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FIG. 1. Plot of critical temperature vs single~ion
anisotropy strength for the spin-1 Heisenberg ferro-
magnet with easy-axis single-ion anisotropy, in sc,
bee, and fce lattices. The curve showing the values in
the molecular-field approximation is included for com-

parison,

can be computed analytically or numerically with-
out difficulty. With all these flexibilities the
method is up to now the only suitable one for the
analysis of rare earths and actinides.

Work on higher-order terms of the spin-1 sys-
tems reported above and on a singlet-triplet mod-
el which can be extended to discuss Pr;T1 and

TbSb is in progress. .
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A superconducting microbridge has been used as a probe to detect quasiparticle diffu-
sion currents and “heating”, produced by a phase-slip center (PSC) in a second micro-
bridge. The critical current of the detector is modulated by the voltage Vix- across the
PSC. This modulation provides a measure of quasiparticle current I, thru the PSC and
gives Io=Vpsc/R)p for low voltages, Rj, being the high-current differential resistance of

the PSC.

The dynamics of the voltage-sustaining state in
thin-film superconducting microbridge weak links
is poorly understood in contrast to Josephson tun-
nel junctions, and, hence, is the subject of much
current investigation. These microbridges are
inherently nonequilibrium devices, with their
voltage-producing state being the result of a peri-
odic collapse of the order parameter and its sub-

sequent recovery to a state with a change of 27

in the phase difference across the bridge. This
process is referred to as a phase slip and the
microbridge as a phase-slip center (PSC). Dur-
ing these oscillations both the pair and normal-
electron, or quasiparticle, densities and currents
are out of equilibrium. Many of the properties of
the bridge such as its current-voltage (/-V) curve
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are determined by the relaxation rates for this
disequilibrium. It has recently been shown by
Skocpol, Beasley, and Tinkham (SBT)' that the
resistance of such a PSC is largely determined
by the inelastic scattering time over which the
quasiparticle current decays. In addition there
have been attempts to compare the detailed shape
of the I-V curve with calculations taking into ac-
count the pair relaxation rate.? Efforts to use the
I-V characteristics to deduce information about
bridge dynamics are always complicated by the
problem of distinguishing the pair and quasiparti-
cle components of the bridge current. It is thus
desirable to have an external probe® of the state
of the microbridges to separate the various proc-
esses. This Letter describes the use of a thin-
film indium microbridge as a detector of the non-
equilibrium conditions including quasiparticle cur-
rents created by a PSC in another generator
bridge.

The two microbridges are coupled by fabricat-
ing them in close proximity (=2 um) to each oth-
er, with a superconducting pad of the same ma-
terial as the bridges separating them. They are
made from a 1000-A indium film using electron-
beam lithography and are always <1 pgm square.
The sample geometry is illustrated schematically
in Fig. 1, along with the measurement circuit.
This circuit consists basically of two four-ter-
minal circuits, with individual current supplies
for the two bridges as well as individual voltage
circuits. Measurements are made with the sam-
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FIG. 1. The change in the voltages across two inter-
acting microbridges as the current through bridge 1
is varied with a constant current in bridge 2. The
dashed and dotted lines show the voltages for bridges
2 and 1, respectively, if no interaction was present
(see text)., The inset shows the sample geometry and
measuring circuits.
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ple in a fully shielded Dewar. Low-pass filters
are installed at helium temperature on the cur-
rent and voltage leads and effectively protect the
bridges from external noise and shocks. The tem-
perature is monitored with a germanium resis-
tance thermometer and is electronically regulated
to within a few microkelvins.

The general effect of the interaction between
two bridges on their current-voltage characteris-
tics is shown by the data in Fig. 1. These data
were taken with the bridges biased as shown with
the current flowing in opposite directions through
the two bridges and out opposite sides of the in-
terconnecting pad. The current through bridge 2
is fixed and the current through bridge 1 is slow-
ly swept while V; and V, are monitored. The dot-
ted and dashed lines show the bridge voltages if
there were no interaction (i.e., the I-V curve for
bridge 1 would be that obtained with 7,=0 and V,
would be independent of I;). In general the inter-
action appears to increase the voltage of each
bridge above what it normally would be. Also,

.at the point where the V, and V, curves cross,

the voltage across the bridges tend to lock to a
common value. This voltage-locking interaction
is discussed in detail elsewhere.* When the mea-
surements are repeated with the current through
bridge 2 reversed so that it flows in series through
the two bridges, the results are strikingly differ-
ent from the opposing current situation. There is
virtually no increase in V, above its noninteract-
ing value, and V,, after an initial small rise (for
V,=0), drops below its noninteracting voltage as
V, increases. Although there is a strong interac-
tion where the two curves cross, there is no volt-
age locking as is observed in the opposing-cur-
rent bias case.

