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katernally:Shunted Josephson Junctione:l Generalized WégkvLinks.;
PL K. HanSma;TvJ N. Sweet, * and G. I. Rochlin : |
Department of Physics, Unlver81ty of California, 1~
Inorganic Materiaingesearch Div1sion, :

Lawrence Radiation Laboratory, -
Berkeley, California 94720 :

ABSTRACT - .

Usiog ekternaliy.shonted.thin.film Sn—I—Sn Joeephson 
junctions,-we have experimentaliy verified_the Stewart-
. -  McCumber predictions for the cufreht-voltage.(I—V) o
| | cﬁaracteristics of a generalized weak link treatedvas:a .
lumped'oireuit'consisting of an ideel Joeephson Junetion |
with'ceitical current‘ié,Acooductanoe.G, and oepeeiteneeec.‘
In'addition, we have showh'experimentelly.end theo;et;eellf'
that the predictions fof the amount of hysteresis;ig_tie'I—V
cheraotefistic‘as a-funotion of the dimensiohlese cireﬁit
parameter BH =”(290(1 C/G ) can be generalized to include
shunt 1nductance L, by replacing the capacitance vith an
effectlve capacltance ct=¢ G2L. | )
An externally shunted Josephson Junction acts as a '. ,
generalized weak 11nk in that it can reproduce the behavior E

'of other types of weak links. In fact,’if the temperature-

_of a single shunted Junctlon is varied between 1:12K and 3.7K,
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or fhe applied magnetic field is variedvbetweenvo end'l.Oe, c
'BC can be varied over. two orders of magnitude while the

Junction 1s in the cryostat.. Since B determines the quali-

. tative nature of the I—V characteristlc ‘this variation of
' B 31mulates wndely dlfferent types of weak link devices.,f :
'::o Furthermore the accessible range of B for the single shunted ;ﬂ3w;6fxﬁu”
fv,junctlon can be changed whlle it is out of the cryostat by |
_ :altering its external shunt conductance._ -
Thus, externally shunted Josephson Junctions are fheoreti-e f'“'u
cally well understood models of and simulators for, the be-“»,ﬁff3:

'havior of many weak-llnk junctlons they have the - desirable :

property of adjusteblllty both before and after cryostax

installatlon. This versatility should find many significant

"appllcat;ons.'
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INTRODUCTION
During the last five years, many devices have ‘been postulated or
constructed u31ng the ac Josephson effect as their operating principle.
These devices have a wide variety of applications, from ultra low—voltage
gslvanometers to high sensitivity radiation detectors. In physical |
.construction they range from constricted superconducting films to
(superconducting metal)—insulator-(superconduCting metal) Junctions.

o In general these devices are known as "weak links", since the
critical supercurrent in.the operative portion of the device is lower
than in either of the superconductors to which it is attached. This
allows for local slippage of the phase of the superconductive wave
function in this operative portion. The resultant phase difference :
 across the operative portion is related to the supercurrent passing
‘through the dev1ce for example, in a superconducting metal—insulator-

: superconducting metal (S-I-S) Junction, the relationship is i= i sin¢
vhere i is the supercurrent passing through the device, i is the
critical current", or maximum supercurrent possible, and ¢ is the
'difference in the phase of the superconductive wave function across the.v
insulator. Flg 1 shows an S-I-S thin evaporated film Junction

together w1th several other weak links of various physical construction.l ,

In 1968 Stewart2 and McCu.mber3 independently advanced a the,ory to
explain vhy the observed current-voltage characteristics of one type of
device (such‘as an S-I-S thin evaporated film junction) differed s0

" markedly from that of other related devices (such as Poiut‘contéct),
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They proposed that the difference between the current-voltage character—

istics of such dev1ces could be explained by a lumped circuit model that

included the distributed internel resistance and capacitance of the
devicea in parallel with an idealized Josephson Junction ‘described by
the Josephson equatlons.y Fig. 2 shows McCumber's and Stewart's

theoretical results as & function of the dimensionless parameter,
BC = %f i %, which gives as normalized measure of the balance of

G .
influence of the capacitance C conductance G and critical current i .

Using known Junction parameters it is found, for example, that ideal

> are usnally in the Bc = @ limit, small

7,8

S-I-S thin film junctions

in the range

o< BC <10.-

In our experiments, we modified the behavior:of-conventional S=I=5 -

thin evaporated film junctions by adding an external resistive shunt in

'parallel with the Junction. For example, one geometry we studied is

shown inkFig,-3. With this shunt, the resistance that appears in the
1umped-circuit model of the Junction is no longer simply the Junction's
qnasiparticle tunneling resistance, but rather the parallel combination

of the quasiparticle tunneling resistance end the shunt resistance. Al

. though other workers have shunted their S-I-S thin film Junctions in order

9

to drive the junctions from a voltage source” or to obtain a more desirable .

‘current-voltage characteristic for their application,lo we have performed

the first systematic experimental study of the behavior of such'shunted_
Junctions for comparison with the theory of Stewart and McCumber over

the entire range of BC’ In fact, we‘were sblevto investigate large
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ranges. of Bc for each shunted junction since, for these shunted

Junctions, BC can be changed by applying a magnetic field or

by changing the temperature, or both. For example, Fig. 4 shows the
experimental results for one of our shunted junctions. Note that

&ll the traces were made from a single such Junction;'Bc vas cxternally

_ varied.

