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A JbSEPHSON JUNCTION AMPLIFIER
*
John Clarke and James L. Paterson
Department of Physics, Unlver51ty of Callfornla and

Inorganic Materials Research Division, Lawrence Radiation
Laboratory, Berkeley, Callfornla 94720

Positive feedback has been used within a double
Josephsou Junction quantum interferometer to achieve g

current amplification of up to 100.

The.superconducting quantum interferometerl consists of two
Josephsbn2 Junctions mounted on a superconducting ring. Tﬁe critical
current (ic) of the interferometer is an oscillatory function of the
magnetic flux applied to it, the perlod being one flux quantum, ¢o.

~

This device has been the basis of several 1nstruments rsuch as the dec
'Squ1d3and the Slug,h‘whlch measure magnetlc fields and. electrlc
currents and voltages. A current, and hence a voltage, may be
measured by passing it through a coil coupled to the 1nterferometer.

The 1nstrument is often used as a sensor in g feedback system.

"i%7§rodeiure, - the interferometer 1s operated on the
'steepest portion. of the ckitical current oscillation where the change
in crltlcal current for a given change in applled magnetlc flux is a

: max1mum. Operated in this mode, the 1nterferometer does not have a

31gn1f1cant amount of current ampllflcatlon. Suppose a 51ngle—turn loop

of inductance L is perfectly coupled to the 1nterferometer which also
has an inductance L. The current la.mplification. is defined as the ratio

~of the change in critical current to the change iu current in this loop.
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' The current change in the loop required to. produce one-half an oscilla- -

. tion in critical current is Just ¢O/(2L). The greatest possible change

' ; . . r 2
in the critical current (i.e., the greatest modulation:depth) 1s,¢O/L.
The highest obtainable value of current gain is~therefore'(¢O/L)/(¢6/2L)
= 2, In practice, because the nodulationpdepthwmay be;Iessythen ¢6/Ls-

or because the loop and intefferometer: may:be imperfectly coupled; the

gain is usually somewhat less than 2.

"‘We have used positire feedback within the interferometer to achieve

a current ampllflcatlon of up to lOO in. theory the gain is unlimit-

ed. The prlnc1ple of the feedback technique is 1nd1cated in Fig.,l(a)g_

in which two’ identical Josephson junctlons,.A and B; each capable of

supporting a maximum supercurrent iﬁ,.are mounted on & superconducting

ring. A magnetic flux is applied to the ring either from an external
source ory alternativeiy, by means of a current (I) in thejupper arm of

the interferometerﬂof Fig. 1(a . This arm has an 1nductance LI’ and the

flux generated is ¢A = L_I. The current flowing through the Junctions

I

(i) can be fed into the loop at an arbltrary point a.and extracted

o

at an srbitrary point b. If the current feed is completely symmetric,

i d1v1des in such a way that it does not contribute any net flux to

‘the loop If a and b are asymmetrlc, however, i does: generate a net

-flux in the loop.* Suppose that a small magnetic flux is applied to the

rlng s0 that the cr1t1ca1 current changes. If the change in critical.

current produces a flux in the 1nterferometer that is in the same

'dlrectlon as the applied flux, the feedback will be pesitlve whereas 1f’:

the flux opposes the applied flux, the feedback will be negatlve. As -

" a result the crltlcal current osc1llatlons will be asymmetrlc The
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steeper slope.COrresnonde to. positive feedback

- The parameter o describes the asymmefry of the current
feed (see Flg. l(a)) “For the symmetrlc case, a = 0.5, whereas for
meximum asymmetry, where i enters at»a' and leaves at b' in Fig. i(a),
d-=>1}0.(we negleet; the Junction inductances ). The total flux (¢T)

in the interferometer is, for arbitrary a,

+ _»v'_ . ’ ’ l
op = &, oLy (1 -1, @
wherea” '

. = .' (3 L= . . +'Q '._ . .
1=1, +ig ' i 81nGA i sinGB (2)

Here,-¢A is the applied flux, im is the critical current of each junc-
' tion,fand GA and SB are the gauge-invariant phase differences in the
superconducting order parameter across junctions A and B respectively.

