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Noneiluilibrium Dynamics in a Superconducting Thin-Film Microbridge
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First measurements of the time for the recovery of the critical current at a phase-
slip site have been made by studying the frequency dependence of the hysteretic rf cur-
rent-voltage characteristics in the low-power limit. The data are incompatible with re-
cent hot-spot models but can be expalined by a model relating a nonequlibrium length
to the critical current.

The production and decay of nonequilibrium
states in superconductors is currently of great
interest. In recent studies, nonequilibrium states
have been produced by tunneling, ' laser excita-
tion, ' thermal phonon injection, ' ultrasonic pho-
nons, ~ conversion of normal currents to super-
currents at superconducting boundaries, ' rapid
variation of the supercurrent, ' etc. Here, we re-
port the first determination of the temporal re-
sponse of the nonequilibrium state generated by
the phase-slip process at a site in an ultrathin-
film superconducting microbridge in an rf SQUID
(superconducting quantum interference device)
configuration.

Our data were obtained using a broadband, con-
tinuously variable, nonresonant mutual inductance
bridge (6 MHz-l. 8 GHz), a conventional 20-MHz
tuned circuit, and a 9.2-0Hz spectrometer em-
ploying a resonant cavity.

In order to minimize heating effects, we inves-
tigated numerous thin-film cylindrical SQUID's at
20 MHz and 9.2 0Hz and selected a very low-crit-
ical-current niobium sample. This sample al-
lowed us to study the hysteretic response over a
wide temperature range with minimal heating.
The physical dimensions of this niobium weak
link are 3 pm in the direction of current flow, 40
pm wide, and 35 A thick, totally covered by a
600-A insulating oxide layer. This sample has a
superconducting critical temperature of 2.8 K.
Consistent results were obtained with the sample
immersed in liquid helium (both above and below
the A point) and with the sample cooled by helium
exchange gas.

Inset (b) of Fig. 1 illustrates the relation be-
tween the detected rf voltage amplitude and the
applied rf current amplitude for various frequen-
cies at 2.167 K as observed with the broadband
system. The temperature dependence of the crit-
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FIG. 1. [I,/I, (f)] obtained from data such as shown
in inset I,

'b) is plotted vs temperature. Inset (a) shows
the temperature independence of the half-length, A+,
of the dissipative region as inferred from the 9.2-GHz
dissipation measurements. Inset {b) shows the ob-
served development of hysteresis in. the detected rf
voltage amplitude vs applied rf current amplitude as
frequency is increased.

ical current can be described in terms of a mean-
field behavior and is independent of frequency.
This mean-field dependence is indicative of a
current distribution which is relatively uniform
over the width of the microbridge. Above a fre-
quency of 120 MHz hysteresis develops in the crit-
ical currents. That is, dissipation persists in
the weak link below the mean-field critical cur-
rent, I~, until a sudden return to the uniform su-
perconducting state occurs at Ii(f). This critical-
current hysteresis is similar to that observed by
Skocpol, Beasley, and Tinkham" in the dc I-V
characteristics of tin microbridges and by Rach-
ford e~ al. ' in the 9.2-6Hz microwave response
of weak links of various geometries and materi-
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FIG. 2. The slopes, d[1, /I, (f)) /dT, from the Previ-
ous figure are plotted vs frequency (solid circles). The
solid curve is calculated from the A model (see text}
with Tz ——5.5 nsec and (I, /I, )~=2.87. The recovery of the
critical current (solid curve) vs time for the hot-spot
and the A models are, respectively, plotted in insets
(a) and (b). The rectified, instantaneous rf currents
at two frequencies, fo and 2fo, are drawn with ampli-
tudes just sufficient to intersect the recovering criti-
cal currents. In inset (a), I, (f) &I, resulting in hystere-
sis at both (all) frequencies. In inset (b), only the high-
er frequency results in hysteresis.

als.
In Fig. 1, measured values of [Ii/Ii(f)]2 are

plotted as a function of temperature at various
frequencies. Note that at each frequency this
ratio can be represented by straight lines extrap-
olating to zero at a single temperature (T, of
the sample) and, hence, there is a. temperature-
dependent frequency for the onset of the hystere-
sis [It/Ii(f) =1]. Figure 2 is a plot of the slopes
of these linear fits versus frequency of observa-
tion and shows a limiting value at higher frequen-
cies. A viable model to explain the hysteresis
must predict the features depicted in Figs. 1 and
2.

