢ n o
the range 0 < o.o< 1, the ratios can be maximized through suitable
fabrication procedures,
The third possible configuration of the three-terminal device is

termed the "common N'"' and is shown in Fig. 48, Due to the symmetry

Fig.48a. An SNS junction in  Fig. 48b, Nonlinear equivalent"c'ircuit
B . ion. 1
the common N configuration where Vanf(Iz+ 1 ) n ] /2
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of the common-N configuration, the '"forward'" and '"'reverse'' config- -
urations (i.e., the interchange of S; and Sb) differ only by the inter-
change of ao for l-ao and vice versa. Therefore, the following are
the h parameters and transfer ratios of the common N only for the

forward case shown in Fig, 48:

(b, )y = [R_ta (1 - )R _1/B, V.A.23
(h ) ={r ' [R +a _(1-a )R J-a_(1-a)}/B, v.A.2¢
(hedyy = - (B s V.A.25
<hof>,1;I =:'/B, | v.4.26

- 2 -1 )
where B= (1 -ao) +r [RC+ o.o(l -o.o)Rn] ; and

-1
a (l-a) - r, [Rc+ ao(l-ao)Rn]

,  V.A.27
Gpe= 2 -1

(l-ao) + T, [RL+ 3C+ ao(l-a'o)Rn]

-a (l-a )+ r-l[R +a (1-0.‘ )R ]
G = o o) o C O 0 n , ,V.A.2_8

Vi 2 -1 -1
o+ (r_ tRp, )[Rc+ ao(l-ao)Rn]
and

G, s1, | . V.A.29

~Pf
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where the current and voltage tranfer ratios have been determined
with the assumption that Rg is negligibly small.

For the case that r°>> R_>> Rg’ Rc’Rn’ the current and voltage

L

transfer ratios for the forward operation of the common-N become

GHz ao/(l-ao) | V.A,30

and

GVf =z -1 —ao) /ao s V.A, 31

either, bl:lt not both, of which can be greater than unity for a partic-
ular value of a_. Agé.in, the transfer ratios would be similar in the
rev‘erse case with a replaced with l-ao.

Thus, in theory the common-N configuration will also exhibit
current and’ voltage transfer ratios similar to those of a transformer.
The transformer ratio of fhe common-N, though, is smaller than that
of the common-S by a factor of a-

‘The tables of h paraﬁneters‘ above indicate that for the present de-
vice hfz - hr. This relation defines a reciprocal network*, and it ex-
emplifies the preéent device symmetry which prohibits power gain.

The symmetry results in an internal negative voltage feedback just

“*defined as a network obeying the reciprocity theorem, e.g., see
ref. 82, p.307,

82. E. Peskin, Transie‘nvt and Steady-State Analysis of Electric
Networks (Van Nostrand, Princeton, 'N. J., 1961),
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sufficient to negate any power gain.
In summary, from the theory developed in section IV.D. 2 it is
shown that under suitable conditions (i.e., r0>> RL>> Rg' Rc’ Rn) the
three-terminal SNS device is expected to have the properties of an
ini_pedance transformer with small internal power dissipation. The
theory further indicates that the low-frequency, small-signal, trans-
former "turns ratio' is given by ~ a;l, which is adjustable through
variation of the geometry—dependent parameter o= Ra/Rn' However,
due to the present geometry limitations, no transformer action was
observed experimentally. The following section includes a discussion -

of the realizability of the above restrictions on the device resistances.

V.B. Improvements Necessary for Amplification

Consider an ideal amplifier as a two-port network with the input

signal to be amplified supplied in the form of a current, I In order

N°
for the amplifier to have high gain, the first requirement to be satis -
fied is that the input power consumption be as small as possible. This
would mean that the resistancé,Rin,which the current IN sees at the
{nput’ terminals be as small as possible. Fundamentally, finite values
of Rin are unwanted here not only because of diminished power gain

but also because of device heating and a possible lowe’ring of its fre-"

~quency response due to an increase in the input time constant, Rinc'
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Another desirable property would be that IN pass through the amplifier
at least undiminished and exit from a high-impedance output Ainto a
moderately high impedance load.