Thus, a shunted M-I-M thin film Jﬁnction behaves as a kind of -
generalized, tunable weak link that can be changed from one typc;of
currentfvoltagé characteristic to another by adjusting the temperature,
the magnetic field, or both, and can be readily used to simulate or
replcce other, less controllable And lcss predictable de&ices in many

applications.
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Ao

LA | I. THEORY |

For‘e weesk link, the’equivalent lumped circuit model | o

studied by both McCumber and.Stewart is shown in Fig. Sa} The total

‘.current- I, is the sum of three terms: the current through the resistor,

GV, where V is the voltage across the c1rcu1t and G is the conductance
of the resistor; the current through the capacltor, C dV/dt where C is

.the capacitance; and_the Josephson supercurren_t,d.c sin ¢, where 1c is
the_critical current end'¢ isvthe difference in the phase of‘the super,

‘conducting wavefunction across the junction. That is:
- av . . . : o ‘
I'GV*Cdt+lc81»n¢" o - (1)

We .can eliminate the voltage from ‘the equation by using the Joseph—

‘son frequency—voltage relatlon,

R=2y, @
‘thus obtaining'the equation
Gh 49 , ch dzg o o
I= 2—' E-e- 2 + l sin ¢. . ‘ ' (3)

,StewartaeendecCumber3 1ndependently solved this equatlon for the

time-averaged voltage, (V ) = é%- (gﬁ %, as & functlon of current I.

The qualitatlve nature of the solution depends on the relative magnltudes e

of G, C, and i , more spec1flcally it depends on the magnltude of the

e dimen51onless circuit parameter B = ﬁf i _E?° Theoreticel results

¢
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for various values of'BC are shown in Fig. 2. The nain dtfference
between the solutions.for different values of B is in the amount:ofv
hysterégigh7tﬁa¥ Sg?r%ﬁ§e§§3§é°¢f current over which there is both a
- nero‘bias and a finite bias solution. ‘Following'McCumber we. can
| define a hystere51s parameter, o, as the ratio of the minimum current
at finite voltage to the critical supercurrent .ihus a- ranges fron
-1 in the case of no hysteresis (low Be) toﬁO in the case of maximum'
hysteresis (high B.). Fig. 6 shows McCumber's results from solving

. (3) for o as a functlon of B

It is easy to understand phy81cally why B determines the amount of
hysteres1s (as‘measured by~the hystere51s parameter o). The operative
factor is whether the voltage across the Junction, V, is or is not |
- o constant for times on the order of the period of the 0501llatlon

of the Josephson supercurrent. The relevant times are, respectively,
h 1

T, = = RC, the capaC1t1ve circuit discharge tlme and T2 = Eg-gzﬁ', the
inverse of the characterlstlc -Josephson frequency If 1.>> 1., then

1 2°
B >> 1 and the voltage across the Junction is essentlally constant
for tlmes on the order of the characteristic Josephson perlod. In
this limit the t1me averaged contrlbutlon of the Josephson supercurrent

i, sin ¢, to the total current, I, is, using Eq,"(2):

(i sin¢v2t"=i.c <sin——Vt) =0 ()

‘at any finite voltage V. 'Thus there is no net dc supercurrent flowlng ‘
f~_ ' - at finite voltage in thls llmlt. bimllarly, there is no tlme averaged :

ourrtnt from the capacltlve channel C ggh. _Consequently, the only

»
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current flowing at finite voltage is the ohmic current Gv. Slnce
this ohmic current goes to zero as the voltage goes to zero, we have .
maximum hystere31s, 1mply1ng that in the limit B >>1, a =0.

If, on the other hand, Ty < T,, so that Bo <1, then the capaci-

;tance is not large enough to keep the voltage across the Junction

constant for tlmes on the order of the period of the Josephson super-

current and we must do our averaging more carefully. For simplicity,
consider the limit in which there is no capacitance, C = 0, so the

Acapacitive discharge time is zero and'BC‘= 0. Then Eq. (3) becomes

‘lE%hg 5% (Ib‘ic  sin ¢). - : . (5)

wé can‘eaSily see that for I > ic and sin ¢ >0, ¢ is changing less rapldly

'than it is for sin ¢ < 0. Slnce sin ¢ is thus pos1t1ve longer than

it is negatlve the time averaged Josephson supercurrent <1c 51n¢

1s‘greater than_zero. Hence, a flnlte net dc supercurrent flows at

finite voltages and the total current, I, no longer goes to zero as
\4 approaches zero as it dig for the previous case. That is, a > O for
small B - The conclusions of these simple phys1cal arguments are
shown to be correct by the detalled solutlon for a vs B (Flg. 6),

A difflculty in applylng this theory to unshunted S-I~S thin
film tunnellng Junctions. is that ‘the effectlve dlstrlbuted conductance

is- due to qua51part1cle tunnellng which is strongly voltage-dependent
consideration implies that

This / the voltage-independent conductance of the theory, G, must be

replaced by a voltage-dependent conductance G(V)ll For our shunted
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Junctions,'however, this is notva problem since the'shunt conductance,

_which is 1ndependent of voltage, is much larger than the qua51part1cle

tunneling conductance. Hence the total .conducténce is very nearly
1ndependept of voltage, as required by the theory.