An rf voltage will be detected when the instan-
taneous current exceeds the critical current in
the sample. Initially the critical current, I~, is
given by the mean-field value. Once phase-slip
processes start at a site in the sample, disequil-
ibrium effects may lower the instantaneous criti-
cal current. When the instantaneous rf current
becomes less than the depressed critical current,
the critical current will recover towards its
mean-field value. The critical current on a sub-
sequent rf half-cycle is a function of the rf peri-
od. Thus the hysteresis is frequency dependent

and reflects the recovery process.
A hot-spot model has been used to explain hys-

teresis. ""This heating model predicts an as-
ymptotic recovery of the instantaneous critical
current toward the mean-field value. We approxi-
mate this asymptotic recovery by the exponential
curve in inset (a) of Fig. 2. In this inset, the
rectified, instantaneous rf currents at two fre-
quencies are indicated with the minimum ampli-
tudes Ii(f,) and Ii(2f,) sufficient to intersect the
recovering critical current and to sustain the
heating cyclically. It can be inferred from such
curves that hysteresis will be present at cd~ fre-
quencies due to the asymptotic recovery of the
critical current towards the mean-field value.
Only the magnitude, and not the onset, of hys-
teresis will depend on frequency. Furthermore,
when I~ is given by the mean-field temperature
dependence, the hot-spot model does not predict
linear curves of [It/Ii(f)]' versus temperature.
Such curves also are predicted to converge at or
very near the point [Ii/I i (f)]' = 1 rather than at
zero as observed in Fig. 1. Detailed computer
simulations of the hot-spot model have been car-
ried out and are consistent with these qualitative
conclusions. For these three reasons, the data
are incompatible with the hot-spot model.

Tinkham" has proposed a model expected to
apply where "simple" heating can be ignored. In
this model (here called the A madel), the instan-
taneous critical current is given by I, o"-lk I'ii/2L,
where I- is a characteristic length for variation
of the order parameter, +. The usual mean-
field dependence is obtained with I- = (~37'/2)((T).
If nonequilibrium processes cause + to vary over
a length scale greater than the coherence length,
(, the critical current will be reduced from I,
~ I+I'/$(T)~3 to I,~ IC I'iT/2A. In steady state,
the length A has been identified with the Pippard
"quasiparticle diffusion distance, "

A, = (& vF 7',/
3)v', where l is the elastic scattering length, vF

is the Fermi velocity, and &, is the appropriate
inelastic scattering time. ' The ratio of the
squares of the undisturbed mean-fieM critical
current, 1~, to the depressed value, I~, is given
by

In a recent paper, Smith" has shown that ex-
cess quasiparticles produced by optical illumina-
tion in a superconducting film will produce a
spatial instability on a scale governed by the
quasiparticle diffusion distance A,. The quasi-
particles will depress the local superconducting
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gap and will be trapped in the resulting gap well
by Andreev reflections. If quasiparticle produc-
tion is stopped, the inhomogeneity will relax
back to the uniform superconducting state.

In our samples, quasiparticles are produced
in bursts by the phase-slip process and are sus-
tained by normal dissipation while the instantan-
eous rf current level exceeds the critical current.
We expect that a Smith-type gap inhomogeneity
will be produced and will relax during part of the
rf cycle when the current amplitude is subcritical.

Constructing a simple model, we approximate
the decay of the nonequilibrium length, A, by A
=A oexp( —t/T&), where Ao and &, are assumed to
be temperature independent. The depressed crit-
ical current then recovers as exp(+t/7„) until A

becomes comparable to $ and I, abruptly stops
decreasing at the mean-field value I~. We also
assume that the gap inhomogeneity is established
in a time short in comparison to the decay time
and the rf period. The minimum rf amplitude,
I~(f), necessary to sustain cyclically the dissi-
pative state at the phase-slip site occurs when
the critical current (growing in time as A relax-
es) tangentially meets the instantaneous rf cur-
rent at time t, [see Fig. 2, inset (b)]. With this
condition and the above assumptions, ~„ the time
for the start of the recovery of the instantaneous
critical current, can be iteratively computed us-
ing &, =&, —&&1n I sin&'t, /sine@, I, where &, is given
by i, =(tan '~~,)/~. Once we have found t„ the
value of I~(f)/I& can easily be obtained, where
I~ is now taken to represent the saturated, high-
frenquency value of the reduced critical current,
I)(").

In this model, the depressed critical current
reverts to the mean-field value when the insta-
bility length nears the temperature-dependent
coherence length. This nonasymptotic recovery
distinguishes it from the heating model and pre-
dicts a temperature-dependent frequency for the
onset of hysteresis. From Eq. (1), the plots of
[Ii/I~(f)]2 versus temperature should be linear
and converge to zero at T„ in agreement with
the experimental data (see Fig. 1).

