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VOLTACE LOCKING IN TWC COUPLED MICKOSRINDGE JOSEPHSOM JUNCTTUNS® -§ 3

D. W. Jillie, J. E, Lukens, Y. Hl. Kao

Voltrage locking, defined as the productic an A typlcal messurement civecuit is shown
identical non~zero DC voltage in the absence of schematically 1n Fig. 1b., Eight superconducting leads
external microwave radiation scross each Josep I are provided, and meusurewents are wade using two four-
junction of an array, has tocn observe! in two wicre- terninal circults allowing che biidges (o Ve ‘
bridge Josephson junctions scpavated by a 2pa wide independently cuirrent biased 2od the voltage across .
strip of superconductor. Voltage locking occurs when either or both bridges to be monitored. I1r i¢ also i
the bridges are biased with the current flowing in possible torapply current betweer aay twu of the four
opposing directions thru the bridges and out the seriy current leads and moniteor the voltage acvoss any two i
connecting thew. The voltaye across each bridpe can of the four voltage leads This flexibility has
be pulled over 1luV until each bridge displays ¢ proven veiry useful in understanding the cobserved g 3
. ddentical non-zero voltage, with the total volt ge interactions., Measurcments are made in a fully i
across both bridges equal to zero. Full locking, as shielded dewar. Cryogenic low pass filters i
- defined above, Is observed in excess of 40LY. The effectlively protect the bridges from external uwoise, j
3 voltage and temperature ugpcndcnry of the locking is The tempurature is measured by a germaniuve thermo- % !
L described. me*2r, with electronic fo.odback used to regulate the §
& temperature to withiv a few uk. i
1. INTRODUCTION ¢

Josephson junctions have excited = great deal of 2l

. interest in recent years for use as micirowive emitterns,

. detectors, ulxers and parametric amplifiers!. Ia
particular, series arrays of thin-film microbiridge |
Joscphson junctlons are beiung investigated due to !
their ruggedness and 2ase of fabrication, thelr broed

. band capabilities and their superior impedance '

! matching characteristics. However, for many appli~a~ |

: tions it is necessary to use colierent arrays.?: 3,45

L A coherent array is one in which the frequency and

of phase of the AC Josephsou oscillation is the same ia

each bridge of the array. Our previous work with

series arrays of microbridges indicates that such an

array is not normally coherent, however with the
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applicaticn of sulfidcutl udcrunave puwer il is
possible to syunchronize the bridges to the applled
frequeucy.

e
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’ Ia order to understand why series arrays are not
. normally coherent we have been investipating the ;
; interections between two microbridges in detail. We | Y ,ﬁ’ Nty 2
A have fabricate? two submicron indium bridges separated | i i e e Z./Lm gu T iy
K by as 1little as 1.0um of superconducting film, . ’ *’”’ mmr»w‘vmr
L1 capable of being independently curreut biased, and b) f
1 their fndividuval voltages monitored. This arrangemeat i 4
‘has allowed us to study the interactions betweea two ! 3 :
3

wicrobridges both with and without external radiation
. and determine 1f the possibility exists for fabrica-
| tion of a coherent array.

i
A { B S
i I1. EXPERIMENTAL TECHNIQUES !
|1 g — D

i Figure la shows an indium sample similar to those
used for thesc¢ experimeats. The fndividual wicro-
bridges are always < lum square and typically
1000 A thick. The fabrication and general charac- . |

i teristfics of our microbridges has been described in

! detail elsewhcre”; we would like to reiterate the

i fact that electron beam lithography permits us to
fabricate two submicron bridges with various

{ separatfons and &4 reasonably well defined geometry.

%1 The experimental results described here are for

bridges with a 2um separation.

Manuscript recefved August 17, 1976 ' Fig. 1. a) SEM micrograph of a sample, tilted 4s°
. to the beam, showing typlcal geometry. The light

Mork supported by the National Science Foundation areas ave 1000 & In film. The bridpe separation
and the Office of Naval Research. . here is 1.2um. b) A schematlc diagram of the

" measurenent circutt, For AC measurements = 0.1uA
Department of Physics, State Unlversity of New York : AC current is added to the DC current and the

C{ SLony lrook Stuny Bruok New York 11794. voltage is monftored with a lock-‘n amplifier.
Mtice of Naval Tesearc! ntract # NOCC14-75-C-0769.
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L III. EXPERIMENTAL RESULTS

o

These coupled microbridges exhiblic a greac
number of interactions, as manifestod by the discor-
tion of their I-V curves. Bome of our initial
observations have been described slsevhere®, here wa
wish to focus upon our obsarvation of voltsge locking,
since that relates directly to the fabrication of
coherent arvays. An example of voltage locking is
shown in Mig. 2a. The current cthru bridge 2 is fixed
&t @& value elightly sbove its critical current and
current 18 svept in the opposite dirsection thru
dbridge 1 and out the superconducting pad separating
the two bridges. Vi and V) are monitored as Iy varies.
Wote that the two voltages are equal from Iy = 83 to
87uA, with V; being pulled in lock with Vy over a
range of 1uV, even though the current thru bridge 1
ie held conetant.

In a practical array both currents would be
awept togather. Thus the luV pulling observed with
12 fixed implies that the L:idges would stay locked
over a wide voltage range. We have, in fact, observed
continuous locking from 0 to 40uV when both currents
atre awept together. Since the opposing current bias
is essentially a parallel DC connection of the
bridges it would be simple to maintain nearly equal
voltages across all bridges with the cxternal bias
circuit, thus improving the locking range even
further.