In the case of the forward operation of the common-Sa, three -
terminal SNS device, the input signal is in the form of the control cur-
rent I&. The input resistance,Rin, is a composite of several resist-
ances and is given by Eq.V.A.9. In spite of a superconducting leader
film, the experimental value of Rin was dominated by the resistance,
Rc (see F1g 35), of the normal-metal film which introduced IN into the
N layer of the SNS junction. Here RC (~10-20) was large compared
to Rn (~10-59) because of the accuracy limitations of metal-mask
positioning during the fabrication of the thin-film sandwich. However,
photolithographic techniques exist where thin-film patterns can be po-
sitioned to accuracies within a few micronsf33 With these met;hods>"<
then, SNS sandwiches theoretically could be fabricated where RC was
of the order of Rn' For example, if an oxide layer were formed at one
of the SN boundaries creating an ""SIN'" (superconductor/insulator/

normal-metal) junction for the purpose of increasing R, and, thus,

b

* A separation of a few microns between the superconducting input lead
and the junction proper would be sufficient to prevent pair tunneling
from the I _ lead into the S layers of the SNS device and, hence, pre-
serve the applicability of the model (in particular Eq. V. A.9) to the
device. PR

83. e.g., ref, 48, p. 7-43.
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lowering ao; then Rn would be approximately equal to Rb and, perhaps,
increased sufficiently by the oxide 1;yer to be comparable with the
value of RC. Therefore, with a small due to Rb>> Ra’ the value of
Rin theoretically could be of the order of Rn (e.g., see Eq. V.A.9 for
RLS Rn and ro>> RL’Rn ).

Another method for reducing Rin is to form an SNSNS sandwich.
whereby the center S layer acts as a low-resistance lead. An analysis-
has not been attempte;!%fﬁ:'or this device.

The second requirement for power gain is that the output resistance
of the device be as large as possible (i.e., ro>> Rn,RC). Ignoring
thermal fluctuations (see section II, D, 2), the value of r theoretically

becomes infinite near the critical-current '*knee." It should be stressed

vs V curve, and it can become much

here that T is the slope of the IJ

larger than Rn; whereas the value of the static output resistance, V/IJ,
is always less than or equal to Rn.- As discussed in section II. D. 1, the

slope of the I_vsV curve can be decreased (thus, increasing ro) through

J .
shunting the junction with a suitable capacitor., Therefore, the dynamic
output resistance of the device can be varied but at some expense to
‘the high-frequency response.

In the development of the circuit model in section IV.D. 2, it was

assumed that the signal fre‘quency', w was small compared to the

Josephson frequency, w (given by Eq.II. B, 3). This is not necessar-
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ily a "low -frequency'’ approximation, for w T 483 MHz /pV of junction
voltage, and w, can be increased by increasing the junction bias volt-
age ( up to a point consistent with the restrictions in section V, A for
the transfer ratios to be greater than unity, i.e., rO(V) >> Rn). How -
ever, the particular geometry (Figs. 12 and 13) of the SNS device
studied here was not designed for high-frequency use, and the low-
frequency model was found sufficient for the analysis although, in
theory, the device is inherently capable of operating at frequencies
approaching w .

The Josephson frequency is a fundamental limitation for quasi-
linear operation of the SNS device. Consider an instantaneous voltage
across the Josephson junction of v(t) = Vo + vssinmmt, where Vo is the
d. c. bias voltage and vy is the amplitude of a signal voltage due to a
control current at frequency w - Then, from Eqgs.Il.B. 2 and Il B, 6,

the Josephson supercurrent density may be written as

. T , B.1
iy JCsm[ w b+ (ws/wm)cosmmt] , | V.B

where w,= ZeVO/‘ﬁ and w = 2evs /fi. Equation V,B.1 is the equation of
a frequency-modulated (f. m.) signal of center frequency W and modu-
lation frequency w Therefore, for signal frequencies sufficiently

close to w s the Josephson junction acts as a frequency mixer , thus
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precluding its use as a quasilinear amplifier near the Josephson fre-
quency. *

1f w =0, a zero-frequency (d.c.) term will appear in the f.m.
supercurrent (Eq.V, B.1); and if the signal is supplied from a constant-
current source, the additional supercurrent will be manifested as a

constant-voltage current step in the I_vsV characteristic. 86 These

J
current steps have also been observed in junctions with no external

microwave signals but with a small constant magnetic field, 87, 88 a

nd
they are due to the excitation of the resonant modes of the junction
acting as an open-ended, parallel-plate resonator.

As a result, operation of the three-terminal SNS device should be
restricted to frequencies well below the Josephson frequency because
of the possible distortion of the signa.l due both to side-band frequencies

and current steps in the I.T vsV curve at or near W The distortion by

current steps due to the junction resonant modes can be avoided with a

*% Josephson _junctggins have been used as mil’l'hxgdeter and submillimeter
frequency mixers =~ and microwave sources.