Quantitative predictions of this model, shown

by the solid curve in Fig. 2, are in excellent
agreement with the experimental points (solid
circles). Two parameters were used in obtain-
ing the solid curve, the ratio [I&/I&l'=3. 87 and
the time T& =5.5 nsec. " The shape of the curve
is determined from the model itself. By Eq. (1),
A /$(0) =9.0.

Estimating $(0) from the expression $(0)

=0.85(0.18llvF/k~T, )'~' where l =35 A, vF =0.68
&&10' cm/sec, and T, =2.83 K, we find A, =2600
A, and from A, = (l v F~,/3) ', we find a qua. si-
particle inelastic scattering time T, =8.5~10 "
sec. Since it typically takes a time 7, for quasi-
particles created in the initial phase slip to dif-
fuse out a distance ~„we expect that 7, deter-
mines the time for the establishment of the quasi-
particle distribution, .whereas && is the time for
the relaxation of the nonequilibrium state involv-
ing the interaction of quasiparticles, 2& phonons,
and pairs.

In the high-frequency limit we explicitly con-
sider the effects of a finite buildup time, &„ for
the establishment of the nonequilibrium length.
Consider the process where bursts of quasipar-
ticles are created (at the phase-slip site) on each
half of an rf cycle. These quasiparticles contin-
ue to diffuse outward even between i, and &2 (Fig.
2, inset b). Thus even at high frequencies A

will build up to nearly its saturated vlaue after- &&, cycles provided 7, «&&, as is the case with
this sample. Thus the high-frequency predictions
which neglect &, are only slightly modified. In
fact, numerical solutions using the measured
values of 7, and ~& cannot be distinguished from
the solid line in Fig. 2.

Previously, the diffusion length has been es-
timated from the differential resistance obtained
from the dc I-V characteristics of superconduct-
ing microbridges. ' Similarly, the 9.2-GHz loss
characteristics of this sample yield a differen-
tial resistance and an estimate of ~, indepen-
dent of the presence of hysteresis. Inset (a) of
Fig. 1 shows that the 9.2-GHz resistive diffusion
length, A, is independent of temperature, and
is in excellent agreement with ~, predicted by
the ~ model.

In these experiments, the phase-slip process
is synchronized with the rf cycle, whereas in dc
I-V experiments, phase slip proceeds at the Jo-
sephson frequency. In the latter case under typi-
cal conditions the Josephson period is short with
respect to && and the extracted ~ is constant,
corresponding to the high-frequency regime of
Fig. 2. However, if the critical current is small,
the voltage across the site may produce Joseph-
son oscillations with a period of the order of 7&,
resulting in an apparent voltage- (frequency-) de-
pendent A. This effect may be related to the
"feet" observed in the dc I-V characteristics at
low currents. "

In summary, the frequency and temperature de-
pendence of critical-current hysteresis in ultra-

812



VOL UM E 40, NUMB ER 12 PHYSICAL REVIEW LETTERS 20 MARCH 1978

thin-film niobium samples, which cannot be ad-
equa. tely described by the hot-spot theory, has
been described in terms of the "healing" of a
quasiparticle-induced gap inhomogeneity.
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It is shown that the first atomic layer of trivalent metallic samarium has a large diva-
lent component. The valence transition is attributed to a narrowing of the 5d band which

populates the low-lying 4f state.

The existence of a unique, resolvable signal
from the first layer of atoms in core-level spec-
troscopies has long been anticipated but never
successfully demonstrated. " On the other hand,
surface states have been identified in many pho-
toemission experiments. ' We report here the
first example, metallic samarium, in which a
spectrum of surface atoms has been resolved
and identified in photoemission from both core
and valence states. The detection was made pos-
sible by a valence transition at the surface.

The fact that a divalent signal appears in the

spectra of Sm metal has recently been pointed
out, ~ but the question of whether it is a bulk or
surface phenomenon was left open. The initial
identification was made in the 4d spectrum, on
the basis of comparisons with the spectra of tri-
valent SmSb, divalent SmTe, and intermediate-
valence SmB, . The overlap be@veen the 2+ and
3+ spectra, as well as the complex multiplet
structures make the 4d spectrum less attractive
for detailed analysis than the simpler 3d spectra.
It is well known, however, that the 3d spectra of
insulating compounds of La, Ce, Pr, and Nd have
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