To check the completeness of the locking with
greater precision a 0.1uA AC signal 18 added to Iy
only and the voltag s monitored with a lock~in
ampliiier. The result is dV,/dI; and dV,/dly, the
slopes of the two curves in *1g. 2a. 1In ldd}tlor,
the total AC voltage (Vy) may be monitored. This is
shown in Pig. 2b as dV,/dl;. During locking
dvy/dly = dvV/dIp; since tflle voltages are in
opposite directions this implies dVy/dr; = 0. The
decruase in 4Vp/dly in the locking rerion can be
used as one mcagure of the strength of the inter-
action. Thus dVy/dIy = 0 indicates complete locking,
and the measurement of A(dVp/dIy) provides a gauge
of the strength of the interaction, even though
complete locking may not occur. As a further check
upon the locking atrangth we increased the amplitude
and fraquency of the AC modulation current and
monitored dVyp/dl; while sweeping I; throngh the lock-
ing region. We found that dVp/dI; = 0 for a module-
tion corresponding to a voltage rate of change o
3mV/sec (or a frequency modulation of = 1.5 x 10
CHz/sec). Higher modulation rates were not posaibla
‘due to circuit limitations.

Voltage locking is ohserved both when the current
flowa thru the two bridges and out opposite sides of
the interconnecting pad, or out only oune side of the
pad. In the latter case there fs usually a voltage
in the pad, and at cufficiently high current levels
a pad voltege appears in the former case. The
appcarance of a resistance in the pad doee not pre-
clude observation of voltage locking between the two
bridges. However, the pad voltage doas add
conaiderably to the complexity of the interactions
observed, and in order to underatand the locking
interaction we have confined most of our recent
observations to sftuations {n which the pad remains
superconducting. Thus the data in Figs. 2 and 3 warae
taken with no pad voltage.

We have found the voltage locking to be both
voltage and temperature dependent. Typically full
locking (dVp/dI; = 0) is obsarved within sows voltage
tange for temperatures ranging from T, to about

dyy/d1,ia) o
02

. S &

o
YW o 7
w0} A ok .

Fig. 2. An example of volrtsge locking between two
microbridges. =) I, is fixed and both V; end V2 are
shown as Iy variea. b) The totel differential
resistance of both bridges. Note that dVp/dI; goas to
zero in the locking regicn. 64(4Vy/dI;) is a measure
of the locking strength.

0.98 T, Less complete locking interactions are
obeerved down to * 0.90 T., however at this point the
strength of the interaction has decreased considerably.
The variation of locking strength with voltage at two
différent temperstures is shown io Fig. 3. At

T/T, = 0.992 full locking is observed from 13 to 20wV,
the peak of the iateraction strength. At the lower
temperature the pesak at 3I0uV does sot correspond to
full locking. Note that the main peak hes moved to a
higher voltage at the lower tempersture. Also nots
the osci{llation {n the locking strength. This
oecillation was particularly pronounced in this sample,
bLut has Leen obueived (v o iesser doglee iu =il vibes
samples teasced. However, with more strongly coupled
savples at an appropriately chosen temparature, con=’
tinuous full locking has been observed from 0 to 40wV,
We believe thut this behavior may bs related to a
frequency dependent phase shift in the locking i{nter-
action, Invescigsation of this point is continuing.
The locking interaction does persist to higher
voltegas than shown here, but s pad wvoltage develops
ar the same time,

A microbridge at a finite voltage supports a
supercurrent and a normal curreant, both oscillating et
the Josephson frequency. The observed behavior of the
voltage locking interaction is comsistent with the
assumption that pulees of the mormal current diffuse
across the pad separating the bridges and interact with
tha othar bridge. In tha opposad current gituation the
normel current would temd to incresss the instantansous
supercurrent in the affecced bridge, and could trigger
an impending phese slip. Consistent with this idea is
the fact that locking is never cbserved with currents
flowing through the bridges in searies. This is because,
in the sarles case, the tormal curreat diffusing from
the other bridge delays the omeet of a phase slip by
redycing the supercurrent, which moves to compensate
for the diffusfon of the quasiparticles and maintain’
steady current flov. This model 1s supported by the
fact that stronger voltage locking is observed whem
the pad resistance is higher, since this results in a
larger fraction of the pormsl curremt flowing thru the
other bridge. Ve are presemtly workisg on a dynemie
wodel of the iotsractiom batwesa the bridges due to
the normal curreate.
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Pig. 3. Variarion of the locking strength with
voltsge at fixed temperature. This figure illustrates
the oscillatory nature of the locking with voltage,
and the movement of the maximum locking strength peak
to higher voltages as the temperature is reduced.

IV. CONCLUSIONS

We have observed an interaction between two
microbridges that acts to lock the voltages of the
bridges to a single common value. Locking is
observed only when the DC current flows in opposite
directions tl.ru the two bridges and out the comnecting
superconducting pad. Continucus full locking has been
observed in excess of 40uV under appropri: ‘e
conditions. No locking is observed when current flows
in the same direction thru the two bridges (series
biassing); in fact the interaction tends to force the
wniragea anarr in this rmea. Serioa avrave Af micra-
bridges can be forcibly synchronized with the
application of sufficient microwave power, but for
close separations (< 5um) the locking interaction works
against this synchronization; however when current is
gwept thru the two bridges in opposing directions

parallel biasing) perfect voltage locking can be
maintained without any external microwave radiation.

It remsins to be demonstrated that the Josephson T

oscillations are in phase before full coherence may {
be claimed. We are presently working on ascertaining 28

the exact nature of the locking interaction. b
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