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Observation of a New Superconducting State at High Quasiparticle Injection

R. C. Dynes, p, Narayanamurti, and J. P, Ga»o
Bell Laboratories, Murray ail/', New Jersey 07974

(Received 11 April 1977)

The behavior of a superconducting Al film under conditions of large nonequilibrium in-
jection of quasiparticles is studied by means of a tunnel generator and detector. At a
critical injection density, n, a second energy gap develops in the superconductor. The
relevance to recent theories of nonequilibrium superconductivity is discussed.
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FIG. 1. Current-voltage characteristics for sample
8/11/76. The curves for the detector are taken at the
various indicated bias points of the generator. A sche-
matic of the experimental geometry is in the upper
right-hand corner. The temperature is 0.94 K.

Recently there has been much interest in non-
equilibrium superconductivity. ' Calculated quasi-
particle properties, for small departures from
equilibrium, are in excellent agreement with re-
cent experiments. ' In this Letter we describe an
effect observed for quasiparticle injection at the
gap edge which indicates that at some threshold
quasiparticle density, a first-order transition oc-
curs into a new, still superconducting, state,
Most earlier work, at high excitation levels, has
involved optical excitation. " ' Such experiments
have suffered from a lack of knowledge of the
quasiparticle distribution and the possible exis-
tence of thermal (heating) effects.

In the present experiment we obviate these dif-
ficulties by using tunnel junctions to inject and
detect the nonequilibrium quasiparticle distribu-
tion. The geometry of the experiment (shown in
the corner of Fig. 1) consists of two tunnel junc-
tions with the film under study (the center film)
common. ' The generator is a relatively low-im-
pedance junction to inject quasiparticles into the

middle film, The detector is higher in impedance
and is used to measure the quasiparticle distribu-
tion and the induced energy gap. Using the Roth-
warf-Taylor equations' and estimates of recom-
bination times in various materials, ' we have
chosen to study aluminum, This allows us to
achieve substantial values of excess quasiparticle
number n for modest currents (when compared to
short recomination time materials such as Sn or
Pb.

The experiments were performed in a pumped
4He Dewar or a 'He-4He dilution refrigerator on
thin films of Al (with T, of 1.18 K) evaporated
onto glass substrates. The generating junction
had an area of ~1 &10 ' mm' and the detector was
=2.5&10 ' mm'. The thicknesses of the films

0
were varied and ranged from -500-5000 A. Ap-
proximately a dozen samples have been studied
to date and the phenomena discussed below have
been observed repeatedly.

The I- V characteristics of the generator and
detector at 0.94 K for one of the samples studied
is shown in Fig. 1. A small parallel magnetic
field has been applied to suppress the dc Joseph-
son current. This structure was designed such
that the middle film was the thinnest (~ 500 A) and
so had the highest injection rate per unit volume.
For no injection current (label 1), the detector
I-V characteristic shows the typical behavior of
a superconductor -insulator -superconductor tun-
nel junction at finite temperature. At a threshold
bias point, somewhere along the 2h rise (between
points 2 and 3 on the generator) there is a discon-
tinuous break in the characteristic which shows
a slight hysteresis.

At the point of the discontinuity, the detector
junction changes its characteristics drastically.
Below the discontinuity the I- V traces are rem-
iniscent of those obtained by varying the temper-
ature. Above the discontinuity a second gap edge
or current rise splits off discontinuously (rem-
iniscent of a first-order transition). Such an ef-
fect could arise from tunneling into two regions
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of a film with different gaps, a uniform film with
an altered density of states, or some unknown

voltage drops in the films. A simple check con-
firms that all films are still superconducting,
and so in-line voltage drops are ruled out. It is
also possible that because of a spatially varying
tunneling probability, some regions of the film
are "hotter" than others. We would not expect a
seeming first-order transition from an effect of
this sort and a magnetic field dependence of the
dc Josephson current suggests that this is not
likely. Also, if this is merely a thermal effect
(local heating), it is difficult to imagine a signif-
icant thermal gradient through the thickness of
the three-film sandwich and all three films should
have local hot spots. By interchanging the rela-
tive thicknesses of the films comprising the gen-
erator junction, we find a generator character-
istic very similar to that shown in Fig, 1, but the
detector junction shows almost no gap reduction
nor change in the quasiparticle current at that
discontinuity. This result confirms that this
transition is occurring in only the thinner film
of the generator.

