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ABSTRACT
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Pirst¥measurcments of the timelfoa the recovery of the critical

current at a phase slip site jhave been made by studying the

fa)

frequency dependence of the hysterctic rf current-voltage charac—

teristics in the low power limit. The data arc explicable by a

_simple quasiparticle diffusion model and are incompatible with

recent hot spot models..7
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The production and decay of non-equilibrium states in
suberconductors is currently of great interest. In recent
studies, non-equilibrium states have been produced by
tunnelingl, laser excitationz, thermal phonon injection3,
ultrasonic phonons4, conversion of normal to supercurrents

5

at superconducting boundaries™, rapid variation of the

supercurrente, etc. In this paper we report the first
determination of the temporal response of the non~equilibri-—
‘um state génerated by the phase slip process at a site»in an
ultra—thin*fiim superconducting microbridge in a rf SQUID
configuration. The results- are inconsistent with the hat
spot médel7 but agree well with a modified quasiparticle

diffusion modela.

Our data were obtained using a broadband continuously
variable nonresonant mutual inductance bridge (10MHz -
1.8GHz), a conventional 20MHz tuned SQUID biasing circuit;

and a 9.2 GHz spectrometer employing a resonant cavity.

In order to minimize heating effects, we investigated
numerous thin film cylindrical SQUIDs at 20 MHz and 9.2 GHz
:and selected a very low critical current, nearlyAgranulat |
niobium sample. This sample allowed us to study the hyster-
etic response over a wide temperature range with minimal
heating. The physical dimensions of this-niobium weak link
are as follows: 3 micrometers in the direction of current
flow, by 40 micrometers wide, by 35 Angstroms thick, totally

covered by a 600 Angstrom insulating oxide layer. This

sample has a superconducting critical temperature of 2.8 K.




No changes in the rf response were observed with the sample
cemersed in liquid‘holium Jjust above or below the helium-;
péint or in a vacuum can.

Insert (a) of Fig. 1 illustrates the detected rf I~V
characteristics of the sample for various frequencies at
2.167 X as observed with the broadband system. The tempera-—
ture dependence of the critical current can be described in
terms of a mean field behavior. This behavior is indicative
of a current distribution which is relatively uniform aver
the width of the microbridge. Above a frequency of 120 NIz
hysteresis develops in the critical currents. That is,
dissipation persists in the weak link below th¢ mean f£ield
critical current until a sudden return occurs (dovn a:rowé)
to the uniform superconducting state. Note that the meah
fiéld critical current (up arrowé) is independené of fre—

guency.

This critical current hysteresis is similar to that

8 in the dc I-V characteristics of tin

observed by SBT
microbridges and by Rachford et a1.9 in the 9.2 GHz

microwave response of weak links of various gecmetries and
10

materials. This type of behavior follows™~ from the
_assumption that I, and I_ are given by:
I, « Iv1%/@(my3), (1a)
1, o« 1vi? w/2, (1b)

where I’ is the mean field critical current of the micro-
bridge, v is the superconducting orderparameter, g(T) is the
coherence length, and I‘ is the minimum current necessary

to support Josephson oscillations across a distance compar=
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able to the inelastic scattering length A. The length a is
given by the eguation, A = (vaT/3)1/2
length, Vp is the Fermi velocity, and «¢ is the appropri-

ate ineclastic scattering time. The ratio of the squares of

the critical currents is proportional to temperature;
(1,/1)% = [28/(x5(0) v3) 12 (2-T.) /T (2)
7y c ol

To explain the frequency dependence of the hysteresis
[illustrated in Fig. 1, insert (a)], consider an increasin%
instantaneous rf curren£ through the weak link. BAs the
magnitude of the rf current exceeds the mean field critical

current, a phase slip site is rapidly established producing

non-equilibrium quasiparticles and, hence, dissipation in

the sample. The quasiparticles depress the critical current

so that at some point in the decreasing current part d% the
rf cycle'(determined by A) the current becomes less than
this new cricital value. When the magnitude of the current'
is less than the dépressed critical current, the véltége
across the site vanishes, the excess quasiparticle popula-
tion is no longer sustained by the current and begins to
decay. The critical current recovers towards its mean field
value. On the next half cycle this time dependent critical
current is exceeded, phase slip occurs, and the non-equi-
librium state is regenerated. If the rf period is long
compared to the decay time [see Fig. 2, insert (a)], the
critical current will recover to the mean field value and no
time averége lowering of the critical current (no hystere-

sis) will be observed.

where g is the elastic

ST AR ¢




However, 1f the rf period is short compared to the
decay time, the excess guasiparticles will) not decay
sufficiently between half cycles. In this casc, the critical
current will not have time to recover to the :can £iecld
value, and there will be a net lowering of the detected
critical current as long as the non-cquilibrivnm state is
cyclically sustained. This condition will be nainteined
until thq rf current is reduced below Ie(L) [sce Fig.2
insert (b)]. Thus the hysteresis depends on t(he relative
values ofltﬁe rf period and the decay time fcr the excess

quasiparticle distribution.