The two phase differences are related by the equation

8, -85 = 2o, /6_. , | ()
Egs. (1)=(3) have beenvuSed to determine the critical current as a
-function of ¢A for given values of a, L, and im. It is convenient‘to
introduce fhe dimensionless perameters j =1 /21 , the reduced crltlcal
‘ current and B 2L1 /¢ , the degree of feedback.
.Flg.-Q(a) shows the var;atlon of Jcvw1th»reduced‘apnliedrflux,
i¢A/¢ =1 I/¢',.for B = 20, and variousvvaiues of a. As a is'increased
_from O 5 to l O the osc1llatlon'becomes more and more skewed and the
galn of ‘the 1nterferometer which is proportional to the slope, increases
4?} . _'e S byla factor of about 10. On the right hand ordinate Ve show the change'

in eritical current (Aic) in reduced unitsrAic/(¢o/L), The reduced |
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modulation depth (Ai cmax L/¢ ) for B = 20 is about -0.86 and is ~ independent

of d. In Fig. 3(a) we show the effect of increasing B for o = 1. The
degree of skewing increases as B increases and the steepest slope is

in fact approximately equal to B in the limit of large 8. In theory,

then we can aohieve arbitrarily high values of amplification. Notice .

that as B + «, the moduletion depth tends to 1ts 11m1t1ng value ¢ /L.

Flg. l(b) shows the conflguratlon of an experlmental thln—fllm

interferometer, each Junction belng a Pb—Cu/Al~Pb (sns) junction.gf'

- An 8Q00A strip of lead (Pb 1) was evaporated on to a glass substrate,

and then £ -an 1nsulat1ng layer of 8i0 in which two narrow regions were
masked off. The third film was & TOOO A disk of Cu/Al (3% Al). Flnally,
an 8000 A strip of lead (Pb2) was deposited. The interferometer thus
con31sted of two Junctions, A and B, connected by two seotions of the
lead strips. Thln film junctlons were used because a high degree of
asymmetry (a ~ 1) could be achieved easily. SNS Jurictions were chosen
first, because their high reproducibility insured that the,two Junetions would
bé oearly identical, and eecohd, bedauee their ceritical currents in-
crease rapidly as the temperature is loﬁered, so that B8 can: be varied
over a wide range»for a given interferometer. Each Junction had an
area of about 2.5 x lo—h‘cmz, & critical current (im) at 4.2K of typically
imA, and a resistance of about.2vX 10_6 Q. |

A potentiometer (out31de the cryostat) was connected acroes the

two ends of each lead strip, and the current through the junctions (i)was

-applled to 'the two sllders. The value of a could therefore be controlled

i

by adjustiﬁg the two potentiometers. A magnetlc flux was applied by

means of an addltlonal current, I, in the upper lead strlp (Pb2) Thls'

strip was sbout ten times narrowver than the-lower one (Pb 1), and
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therefore contributed about 10/11 of the interferometer 1nductance which
was estimated to be approx1mately 2 x 10 ll H. The critical current was
measuredrby adjusting the de current (1) to be Just above the critical
value, so that a de voltage (v)‘was developed across the Junctions. .A
critical current change,dic; gave rise to a voltage change &v ~ hdic;
where R is the parallel resistance of the junctions (~-10-6Q); This_
voltage was monitored by means of a superconducting voltmeter.

' The measured period in I of the critical current was roughly 100 UA,‘
corresponding to an interferometer inductance of 2 x lo_ll’H‘ This result‘
is in good agreement w1th the calculated value. Experimental plots of j

| and Ai L/¢ against ¢ /¢ =L I/¢ are shown in Fig. 2(b) for B. = 22 and for
several-values of-a. The curves are in good agreement with the theoreti-
cal ones, except that the modulation depth varies somewhat with a. The

.’same variation occurs in Fig 3(b) where we plot Ai L/¢ against LII/¢O
for several values of 8, with a = 1. We conjecture that effects arising

single Junction
from the/diffraction envelope are the most likely cause of this variation. .
We have attempted to determlne the noise level that limlts the

'current resolution of our dev1ce. The changes in eritical current must
of course be determlned with the junctions in a finite voltage regime.