There is, however, a 51gn1f1cant dlfference between the equlvalent
circuit for many of our shunted Junctlons and the equlvalent c1rcu1t
of the theory (Flg 5a). 1In partlcular, for shunted JunctionS'of the
geometry shown in Fig. 3, there is a nonenegllglble 1nductance in the
loop formed by the shunt and the Junction leads; Fig. Sb is the equiva~

lent lumped clrcult " For thls c1rcu1t the complex impedance seen by

the junction is, in general dlfferent from that studled by McCumber

and Stewart But, in the limlt V> 0 1t has exactly the same form,w1th
C replaced by an effective capacltance c' = - C -G2L. Let us

consider the complex 1mpedance seen by the Junction in the clrcult

of Fig. 5a. Slnce 1t is fed by a current. source, vhich iS driven

with essentially 1nf1n1te impedance, we need only consider the contribu-

tions from the circuit elements shown in Fig- 5&, which will have the

form,
Z2w) = (doc+ ), ~(6)
'For the circuit showniin Fig. 5b, this impedance becomes: -

., . | i N ._ o
Z(w) = G?(C- ——*9-5—5) + -—£i-75 [ (1)
: 1+(wGL) ‘ ;+(mGL)- S '
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It can be seen that for low frequencies, w << é%-,.Eq.-(Y)'has the
same form as Eq. (6) wlthVC replaced vy [C —GEL]. Thus, in the

limit where the frequency of the Josephson osclllations hecones'small;
that is in the limit V + 0, we recover the complex 1mpedance studled
by McCumber and Stewart Fortunately, it is in thiS‘V - Ollimlt'that.

o and B are determined. Consequently, McCumber's results. for the

. hysteresis parameter a, as a functlon of the circuit parameter B

should stlll apply with the replacement noted above

2e . C -G°L
—l N —————

B'e=F i, "5 . (8)

The flnal useful generallzatlon of the theory is the con51deratlon

of the effect of a magnetlc fleld in the plane of the junction. 1In

. this case the difference is superconducting phase across the Junction,

¢, is no 1onger‘a constant but varies spatially across the junction.

However, this generallzatlon proves trivial since Eq. (3) contains:

no spatlal dependence, only dlfferentlatlon with respect to tlme. Con-

'_sequently, if we use it as a local equatlon for the current dens1ty,

J(x), as a function of the local difference in superconducting phase

 across the Junction, ¢(x) - we can,formally 1ntegrate over the areg of

the junction and then interchange this spatial integration ﬁith the

time differentiations. For the case of experlmental 1nterest in whlch

-the magnetlc fleld H, is applied parallel to one 51de of the ox1de o

barrier, the resultant equatlon 1s,_
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, .2 o | .
. _hG d¢o +0Cddo . ., . .
=55 * 5 " +i' sing, (9)

where ¢o is the average difference.in,superconducting phase across the

Junction and

Vet TmEm o | B

where W’is the width of the‘oxide‘barrier and 4 = 2A + 2, where A is
the effectlve penetratlon depth and % is the insulator thlckness 12
Thus, in the presence of a magnetlc fleld the resultant equa—

tion for the current has exactly the same form as Eq. (3) with the

_ difference in superconductlng phase across the Junctlon ¢, replaced
by the average difference 1n superconductlng phase across the Junctlon,
>¢ » and the crltical current, lc’ replaced by the . reduced crltlcal
current l'c' Consequently the shape of the current voltage character-

1stics depend on the magnetlc field nly through the effect of reducing

the critical current.

.EXPERIMENTAL METHODS
A. Sanple Preparation.v
~ The shunted Sn-SnO-Sn junctlons used in our experlments were
prepared by vacuum dep051tlon of thln metallic strlps onto mxcroscope
 cover glass substrates 1.3 x10. -2 cm thick The w1dths of the strlp
electrodes being deposited were dellneated by thln aluminum masks
located dlrectly below the substrates. Evaporatlon pressures were in

the range (2-50) x‘lO'T Torr and evaporation rates.were in the ranges
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S—lOAA/sec. There was no observable correlation between_final Junc;
tion quality and»evaporation pressures or rates. Allevaporations vere
performed at-rbom temperature inVanvion-pumpedvhigh\vacuum svstem.'

For the saxnples shown in Fig. 3, 1.5 mm wide Ag strips 500 -'5,000 A'
thick were depoSited first to act as the normal shunts. Next a O. 18 mm
'w1de longitudinal Sn strip 3 000 A thick, was depos1ted and then oxidlzed
in pure oxygen at a pressure of approximately'l/3 atm. The oxidation
time was varied from 12 - 36 hours and the ox1dation temperature was
controlled with.heat lamps. Following oxidation of the bottom electrode,
three 0.18mm w1de Sn cross strip top electrodes were dep051ted in a
perpendicular direction so as to form two shunted and one unshunted
crossed strip tunnel Junctions on the same substrate. In addition, we
constructed many samples of other geometries to reduce the 1oop induc¥
tance present in the above geometry. The most successful type con51sted
of a Sn-SnO-Sn Junctlon as described above but with a sSmall Ag rectangle

evaporated dlrectly on top of the completed junction replacing the

Ag strip.

In general for Junctlons with an area O 18 x 0.18 mm2, a 12-hour
oxidation at 300K would produce Sn—SnO—Sn Junctlons with 4.2K normal -
state resistances in the milllohm range, while e 2h-hour oxldatlon
using two heat lamps (standard 250 1 1nfrared flood lights, approximately'

_3 ft. from the oxldation belljar) would produce re51stances in the
raenge 2 - 10 Q.

In addition to these shunted'junctions,'tvobvery high’resistance

unshunted SnfSnO—Sn junctions:were produced forvcapacitance measurementsr‘

These junctions'were,oxidized for over one month with twovheat'lamps‘
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_approx1mately 3 ft. from the ox1dat10n belljanv They had re31stances

of 1, 000 f and 1 900 Q. Attempts to produce high resistance junctions

using hlgher temperatures for shorter times or glow dlscharge oxidation

,produced shorted junctlons.