A quantitative understanding of this interaction
is most easily obtained from measurements of the
change in the apparent critical current of one
bridge (that is, the external bias current through
the bridge for which a PSC appears in the bridge)
as a function of the current and voltage in the oth-
er bridge. The change in the critical current of
bridge 1, Al,,, has been monitored for different
values of the fixed current through bridge 2, 7,,
in the cases of both opposing and series current
bias. In addition, the voltage across bridge 2 at
I,=1; has been measured and is denoted as V,
(refer to Fig. 1). Since the voltage leads are su-
perconductors many diffusion lengths long, the
various voltages measure the difference in the
pair electrochemical potential across a bridge.
The results of these experiments are shown in
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FIG. 2. (a) The change in the apparent critical cur-
rent of bridge 1 for a range of fixed currents thru
bridge 2. Data include both polarities of I, relative to
I, (series and opposing). The voltage across bridge 2
when I, =14 is denoted as V, and is zero for 1,<85 uA.
The dashed line (long dash marks) is the symmetric or
average component of Al for the two polarities of I,.
(b) The antisymmetric component, Al 44, of Al as a
function of V,, divided by Rp,. The constant R, which
equals 0.32 Q is the differential resistance of bridge
2 for 1> 1I,. V,/Rp, is the assumed quasiparticle com-
ponent of I,. These data are for a lower temperature
than that in Fig. 1.

Fig. 2. For V., =0 there is a current-dependent
depression in I, evident in both curves. This is
in reasonable agreement with that expected due to
the current-induced order parameter depression
in the region between the bridges—the small dif-
ference in Al for the two current polarities be-
ing attributed to the difference in current distri-
butions. When V , becomes nonzero, however,
the opposed and series curves split apart very
radically. Since a depression of I, independent
of the polarity of I, would be expected due to heat-
ing in bridge 2 for V,>0, it is useful to sort this
out by separating Al,, into parts which are sym-
metric, AI,,®, and antisymmetric, Al ,*, in I,:
i.e., AL, 5 =[Al, (series)+Al,, (opposing)]/2 and
Al * =[al,, (series) - Al,, (opposing)]/2. The ori-
gin of these two components of Al is discussed
in the remainder of this Letter.

We first consider the effect of the quasiparticle
diffusion current (as opposed to simply an excess
quasiparticle density) which flows in the neighbor-
hood of a PSC. The dc component of the quasipar-
ticle current flowing through the weak link having
a PSC is assumed to be approximately given by
Io=V/Rp, where V is the difference in the pair
electrochemical potential measured across the
PSC and Rj is the measured differential resis-

tance of the PSC for I>1,. The magnitude of R
is determined by the distance the quasiparticles
diffuse before returning to equilibrium. SBT, in
their experiments with long tin bridges, were
able to determine this length in tin and found it to
be the temperature-independent inelastic scatter-
ing length—about 10 um for a 1000-A film. This
quasiparticle diffusion length A in long indium
bridges has been measured in our laboratory and
is about 5 um for 7<0.9997..° This is much
greater than the coherence length, £, over which
the order parameter is depressed. As SBT noted,
this tends to inhibit the formation of a new PSC
within A of an existing one since the total current
must remain constant along the bridge and part

of the current within A of the PSC is carried by
quasiparticles. The supercurrent is thus reduced
below its critical value within A even though the
total current may be greater thanI,. This effect
should also occur in closely coupled microbridg-
es, and thus it is expected that one microbridge
can be used as a probe of the quasiparticle cur-
rent generated by a PSC in a neighboring micro-
bridge located within a distance A. When current
flows in series through the two bridges, the su-
percurrent should be reduced in the sensing bridge
by the amount of the quasiparticle current, and
hence the total necessary to reach the critical su-
percurrent will increase by the same amount.
When the current through the sensing bridge only
is reversed (opposing current bias) the quasipar-
ticle diffusion current remains in the same direc-
tion and increases the supercurrent in the sensing
bridge. This should be reflected by a decrease in
the apparent critical current of the sensing bridge.
This interaction between the bridges is antisym-
metric, in contrast to heating effects which should
be symmetric. If we assume that there are no
other important antisymmetric interactions, the
fraction, o, of quasiparticle current generated

in the PSC in bridge 2 that flows through the de-
tector bridge 1 may be obtained from AZ,,* which
would then just be the quasiparticle current Ig,
that flows through bridge 1. The values of Al *
shown in Fig. 2(b) are calculated as the differenc-
es between points of constant V., on the series
and opposing curves in Fig. 2 since these points,
rather than those of constant I,, should have qua-
siparticle currents of equal magnitude. The upper
limit on V, is determined by the appearance of a
PSC in the pad, which has a critical current only
slightly larger than that of the bridge, for series
data. This problem is not encountered for oppos-
ing current measurements since in this case the
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quasiparticle currents injected by the bridge
PSC’s carry a significant part of the current in
the pad permitting pad currents considerably in
excess of the pad critical current to flow without
the formation of a pad PSC. The quasiparticle
current I, generated by bridge 2 is assumed to
be given by V,/Rp,. Thus a=1I,,/Ig, is given by
the slope of the graph of Al ,* vs V, in Fig. 2(b).
This yields a value @ =0.21 independent of V,.
This value of @ obtained from the critical-cur-
rent data may be compared with the value expect-
ed from the resistance of the various paths open
to quasiparticle diffusion.