~In thls”state, the junctlons will 1nduce a noise current in the 1nter—
ferometer that will set a 1ower limit on the value of I which mey be’
detected We measured the noise current using a current blas

supplied from a high 1mpedance source.. Wlth B ~ 60 and T ~ l 5 K, we
obtained a value of lO -6 A (% 50%) in a1 Hz bandw1dth The junctlons

in this experiment were of smaller area than usual and each had a

"re81stance of about l 5 x lO = Q. Dahm‘ et gl 10 have shown that the a
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spectral density for the current noise in a tunnel junctlon in the "

limit eV < kT is 81 (w) 2kT/(ﬂRS), where R, is the static resistance

(v/i) of the Junction. Kanter andeernonll found that.this result was

approximately correct for point contacts. In the present case, the-
‘noise measurement was made w1th a current bias of 4mA (2mA per junction)

and a voltage of about 1 nV, so that R, = .5 x lO‘T Q per junction.

S

This valueiof Rs leads 'to a noise current of 9 x 10f9 Ain a1l Hz

‘bandwidth.  The good agreement. between theorv and experiment is:-

perhaps fortuitous, and further measurements are being made.

The results achleved so far with. the asymmetrlc 1nterferometer do
not constltute an 1mprovement in the state—of—the art measurement of
magnetlc field or current The current noise ass001ated with the
Junctlons is high because the Junctlon re31stance is low., In addltlon,

the requlrement of a second quantum interference device (Slug) to

'measure the changes in crltlcal current makes the system 1mpract1cab1e
" as an instrument. However ~both problems may be overcome with d :junc~
tion - whose resistance (R) is approx1mately 1 Q. The noise current
.shouldjbereduced to'about 107% A/fﬁ; Ir B ~ 100, the voltage output
of the device (~ Réi ) will be roughly 10 9V for an input of 10~ L,

This voltage is detectable with a room temperature amplifier in con-

junctlon with a cooled- transformer,'so that the system would be llmlted

‘by the junctlon.n01se.

Flnally, the asymmetric quantum 1nterferometer may be viewed as
a three—termlnal dev1ce with current amplif1catlon. In pr1n01ple the

dev1ce may be used in any conflguratlon p0851ble for a conventlonal tran81s—‘

" tor. A voltage ampllfler is shown in Flg h(a) The voltage gain 1sv
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eppreximetelyys(R/Ri), whefe'R is the junction'reeistance, and Ri the
input resistance. The power gain is BZ(R/R ). Magnetic field measure-
ments are made by connectlng the input circuit 1nto a superconductlng
loop to which the field is applied. A flux ampllfler may’ be reallzed by
b1a31ng the junctions from a constant voltage source, in series with an
inductance (see Fig. 4(b)). The flux galn is approxlmately B(L /L ),
where Li and L are the 1nductances of the input. and output loops respec-

tlvely._ The output coil may be multl—turn, 80 that high values of

ampllflcatlon are attalnable.

We are grateful to Dr. J. P. Walter for performlng the computer
calculatlons leading to Flgures 2(a) and 3(a). This work was performed

under the auspices of the U. S. Atomic Energy Commission.

*¥  Alfred P. Sloan Foundation Fellow.
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1(a). Schematic of double junction interferometer, with Junctions
A and B. - The current i is fed asymmetrically into the ring:at the

points a and b. The signél current, I, induces a flux L_I into

I
the ring. (b) Experimental quantum iptérferometéf'(diméhsioné ih.
cm) .

2. Varistion of reduced critical current (Jc) with reduced applied

magnetic flux (LII/¢§) for several values of a: . (a) theory,

B = 20; (b) experiment, B = 22.

3. Variation of reduced change in critical current (AicL/¢o) with

reduced applied magnetic flux (LII/¢O) for o = 1 and various values

of B: (a) theory; (b) experiment.

k. Asymmetric interferometer used as (a)‘voltage amplifier;

(b). magnetic flux amplifier. V represents a constant voltage bias. =

v
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