Following completlon of the sample, 1t was 1nsta11ed in the sample

’holder and electr1ca1 leads were attached w1th 51lver palnt ~In

general, the samples were installed and cooled down t0'liquid nitrogen

temperature w1th1n 30 - 60 mlnutes after completlon of the final .

depos1t10n.

B. Electronics
~ The tunnel Junction I~V characterlstlcs were dlsplayed on an X-Y .
OSCIIIOSCOpe by sweeplng the junctlon‘w1th a constant current saﬁtooth .
Supplled by a 31gnal generator in series with a large re51stor

(> 1000 times the sample re51stance). A typical frequency of the

‘current sweep.was-QOO Hz. The voltage across the sample was. first

ampllfled by a low-n01se, floating differential amplifier and then
applled to the osc1lloscope s X aXIS. The voltage acros5'a'100 Q
res1stor in serles with the constant current supply was applied to the p
0501lloscope s Y axis. The resultant I-V traces were'photographed*
with an oscilloscope camerasand the measurements performed.later on
these photographs. - |

| C. Measurements

The two quantltatlve predlctlons of the theory are the dependence

vof the hysteresis, as measured by the hystere31s parameter a, on the

circuit _parameter B and the shape of the I~V curves. The shape of the
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I-V curves could be measured directly from the photographs.or,"
alternately, from x-y chart. recordings made with slower current'sweeps
~ (~ 0.1 cps). Our primary interest was in verifying the a vs BC curve.

We varied B by changing.ic’with magnetic field or temperature (recall
2¢e ., ' C
=i -5 ).
e R Te g2 | | | |
these photographs, we could measure i o? G and a. The effective

For each value of i, a photograph was taken. From

B

capacitance was determlned by fittlng one point (usually the p01nt of

1argest 1 ) on the B Vs a curve Then_ using this value of capacitance, R

we could evaluate BC for all of the other photographs and plot 8 vs o
as a series of points, each p01nt correspondlng to one photograph. The
effect of varying C is to move all the experimental p01nts unlformly

up or down since B is plotted on g log axis (see Fig. 7, 8, and 9)

’ Thus, data from each sample were fitted to the theoret1cal curve w1th

the 51ngle adjustable parameter C.

EXPERIVENTAL RESULTS
'A; Comparlson w1th Theory
For the Junctlons of the geometry shown in Fig. 3, the loop
inductance is not negligible; that is, the correctlon term G2L is
ismaller than, but comparable to the Junction capacitance, C Con-
sequently, only the V> O behav1or will be quantitatlvely explalned
':‘by the theory However, B and o are both determined only by thls
f'_v +0 behavior, Bc is dependent on the zero bias supercurrent and a
”;1s dependent on the zero bias supercurrent together with the vV > 0

"1im1t of the current flowing at finite voltage. Therefore, these
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Jnnctions should show good agreement with the'theoreticalvpredictions_

-for o as a function of B

Figs 7 8, and 9 show the experimental results as points, the solid

- line is the theory (Fig. 6) The only effect of the 1oop inductance is

to lower the fitting capacitance C' =C -G2L from the true capacitance,.C.

In particular, the values of fitting capacitance for these figures were

240 pF, 110pF, and lhO pF respectively; the true capacitance (see experi-

' mental section B) is approx1mately'500 - 600 pF for'these junctions

The finite voltage behavior of these shunted Junctions is 1ndeed ,
different from that predicted by the theory. 'Though the detailed behavior
varied somewhat from sample to’ sample as G2L varied, the general behavior

can be characterized as more nearly ohmic than in the L 0 case. This

effect is ea51ly understood qualitatively by u81ng Eq (7) together with

Fig. 2. From Eq. (7) it can be seen that the effective capac1tance,
C'(w) = {C -2 L [1+ (mGL) 17t }, increases for increasing w. As the
average voltage across the junetion 1ncreases, the frequency of the

ac Josephson current also 1ncreases. Consequently, the junction sees

_a higher effective capacitance at finite voltage than at zero voltage. :

It is this higher effective capacltance, resulting in a higher effeetive
value of BC, that makes the finite voltage part of the current-voltage
traces more nearly ohmic This can be seen immediately by comparing ‘the’
limit of large effective capacitance B + o, where the finite voltage

part of the current—voltage trace is ohmie all the way to the origin with_

v the limit of small effectlve capac1tance B + 0, vhere the f1n1te voltage

__part of the current-voltage trace shows maximum deviation from ohmic‘
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(see Fig. 2a,b).

In order to test the hypotheszs that loop inductance was respon51ble
' tor the dev1atlon from theoretlcal predlctlons; we‘constructed a series
of samples of different geometries designed to mlnlmlze that 1nductance.
‘The experlmental results for a.sample of the most successful geometry
are shown in Fig. 4. For thls type of sample the Josephson Junctlons o

were similar to those shown in Fig. 3 except that a small Ag rectangle

evaporated dlrectly on top of the completed Junctlons replaced the Ag

strlp. ThlS Ag rectangle completely covered the junctlon and extended
slightly beyond 1t (~ mm) on either side to form two: Ag-SnO—Sn qua51-'
partlcle tunnellng Junctlons that acted as the shunts. Because the

shunting was through quasiparticle Junctions, data could be taken only at
temperatures near enough to Tc so that the Quasiparticle conductance was
ldnear over the range of voltage‘bias studied Experlmentally; tempera-
tures on the order of 3.2K were suff1c1ent to. give a linear conductance