- -

In figure 1 , the measured values of [I‘./"I{(f)l2

are plotted as a function of temperature at various fregquen-

cies. Note: (1) that at ecach frequcncy the cuvrrent ratio

can be represented by straight lines extrapolating to a

single (critical) temperature; (2) there is &« temperature

dependent frequency for the onset of the hysturesis; and (3)

that the linear slopes approach a constant linitinglvélue at
higher frequencies: According to Eg. 2, the linear behavior
implies that all the temperature dependence i:z contained in

the coherence length and that A is temperaturc independent

“over the range studied. The variation of the slopes follows -

from the frequency dependence of I*(f) descrilzd above.




In order to account for the frequency dependence of
I*(f), it is sufficient to make a simple extension of the
qguasiparticle diffusion model. Assume that the depressed
critical current recovers as exp(+t/1d) or, eqguivalently,
that the quasiparticle diffusion distance g decays in time
as jp = Ao exp(—t/xd), where 13 is a temperaturce independent
time constant. Also assume that the phase slip center is
established in a time short in comparison to the decay time.
The mipimum rf amplitude, [I+(f)], necessary to cyclically
sustain the dissipative state at the phase slip site occurs
when the critical current (growing in time as _p relaxes)

tangentially meets the instantaneous rf current [see Fig. 2,

insert (b).] Using this condition and the above assumptions,
t2 fsee Fig.2, inserts (a) and (b)] can be iteratively
computed using t2 = tl - 1aln(sinmtl/sinut2), where tl.is
given by él = (tan-lbﬂa)/uk Haéing found £2' the value of
I*(f)/I‘ can easily be obtained, where I+ is now taken to
represent the saturated, high frequency value of the reduced
critical current. Usimg this resu. . and (I,/I*)z, the ratio
[If/:[ !;)]zis obtained. ' ;
The so0lid curve in Fig. 2 represents a fit of this
model to the experimental_frequency variation of [I{/I‘(E)]2
(solid circles) as determined by the slopes of the lines
shown in Fig.2. fwo parameters were used . in obtaining tpe
solid curve: the ratio [I‘/I‘]2 and the constaat 1ge
The shape of the curve is determined from the nodel itself

and the assumption of exponential decay of the non-equi-

librium state. We find a saturated value [I‘/I‘]Z = 3,87,




and a temperature indepcndent time constant Tqg T 90

nanoscconds, and, therefore, by equation (2), Ao/co = 9.0,

Estimating £(0) from the bulk {o by the formula
£E(0) = (§02)1/2, we find Ao = 2590 Angstroms, and from
A = (LvF1/3)l/2 wve find a quasiparticle inelastic scatter-
ing time t = 8.5 xlO_11 sec. We expect that t sets the time
scale for the establishment of the guasiparticle distribu-
tion, whereas *3 is the time for the relaxation of the
non~equilibrium.state involving the interaction of guasi-

particles, 2A phonons, and pairsll.

Fron the dissipation observed in the sample at 9 GHz we
can estimate the resistive length in the sample independent
of the hysteresis. Previously it has been obscrved that the -

resistive length is approximately twice the guasiparticle

9 In insert (b) of Fig. 1 we plot the

quasiparticle diffusion length, AR, obtained {rom dissipa-

diffusion length A.

tion measurements. Note that AR is independent of temper-
ature and is in excellent agreement with the value of A

obtained from the development of hysteresis.

Recently, hysteresis in the dc I-V characteristics
of weak links has been explained in terms of a simple hot

17'12. A straightforward applicaticn of this

spot mode
model predicts that the temperature difference AT between
the bath and the hotspot should decay as 1 = o,

A more detailed analysis of the heat balance equation,




where there is heating only if the instantancous temperature
exceeds Tc or if the rf current exceeds the temperature
dependent cfitical current, still results in an asymptotic
relaxation of AT. Any asymptotic relaxation of AT and,
hence, the local critical current to the mean field value,
will require that the temperature at which hysteresis is
first observed ic independent of frequency. This result

is inconsistent with our observations (see Pig.l.).

In the low pover regime, we may expect that quasipar-
ticles will be trapped by Andreev-like13 scattering iu‘the
vicinity of a phase slip site due to a local reduction of
the average superconducting gap in this region. The scale
of the region of trapping will be set by inelastic scatter~
ing processes of the quasiparticles and will shrink to -zero
as the exéess local excitatiéns'relax. If this is true,
then 4 can be identified with the width of the¢ quasi-
particle trapping region which relaxes in a characteristic

time Tge

In our experiments, the phase slip process is synchron-
ized with the rf cycle; whereas, in dc I-V experiments,
4phase slip proceeds at the Josephson frequency. In most
cases the Josephson period is fast with respect T4 and the
observedbhysteresis is consistent with the usutal analysis
with a temperature independent A. However, if the critical
current is small and if the voltage across the site produces

Josephson oscillations with a period of the order of Tge




then a voltage dependence of A will be seen. This effect
simply reflects the frequency (time) dependence of A discussed

above.