84. P.L, Richards, F. Auracher, and T.,VanDuzer, Proc.IEEE 61,
36 (1973). ,

85. B.T. Ulrich and E. O. Kluth, Proc.IEEE 61, 51 (1973).
86. S. Shapiro, Phys.Rev. Letters 11, 80 (1963). ‘

87. D, N. Langenberg, D.J. Scalapino, B, N, Taylor, and R. E, Eck, 7
Phys. Rev. Letters 15, 294 (1965).

88. B.N. Taylor, J.Appl. Phys. 39, 2490 (1968).
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sufficiently small geometry (e.g., a junction length of 0. 8mm corres-
ponds to a first-order mode frequenéy of about 100Hz88)5

The SNS device in its present form suggests its limited applicability
as an impedance transformer. The requirements for a transformer
ratio greater than unity have been given (ro>> RL>> Rg’ RC, Rn), and
possible methods for achieving these ends have been suggested. Now,
in addition to its characteristics as a tra.nsformer, there exists some-
what of a parallel between the SNS device and the bipolar junction tran-
sistor in the fact that they are b‘oth inherently three-terminal devices
which amplifyva signal in the form of a current and both have similar
output characteristics. The essential change necessary for the SNS
device to become such a '"superconducting transistor' is to decreace

its electrical symmetry, for it is the reciprocity (viz., h_= -hr) of the

f
present device which prohibits power gain. A design incorporating the
asymmetry of an SIN junction might be fundamental to such an amplify-
i‘ng device. A semiconductor analogy of an SIN junction is the tunnel
metal-insulator-semiconductor dio’de, 89 which has a quasiparticle
energy :band picture similar to that of the I junction. The analogy,
though, has its limits in that the quasiparticle forbidden band in the

superconductor is occupied by Cooper pairs whereas in the semicon-

ductor it is empty, with the possible exception of impurity levels.

89. for a description see S, M. Sze, Physics of Semiconductor Devices
(Wiley, N, Y., 1969), p.487. '
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Fisher angd Gia.ever90 have observed a small rectifying effect (i.e.,
i

electrical asy{i’nmetry) in an Al-A1203-Al junction at T= 77K which
they attribute to possible electron donor states in the Al layer near the

!
. i . : .
interface where the oxide was grown. However, when a similar tun-

neling gxperii‘nentgl was done on an SIN (Pb—Ale3-A1) junction at
temperatures below the transition point of the superc‘onductovr (Pb), no
vectification was observed in the current-voltage curves. This might
have been due to the ''freezing out' of conduction electrons from the
donor states at the lower temperatures; and if so, the electrical asym—
metry of the SIN junction theoretically could be accomplished through
a suitable metallurgical choice of the N and oxide layer's so as to pro-
duce shallow donor energy levels, for it has been shown92 that GaAs
junction transistors can operate at 4K using very shallow impurity -
levelvdopants.'

Additional evidence of the electrical asymmetry of an SIN junction
has recently been reportled-by Clarke. 37 He observed that the pair-
quasiparticle po.tential difference in ’a nonequilibrium superconductor

depended upon whether electrons were injected into or extracted from

a superconductor by means of an SIN tunnel junction. The effect was

90. J.C. Fisher and 1. Giaever, J.Appl. Phys. 32, 172 (1961),

91, I, Giaever, Phys.Rev. Letters 5, 147 (1960).
92. see ref. 89, p. 295,
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attributed to the asymmetry of the electron density of states at the
Fermi level.
The geometry of the SNS devices in this investigation was such that

W, L>> §N,t , where W and L are the width and length of the junction,

N

tN is the thickness of the normal metal, and §N is the coherence length

in the normal metal. If the size of the junction were to be reduced

such that W, L ~ § then the flow pattern of I _ would spread across

N’ N N

the entire junction ( as contrasted with the present case where

) << W, L and, as suggested in Fig. 36, IN spreads little across

NN
the area of the junction). The SNS device with this proposed geometry,
would appear more analogous to the junction transistor since there

would be two types of charge carriers ( viz., pairs and quasiparticles)

"interacting'' across the barrier region.



VI. CONCLUSIONS

This investigation was initiated as a result of the éiscovery by
H. Meissner and R. R, Rockefeller3 of the control of the SNS Joseph-
son junction with a current introduced directly into the N layer, and
it has led to an understanding of the physical mechanisms and elec-
trical ‘characteristics of the thin-film device, in particular its poten-
tial as an amplifier.