The quasiparticle current injected into the re-
gion between the two bridges has three paths that
it can take: either side of the interconnecting pad
or the detector bridge. If these paths are taken
to be three parallel resistors, the proportion of
current flowing through the detector bridge would
be @ =R,/(2R, +R,), where R, is the bridge resis-
tance and R, is the resistance of each half of the
interconnecting pad. These resistances could be
estimated from the geometry. However, since
the resistance will be effected by quasiparticle
relaxation before reaching the wide parts of the
film, a more direct and accurate method of find-
ing R is to measure the resistance of PSC’s in
the various branches. Using these directly mea-
sured values for R, and R, gives @ =0.24. Con-
sidering the rather crude nature of the models in-
volved, this is certainly satisfactory agreement.
These measurements have been repeated for a
number of samples with different separations,
giving a wide variation in the amount, a, of the
coupling, which nearly vanishes for separations
greater than 3 to 4 um. The results for these
other separations are consistent with those dis-
cussed above.

As seen from the dashed line in Fig. 2(a), the
symmetric effect of I, and V, is to decrease I,.
This would be expected as a result of order pa-
rameter depression in the pad between the bridges
either from lattice heating or from an excess of
quasiparticles generated in the pad by V,. We
cannot distinguish between these effects in our
samples since, among other things, the effects
are closely connected by the large phonon-trap-
ping factors present in the indium film.® Al ® is,
however, within a factor of 2 of that calculated
due to measured lattice heating. The lattice tem-
perature rise has been determined from similar
samples immersed directly in liquid helium by
observing the onset of boiling in the helium and
is about 2 mK/nW. The symmetric change in Al
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shown in Fig. 2(a) was accounted for by a temper-
ature rise of 1.3 mK/nW. Given the uncertainties
in these measurements we conclude that A7 ,° is
consistent with heating although the existence of
other mechanisms is not ruled out.

We have shown that it is possible to use one mi-
crobridge as a detector of nonequilibrium condi-
tions created by a PSC in a second bridge. Mea-
surements so far lend strong support to the idea
that PSC’s many coherence lengths apart interact
through quasiparticle currents which modulate
the total supercurrent through the PSC. Since
the primary purpose of these experiments has
been the detection of quasiparticle currents, the
bridges have been made close together with nar-
row connecting pads. This, coupled with the need
to avoid PSC’s in the pads, has limited the mea-
surements to low voltages and made it especially
difficult to study quantitatively the effects of ex-
cess quasiparticle density and conductivity at
high voltages. It appears that it will, in fact, be
possible to refine the techniques described above
to permit measurements to be made to much high-
er voltages, providing important information on
the dynamics of the superconductor.

*Work supported by the National Science Foundation
and the Office of Naval Research.

tPresent address: Sperry Research Corp., 100 North
Road, Sudbury, Mass. 01776.

w. J. Skocpol, M, R. Beasley, and M, Tinkham, J,
Low Temp. Phys. 16, 145 (1974).

7, J. Rieger, D. J. Scalapino, and J. E, Mercereau,
Phys. Rev. B 6, 1734 (1972); K. K. Likharev and L. A.
Yakobson, IEEE Trans. Magn. 11, 860 (1975); T. D.
Clark and P. E. Lindelof, Phys. Rev. Lett. 37, 368
(1976); H. Hojgaard Jensen and P. E. Lindelof, J, Low
Temp. Phys. 469 23, (1976); B. S. Deaver; B. G.
Boone, and R, Rifkin, Phys. Lett. 57A, 186 (1976);

Y. H. Kao, to be published.

D. w. Jillie, J. E. Lukens, Y. H. Kao, and G. J. Do-
lan, Phys. Lett. 55A, 381 (1976).

‘D.w. Jillie, J. E. Lukens, and Y. H. Kao, in Pro-
ceedings of the Applied Superconductivity Conference,
Stanford, California, 17—-20 August 1976 (to be pub-
lished.

’D. W. Jillie, Ph.D. thesis, State University of New
York at Stony Brook, 1976 (unpublished).

SD. N. Langenberg, in Proceedings of the Fourteenth
International Confevence on Low Tempevature Physics,
Otaniemi, Finland, 1975, edited by M. Krusius and
V. Vuorio (North-Holland, Amsterdam, 1975).

"w. J. Skocpol, M. R. Beasley, and M. Tinkham, J.
Appl. Phys. 45, (1974) 4054,