. to within a few per cent from 0O to lOO uv, Furthermore the qua51part1cle
tunnellng Junctlonscontrlbutedto the capa01tance of the Josephson tunnellng
Junctlon maklng comparlsons of the fitting capac1tance vs Josephson “
Junctlon capacitance meanlngless except to note that the flttlng capac1tances
‘ are 1ndeed larger (~ 800 pf) than the Josephson junctlon capac1tance

. (500 - 600 pf) If the qua51part1cle Junctlons were ellmlnated by :
evaporatlng the silver rectangle Egggr‘the Josephson Junctlon then S-N-S
junctlons w1th critical currents comparable to the Josephson Junctlon s

: eritical current were formed dlrectly at either side - of the Josephsont
v;junctlon. These S-N-8 Junctions ellmlnated the p0331b111ty of any quanti-

tatlve measurements in the same way as mlcroshorts, to be disCussed in a
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later'section.; Anéther‘way of minimizing loop inductanéebie to evapdrate_
a supercohducting/greund plane ever the entire Saﬁple, eeparated from '
it by a'thin insulating 1ayer. ) |
For appllcatlons in which the detalled shape of the finite voltage
part of the characteristic is not 1mportant the geometry shown in Flg 3
has two 31gn1flcant advantages over any of the lower 1nductance geometries.Ei'
Flrst the lower effectlve capacltance is useful for appllcations requiring
a_high critical current with no hysteresis in the current—voltage'characteru
istic (o = l), since for a gi&en G, the‘necessary low value of BC can be
qbtained at 1arger eritical current ié. These lerger critical currents
are.often useful in practicaliepplications since they Can‘be measured
’witﬁ greater precision. A seeond_advantage is. that the eﬁﬁnt”cenductanee’
can be easily varied eftertthe sample is coméleted;'it can be lowered by
scrapingvaway part'of the;silver film, or it can be increased by edding
silver paint.‘_This eapability is very desirable eiece it allows the ex-
‘perimenter te fix the vaiué 6f'BC that'correspendsvte‘the Junction's
- maximum crifieal current (ic‘at the lowest attainable temperature.in
zero magnetic field) et_any ralue‘cenvenient fer his'experimept;, In
fact;.we made‘extensive-use of this ability in our experimenfs. In
perticular, after all data were taken with e given shunt,-eﬁd if fhe.
sample was still good, it was warmed to room temperature rapidly by
heatlng it w1th a heat lamp. The shunt resistance was then changed to
whatever new Value was desired (as deScribed'abovej, and the sample re;coeied.;.
Fpr exemble, oee-sample, 113A, was raised to room teﬁperatere fo_haye

its shunt conductance changed five times with no noticeable decrease in -
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sample equality (as measured by its magnetic field diffraction pattern)
Between experlmental runs 1t was stored at liquid nltrogen temperature p'
in He gas. Flgs 8 9, and 10 show the experlmental results for three '
dlfferent shunt conductances L7 mho, 13 5 mho and 2.8 mho respectlvely
In addltlon for one experimental run the shunt was completely scraped

away. The resultant unshunted Junctlon had excellent S-I-5 superconductlng
- tunnel Junction characterlstlcs the excess conductance below the super-"'
conducting energy gap 2A was less than 1/2 of 1% of the normal state
;Aquasipartlcle conductance‘
B. Junction Capacltance

From the Fiske mode positions in our Junctlons 13 we could get a crude
estlmate of the true Junctlon capacltance by assumlng that the penetratlon
depth in the Junction, A, was approxlmately equal to the bulk value 510 A, lh
The observed Frske mode position of llS 5 uV glves a capacltance estlmate
'of 615 50 PF. We could get a better estlmate from the two. hlgh re51stance'
Junctlons mentioned earller thelr capacltance could be measured directly |
by using a capac1tance brldge since for these hlgh re51stance junctions the
dynamlc reS1stance for voltages below l mV was as hlgh as 2 x lO5 2, g1v1ng
a re51st1ve conductance of 5 % 10 -6 mho If we operated the capac1tance
brldge at a frequency of SOOO-Hz the capacltlve conductance, C was |
' approx1mately 1.2 x 10 SImho, on the order of the re31st1ve conductance,
~and could/;gu;easured by the capacltance brldge The measured value of
' capacltance for this Junction was approxlmately hOO pF. Fbr smaller

resjstance Jun(tnons, such as those used in our B Vs o measurements, the

capacitlve conductance was negllglble relatlve to the re31stive conductance,
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consequently,vthe capacitancevcould not he measured directly
Furthermore because of the high Junction resistance Wwe were able

'to plot current-voltage curves out to over one volt in bias._ From

these curves we could estimate the barrier height from Fowler—Nordheim

plots.ls' These estimates were still SOmewhat crude since even voltages '

.over one volt are not high enough to get into the true Fowler—Nordheim a

tregion, but we could determine that<the barrier height, @,was greater

' than :5 eV and7less than .8 eV by using the_valne of harrier thichness_

d‘obtained from the Standara formula‘for the‘capacitance C,rof tv07

- parallel plates of ares, A, separated by an insulating layer of thick- |

1ness 1. and. dielectric constant, €,

Cwithh < efeo< 5,04 = 3.24 x 10 -8 42, and ¢ = koo pF.' We could

then extrapolate the capacitance for these high res1stance Junctions
'down to that for the lower resistance junctions used in our research.
This was done using Eq. (9) together w1th the approximate theoretieal
result for the resistance, R of an S-I-8 tunneling Junction as a func-'

. tion ofvthe barrier height, @,-andvthickness L of the insulating layer,
y a2
R« exp(—i—jr—-—- ). B - (10)