The three-terminal SNS device is essentially a two-terminal
Josephso.n junction with an additional electrical terminal for the intro-
duction of a control current directly into the N layer. Its operation
as Va Josephson‘ junction in the two-terminal mode was ascertained
through the excellent agreement of the experimental IJ_‘EV curves
with the theory of Stewart40. and the observa;tion of the characteristic
sin(H)/H variation of the Josephson critical current, IC’ with mag-
netic field.

Although strictly valid only near T the theory describing the

c’

temperature dependence of I | for the ''dirty' limit was found experi-

C

‘mentally to be valid even near T _ /2. This supports the findings of

C
Cla.rkez'4 whose results were somewhat masked by the presence of
self-field limiting at the lower temperatures. The SNS junctions in

the present investigation, howevér, suffered little or no self-field

limiting, because, in general, the junctions had relatively high
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normal resistances, Rn’ which reduced their critical currents. The
large values of Rn were due primarily“r to the oxidation of the initial
tin (S) film deposited prior to the gold (N) layer.

When a control current, iN’ was introduced directly into the N

layer, the I_vs V characteristics were displaced along the I_ axis in a

J J

manner described by an empirical parameter a. These results sup-
port the findings of Rockefeller4 who made similar observations on
crossed-wire SNS junctions.

Expez'-imentally, a_ was found to depend upon the resistances Ra

and R, of the two halves of the N layer as o= Ra/(Ra+ Rb), where

b
Ra+ Rb-—-Rn. The measured values of a were typically‘ ~0, 8, with

Ra> Rb due to the aforementioned oxide layer. Since the values of

R and R
a

p can be adjusted through changes in the fabrication proce-
dure, the value of a can be predetermined anywhere in the range
0< a0< 1. The value of a_ was found to be essentially constant with
variations in iN and H and have only a weak dependence on T ( as did
Rn)'

The following low-frequency, lumped, nonlinear model based on

4 41
that of Stewart 0 and McCumber ~ was proposed for the three-termi-

nal device:

136
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T SING(t)

I~y I
O Preed v(t) —>—e

The equation

2 2

1/2
) "IC] ’

V= Rn[(IJ+ aolN

which characterizes the current-voltage relationship of the device,
was derived from the above model for signal frequencies well below
the Josephson frequency; and it was found to be in excellent agreement
with the experimental results for low-frequency variations of the con-
trol c’urrent.

A method peculiar to the three-terminal SNS device was developed
to plot the dynamic junction resistance, r » versus IJ. With this
method it was illustrated that thke device could operate at signal fre-
quencies of at least 9. 7kHz, which was the limit éf fhé l4ock-in am-
plifier. Despite (a) the low-frequency assumption implicit in the above

equation and (b) the fact that no attempt was made to design the SNS

gedmetry for high-frequency use, the data at 9.-7kHz was adequately .

described by the equation cited above.
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A small-signal linearized analysis of the device suggests its use
aé an impedance transformer. However, due to the limitations of the
present setup for fabricating the thin-film junctions, the input resist-
ance of the device was dominated by the relatively large IN-lead re-
sistance, RC; and the resulting output/input current and voltage ratios
of the present device are much less than unity in either direction of
operation. In theory, though, with a suitable geometry, Rc can be re-
duced to of the order of Rn, which will permit the transformer ratio
of the de\;ice to be approximated by a;l. Therefore, large trans-
former ratios are theoretically possible through minimization of the
gedmetry-dependent parameter a- )

The present device is a reciprocal twoport (i.e., hr: -hf),r and
power gain is prohibited as a consequence of the symmetry., It is
felt that pcwer gain might eventually be obtainable through suitable
metallurgical and geometrical desigans.

The theoretical uppef frequency lim{t of the SNS device as a quaSi-
linear transformer or "shperconducting transistor'' is given by the
Josephson frequenéy, w = 2eV /4 = 483 MHz/pV of junction voltage.

Originally, it was intended to vapor-quench the thin-film sand-
wiches onto a 4K substrate and then measure them in Vsitu in order to

minimize the interdiffusion between metal laminae. However, during

the course of the experiment several limitations became apparent and
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the films were eventually vapor deposited onto a 300K substrate. ,Al-
though some interdiffusion surely occurred with this method, it was
accounted for by describing the N layer with an empiriéal coherence
length, gNeff. .
During the experiments on some of the early samples, the Joseph-
son junction was rendered inoperable by the transition of one or both

of the S films to the normal state due to I_ exceeding a critical value.

J
A separate experiment showed that the presence of the N metal re-
duced the tin critical current somewhat ( the proximity effect). As
a result of these findings, the gold (N) layer was alloyed with copp.er

to reduce its effect on the tin. The S layer was also thickened, and

the critical current of the tin was no longer exceeded.
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