.In summary, we have presented the first ncasurement
of the broadband temporal response of a “weak link". Our
results have been interpreted over the entire temperature
range by a simple extension of the quasiparticlé diffucsion
model. The data are inconsistent with simple hot;pot theory
or any model which predicts an asymptdtic recovery of the
critical current to the mean field value. . From our measure~
ments we have determined tines cﬁaracteristic:of the
dynamiés of the nbn—cquilibritm state produced by the phase

slip process. .

{5,




(a)

REEERENCES

Present address: Laboratory for High Pressure Science,
Dept. of Chemical Engineering, University of Maryland,

College Park, HMD.

See S. B. Kaplan, J. R. Kirtley and D. N. Langenberq,

Phys Rev, Lett. 39, 291 (1977) for references.

G. A. Sai-Halasz, C. C. Chi, A. Denenstein and

(1874) ;

,

b. N. Langenberg, Phys. Rev. Lett. 33, 21

P. Hu, R. C. Dynes, V. Narayanamurti, B. Smith and

W. F. Brinkman, Phys. Rev. Lett. 38, 361 (1977);

I. Schuller and K. E. Gray, Phys. Rev. Lett. 36, 429

(1976) .

T. Wong, J. T. C. Yeh and D. N. Langenberg, 1IEEE Trans.

Mag. 13, 743 (1977).

J. R. Leibowitz and M. C. Wilt, Phys. Rev. Lett. 38
1167 (1977); T. R. Tredwell and E. H. Jacolsen, Phys,

Rev. Bl3, 2931 (1976).

M. L. Yu and J. E. Mercereau, Phys. Rev. Bl2, 4909

(1975) .

R. A. Peters and H. Meisner, Phys.'Rev. Lett. 30,
965 (1973); T. RKommers and J. Clarke, Phys. Rev. Lett.

Rev. Lett. 37, 930 (1976).

Po— . G LT A 7™ T i g T



REFERENCES cont'd

7. W. J. Skocpol, M. R. Beasley and M. Tinkham, J. Appl.

Phys. 45, 4054 (1974).

8. W J. Skocpol, M. R. Beasley and M. Tinkheam, J. of Low

Temp. Phys. 16, 145 (1974).

9. F. J. Rachford, S. A. Wolf, J. K. Hirvonen and J. Kennedy
and M..Hisenoff, IEEE Trans., Mag. 13, €75 (1977); F. J.
Rachford, C. Y. Huang, S. A. Wolf and M. Nisenoff,
Solid State Comm.,17, 1493 (1575); F. J.-Rachford, PhD

thesis, Case Western Reserve University, Cleveland Chio

1975 (unpublished).
10. M. Tinkham, private communication.

11. L. N. Smith and J. Mochel, Phys. Rev. Lett. 35, 1597
(1975); J. J. Chang and D. J. Scalapine, Phys. Rev.

B1l5, 265 (1977).

12. S. K. Decker and D. W. Palmer, J. Appl. Phys.,48,2043
'(1977); T. M..Klapwijk, M. Sepers and J. E. Mooij, J.
Low Temp. Phys.,27, 801 (1977)} R. P. Heubener, J. Appl.
Phys. 46, 4982 (1975). -

13. A. F. Andreev, ZH. Eksp. Teor. Fiz. 46, 1823 (1964)
[Sov. Phys. ~JETP, 19, 1228 (1964)].

—W,ervg e ————




FIGURE CAPTIONS

Fig. 1. [I’/I“(f)]2 obtained from data such as shown in
insert (a) is plotted as a functioq of temperature. Insert
(a) shows the observed development of hystercsis in the
detected JI--V curves as frequency is increased. Insert (b)
shows theitgmperature independence of the half-~length, LR,
of the dissipatiQe region as infered from the ©.2 GHz

'

dissipation measurements.
Fig. 2. Tﬁe slopes, d[I*/I‘(f)lz/dT, from the previous figure
ére plotted as a function of freguency (solid circles). The
solid curve is calculated from the model described in Eﬁe
text with.rd = 5.5 nsec. ahd (I;/I+)2 = 3,87. JYn inscrts (a)
and (b), t; is the time at which the magnitude of the rf
current (solid line) exceeds thebtime dependernt critical
current (dashed line) and ty is the time at which the rf
current is less than I*amLI6(f) is the 16West (frequency

depenécnt) current that will cyclically sustain the dissipative

state shown  in (b)-
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