‘With ranges of 4 < e/ed < 5and .5 eV <®< .8eV, the extreme
~ values of capacitance,'extrapolated frqm.the.measuredivalue of 4QO pF

at 2,0002, were 508 pF < C < 602 pF for a 20 Junction. Combining this .
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with the uncertainty in the measurement of the hOO pF‘we obtain the
‘final result'that theicapacitance of¢the tunneling_Junctions used in our
research wags 555 * 90 pF; which is consistent with the Fiske mode estimate '
of 615 % 50 pF. 1In addltion this Fiske mode . estimate is based on the

, assumptlon that penetration depth in the Junctlon is the bulk value, an
assumption of a larger penetratlon depth would lower the estimate. Thus,
SQ-m.

for a Junction with a spec1f1c normal state resistance r,o= 6.5 X 10

ve find an experimental value of £~so/e =5.2+ 1A,

CURRENT NOISE MICROSHORTS “AND FISKE MODES

As w1th any device of this type ve must carefully take into account

- . the effects of current noise, microshorts, and Fiske modes. For Junctions

| in which any of these is significant the qualitative behavior remains
the same (o 1ncreases as B is decreased) but the quantitative agreement
with McCumber s theory is degraded, in some‘cases_substantially'so.
: A. Current Noise |

For currents,:I;'in the range oi < I < i, there are two voltage
solutions one at finite voltage and one at zero voltage (Figs. 2 and L),
'ExPerlmentally, we found that near ai the zero voltage solution was
more stable and that near 1 the finite voltage solution vas more stable.
i_For example, if a shunted Junction was biased at a constant current near
lc’ noise spikes would causge tran51tions from the zero voltage solution to
the finlte voltage solution but never back again.v

OQur measurements oi o vs B depend on measurements of 1c ‘and ai from
v0801lloscope photographs of voltage as a function of blas current. That

vlS, the measured value of 1c is the bias current at which the Jump to

finite voltage from zero voltage .oceurs and the measured value of ai
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is the bias current at whlch the reverse Jump occurs. If we aSsume that
the total current through the Junctlon cons1sts of the 'sum of the ‘bias
current plus a small rapldly varying noise current the observations on
the relatlve stablllty of the zero voltage and flnlte voltage solutlons
- at varlous currents leads to a 51mple predlctlon. the_measured value
of ic vill be too low and the measured value‘of alc‘vill be‘too high.
That is, the total current will'momentarilv exceed ié,before the bias.
;current reaches it‘because of the rapidly varying noise current' For 8
total current.greater'than'l the only stable: solution is the finlte
voltages one, and 8. tran31t10n wlll be made. Once at the flnlte voltage
solution the. shunted Junctlon will not make the tran51tlon back to the
_ zero voltage solution even though' the total current drops below 1 (as
the noise current fluctuates) because the flnlte voltage solutlon is more
stablevnear lc' Slmllarly, as the bias current is being decreased the
. transition back to the zero voltage solution will occur slightly before :
aic.: | | | | |
Let us define Gi as the dlfference between the actual value of lc
and the measured value from the osc1lloscope photograph and 6(&1 ) as -
the dlfference between the actual value of al and the measured value,

dic and 6(&1 ) w1ll both be on the order of one-half the peak—to-peak :

" noise current) The 31mplest assumptlon is that 61

G(Gié) = 81 and
that they are 1ndependent of the magnltude of 1c for.a'given sample at a

glven tlme. Then the measured -value of the hystere51s parameter, defined

asba(ms) will be'

(ms) 0‘ic"" 61‘

Y 1y
.
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curve of di vs B (Fig. 6)

The rlght graph of F1g 10 shows the experlmental results for the
effects of varlous naturally occurring and 1nduced 1evels of current
‘noise. Note that the naturally occurrlng level of current noise is
lower at nlght than durlng the day (our laboratory is dlrectly over the
.maln machine shop for the Phy51cs Department) | In addition to observing
the effects of various naturally occurrlng levels of current noise, we
observed the effect of an artlflcally induced, larger current noise by
applying a 4 GHz microwave_signal to the_sample in a rectangular cavity
operating in.the TElOl mode.6 For example, one of the.curves in this
figure shovs theveffect of applying 6 X 10-6-W of:microwave power.

To reduce these effects, one must'reduce the effectivevnoise current -
given by qul(l3). This can be done either by reducing the actual noise
current through more careful shielding or, more simply, by increaeing
the shunt COnductance; G.'-For'eiample, Figs. 8 and 9 show the'same eample
"as in Fig. 6b for hlgher values of shunt conductance but the same actual
value of current noise 61; The phy31cal ba51s of this effect is 51mple
for larger shunt conductances more of the noise current flows through the
shunt and less through the junct1on. Thls may well have Aimportant-

: appllcatlons for devices in whlch current n01se presently llmlts the
resolutlon. |
B. 'Microshorts
A micrOShort can he readily detected by_plotting a Josephsonv
junctlon s critical current, 1c’ vs magnetlc f1eld and examlnlng the

resultlng dlffractlon pattern. Several diffraction patterns for
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our Junctions are shown in Figs. lla,b; they have well-defined zeros
at all the minima- For junctlons with dlffractlon patterns that do
not have such well-deflned Zeros, mlcroshorts are suspected which K
will dlsfort the measured a vs BC curve. A 51mplebmodel for predicting
the effect of a mlcroshort on a measured O vs-BC curve assumes that
8 microshort of critical.current':l'c has a current voltage character-
istic 51m11ar to that of a mlcrobrldge that is, llke the 6' =
curve of Fig. 2a,b. Assuming that the total current flow1ng at any

blas through the shunted junctlon with a mlcroshort is 31mply equal

to the sum of the current through an 1deal shunted Junction plus

the current through the microshort, we can immediately write:

- L. n'

a(ms)_- 0L1c+1 ¢
IS

¢
i +i
o) g, e

-C i

c

Thus,the.effect of a microshort is to increase thesmeasured
values of both o and B from what - they would be for the same Junctlon
: w1thout the mlcroshort Hence, the effect on the o vs BC curve is to

(ams,Bms) above the values for the unshorted

move the measured points;
junctlon, (a, B ) The larger the microshort's crltlcal current, it o?
relative to i, the larger this shlft will be. -~ Furthermore,

_ since the temperature and magnetic field dependence of the critical

- current of a mlcroshort is not the same as that of a M-I-M tunnellng
Junctlon when we vary B by varying the magnetlc fleld or the tempera—n

(ms) ‘v B(m ))
c 7

ture, the amount of the shift of (q_ Will-vary,'and
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the measured o vs BC curve will not only be shifted, it will also be

distorted. -

In light of the.above considerations, we carefully checked the

‘critical current, ic, Vs magnetlc field diffraction pattern of each

_sample before and after. taklng data. All data published in thls report

were obtained from samples for whlch there was zero current to the

resolution of our apparatus (Alc/lcﬁlo 3) at any of the minima.

C. Fiske Modes

In some of our earller junctlons Flske modes 1nterfered w1th
accurate measurement of the o vs 6 curve. As‘mentloned in the section
on current noise, for currents near aic'the aero voltage SOlutlon is
more stable than the finite voltage solution If thls current alc
was slightly less than the current at the top or bottom of a Flske
mode, we observed premature tran31tlons to the zero voltage ‘solution .
from the Fiske mode. . |

It was possible, however,'to construct samples in-which these
premature»transitions never occurred by adjusting theISample's
current—voltage characterlstlc S0 that the currents correspondlng to
the first Fiske mode were much greater than the largest value of
aic. In these’ samples the Fiske modes were in a current range for -“

vhich the flnlte voltage solutlon was stable Consequently, no pre-

 mature tran81t10ns to the zero voltage solutlon occurred In fact, in

some samples, the currents at the first and, consequently,_at all
higher order Fiske'modes were higher than the critical current, ic.
'Obv1ously, for these samples, no. tran31tlons to a zero voltage solu-

tion from a‘Flske mode could occur sincé_there“was no zero voltage
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solution at the co?réspdndiﬁg currents.
As meﬁtioned.in‘thé séction Ohljunction capacitanéé, thglfirst Fiske»
" mode occurfed at 115 £.5 uv inkour samples. ConseqUently,.the cufrents
qorresponding fo the first Fiske mode‘were on éhé.order.of the»shuht .
‘conauctanéeé G, times 115 ﬁV. Assuming fhax we wished to s#aft our
a vs BC plot at some fixed value of BC; the defiﬁition of BC éhOWS that
for fi#éd caﬁacitance;'we needed to.maké icvprdport§onal to G2. Con-.
‘sequently, the rétio of ic to thé currénté cofresponding tq‘fhevfirst
Piske modé was proportional to G. Thus, by lowering G and raising the
junction'svnérmal state rééistance to lower ic ip such a way that tﬁe
rétio ié/szstayed fixed; we coﬁld eliminate the probiem of fremature
‘ trénsifibns'cauéed by Fiske modes. o |
Even;.héwevér, for éurAearly Jﬁnctions in>which_Fiske moaés‘were.
a probiem, we ﬁere able to make aécuraté'a_fé BC méasurements. VThese
measuremeﬁts were possible since the Fiske modes in'all our Jjunctions
are very small or, more;often, nonexistentvin zero magnepic field.

C

could be varied with temperature~in:zero magﬁetic
field, even though it could not be varied with magnetic field. For

Consequently;jB 
v‘é#ampie,'Fig;'7 shows our expefimental results for o vs BC(T) for

45 Junction in-which the.maximum vﬁlue‘of‘aié was greater ihan cuyrent
cdrresponding to thevthi£a‘Fiske mode. As\the critiCal curr§nt, ié,
was decreased with tempe?ature in zéfo magnetié fieid, qié deéfeaéed
_smoothly_ﬁhrough_fhe'éurrents correqund{ng.to:ﬁhe thifd; second, and

~ first Fiske modes respectively; thé_Fiske:modes_did not appear. |



-27- -+ UCRL=-20590

SUMMARY
By analyz1ng the behav1or of externally shunted 1deal Josephson s 7
junctlons, we have determlned that the models of Stewart and McCumber,
which analyze a generalized weak link as an idealized junction with
distributed internal resistance ana capac1tance are valid approaches.

Thus the widely varying current—voltage characterlstlcs of many of

: the week-link Josephson devices in the llterature may'not only be
_analyzed in terms of such a model but also 31mu1ated ea81ly and

:reproduclbly in the laboratory

The predictions of these theories for the hysteresis parameter,

a whlch measures the ratio of the minimum current intercept of the

~

f1n1te voltage characterlstlc ‘with the current axis at zero voltage -

' to the maximum cr1t1cal current as a function of'the dimensionless

circult parameter B ( »;%.’ have been dlrectly verlfled by
measurements on such externallg shunted Junctlons. We have also
generallzed the theory somewhat to treat, experlmentally and theoretlcally,
two extens1ons of the basic case dlscussed by Stewart and McCumber.

For the case in which the Junction capac1tance and shunt 1nduc-

tance are both 51gn1flcant, the theoretical predictions for o as a.

function of Bc'have been extended to includeAthe inductance by replacing

the capacitance, with an effective capacitance“C‘ = C -G2L.' The
finite voltage portion of the characteristic for;thishcase is solvable

in prlnclple by numerlcal methods, but we have made no attempt to do

so here. We merely note the fact that the characterlstlc becomes more

neerly ohmic at finite voltages as the ratio of G2L to C 1ncreases.’

‘We have also extended the model to the case of a partlcular



-28- B UCRL -20590

spatially Varying phase difference .the case of a.non—self-field#
1im1ted Junctlon in a homogeneous magnetlc field parallel to the
surface° Qur results reduce to those of McCumber and Stewart as the‘
magnetlc fleld goes to zero.
In addition to prov1d1ng experlmental veriflcatlon of the lumped

' circult models of weak links, these externally shunted Junctlons are
-tunable in a predlctable way s1mply by 1ncreasing or decreasing the
shunt conductance, or. changlng the temperature and or magnetic field.
| For example, most dev1ce appllcatlons of weak links depend on the
“measurement of varlatlons in thelr crltlcal current. In the range of
no hystere31s (a l) this can be 51mply done by biasing at a current
Just. above the crltlcal current and measurlng the voltage variatlons
AV = R A i where Rd’ whlch determines the sensit1v1ty, is the |
dynamic- re31stance at the operatlng current. - In an externally shunted
‘Junctlon R, and hence the sen51t1v1ty can be easily adJusted both
before and after cryostat 1nstallatlon by any of the methods mentloned
above, Due to thelr versatlllty, externally shunted Josephson Junctions
‘may well flnd appllcations in areas where other less controllable less
.rellable and non—adjustable weak llnks have been used, or 1n cases
‘where the performance of a dev1ce must be- altered in mld-experlment to
nprovide optlmum 1nstrumental sens1t1v1ty

| In short, what we have constructed and analysed is'a 51mple,
reproduclble rellable,'and theoretlcally well understood Josephson
Junctlon dev1ce with the de51rable propertles of adjustablllty both

before and after cryostat 1nstallat10n. At present these serve as’
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models of, and eimulators for, the behavior of many weak-link junctions;
they have the potential of replacing less vereatile devices in eppliCa-'
tions of the Josephson effect for'sepsitive detection of voltage,

current, and infra-red radiation.
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FIGURE CAPTIONS
Fig. 1. Various weak links;l_(a)‘Superéonducﬁor;Insulatpr-Supercoﬁductof
(s=I-S) thin film tﬁnneling juncti6n; (v) Supgrbonductor-Normal Metal-
Supefconductor (S-N-S) thin film fﬁnneling.Junction; (C) Dayem bridge;
(d) Notarys—MefCéreau bridge;v(e) Cfossed wires; (f)‘point contact;

. (g) Slug;

 ‘Fig. 2.'.(a) McCumber's theoretical results for the voltage vs current

of a weak link as a function of<the:dimensionless circuit parameter,
BC; (b) Stewart's theoretical results (In the original pa.per,3 Stewart
‘labeled his curves with his own dimensionless parameter moT, whi¢h

~ is equal to'(BC)<l/2).

- Fig. 3. One typé of externally shunted Josephson junction used in our

experiments; Two of the'thrée S—I—S_Josephéon Junctions.formed at
the intersections of the tin fil@s are shunted wiﬁh silver strips.
Fié. L. ‘Expefimental results fof the‘veltage Vs curréhtfdf an externallyv
| rshunted Jésephsoh junctioﬁ as a function of ‘the dimensionless
circﬁit paremeter BC’."- |
Fig. 5. (a) The équivalenf luﬁéed éircuit.model of;a weak link studied
by both McCumbef'énd_SteWart; (b) The equivéleﬁt iumped circﬁit
‘model for the type ofréxternally shunted Jéséphson‘junction shown
in Fig; 3. | | | ”
Fig,'s. MeCumber's theéretical‘results‘fof the.h&stef§Sis'patameter, a,
as a function of theVCiréuit paraﬁetef, Sé; |
Fig. 7. Experimental resuité forvthe hysterééis paraméter; o, as-a
'funciion ofvthe>cifcuit parametér:BC. The_ciréuif parameter.was 

‘varied by changing the'temperature from 1.12K for the uppermost
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point to within a few mK of the transition'temperature,
357K, for the lcwest'point. The solid curve is the'theoretical_
-prediction (Fig. 6)! |
Fig. 8. Experlmental results for the hysteres1s parameter a as a
_ functlon of the c1rcu1t parameter B The c1rcu1t parameter was
varied by changing the temperature from 1.12K to 3 6K.

F1g 9 Experlmental results for the hysteresis parameter a, as a
function of the circuit parameter B Thls is the same junctlcn
as in Fig. 8 w1th its’ shunt conductance reduced The circuit
parameter was varied both with temperature (1.12K -+ 3.7K) and with

~magnetic field (0 + 1G). |

Fig. 10. The left graph‘shows the theoretical results of Egs. (11'),
(l2'); and (13) for the effect of current noise on the measured
o vs 8 curve. The rlght graph shows the experlmental results
for the effect of various natural and art1f1c1ally—1nduced levels
of current noise.‘ The junctlon is the same as in Flgs 8Vand,9-
with its shunt conductance further reduced. The clrcult parameter
vas varied with magnetic'field'(o +1 G).

‘dFig. ll' (a b) The max1mum Josephson current, i, as a functlon of

magnetlc fleld for samples lO9C and 113A, respectlvely.
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