We believe that this transition is an intrinsic
result signaling a new state in the superconduct-
ing Al under injection, It has been seen in sev-
eral different configurations, and conditions, but
thus far only in Al. We have not yet seen such
results in Pb or Sn and believe this is because of
their relatively faster recombination and ther-
malization rates. '

We can also rule out critical-current effects in
the films by studying the temperature dependence
of this phenomenon. In Fig. 2(c) we show the
threshold current (defined as the current in the
generator at which the transition occurs) as a
function of temperature down to 50 mK. A crit-
ical current would, of course, continue to in-
crease with decreasing temperature. Here we
observe first a small increase and then a de-
crease by over an order of magnitude with de-
creasing temperature. The final saturation value
of I,)„e,h depends to some extent on the history
and quality of the tunnel junction. (Junctions of
higher quality and no trapped flux have lower
threshold currents at low temperatures. ) Also
shown in Figs. 2(a) and 2(b) are the I-V charac-
teristics for the detector junction at 0.36 K for
zero injection and for injection just above the
threshold. The effect is most spectacular at
these lower temperatures. One can clearly see
in Fig. 2(b) the second current rise splitting off
from the usual energy gap. In addition, there is
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FIG. 2. Characteristics of sample 2/10/76. (a) With
no injection at 0.86 K, and (b) with injection just above
threshold. The temperature dependence of the threshold
current is shown in (c).

also current f lorn about zero bias and me associ-
ate this with the current rise that one sees in a
tunnel junction with two dissimilar superconduc-
tors. If a material demonstrates two energy gaps
6, and h„atunnel junction with a second super-
conductor of energy gap 4, mould show structure
at ~,-~„~,+&„and2&,. In all samples stud-
ied to date, the difference A, -b,, at 0.92 K is
-40-50 p. V while at lower temperatures, it in-
creases to 70-80 p. V. For lower injection level
junctions we would expect possibly this difference
to decrease until ultimately the phenomenon is
not observed.

Another advantage of this three-film geometry
is that the quasiparticle distribution can also be
probed. In Fig. 3 we show an expanced I-V trace
for a detector junction at 0.1 K with a generator
current just below threshold (I&,„=0.15 mA). Su-
perimposed on this curve we show the best fit (by
fitting the current rise at 26) that we can achieve
by adjusting the temperature with no injected cur-
rent. It is clear from this curve that the distrib-
ution of quasiparticles is not thermal (as it can-
not be to stimulate a first-order transition), but
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FIG. 8. Characteristics of the detector of sample
3/10/76. The lower curve is taken at T =0.1 K with the
generator biased just below threshold. The upper curve
is the equilibrium characteristic at 0.64 K (giving a
best fit to the current rise at the gap edge).

is not as simple as originally supposed by the
model of Owen and Scalapino, which would show
a peak at low biases. ' A more detailed analysis
is necessary for comparison with the solutions of
Chang and Scalapino. '0 From this curve, how-
ever, one qualitatively concludes that the quasi-
particle distribution has a larger density nearer
the gap edge than a thermal distribution bearing
some similarity to the Owen-Scalapino model.
We emphasize that the transition occurs for in-
jection at the gap edge. For e V & 24 to first or-
der there is no increase in quasiparticle density"
and the changes in Fig. 1 for biases I and 2 are
presumably due to heating. At low temperatures
where there are no thermal excitations, the cur-
rent is all at e V = 2A and hence I,h is substantial-
ly lower. The peak in f, h near T, in Fig. 2(c) is
simply the current at which e V = 2b. is reached as
a function of temperature.

We can estimate the critical quasiparticle den-
sity n, necessary to stimulate this transition. In
the limit where the injected density of quasipar-
ticles dominates the thermal density, the recom-
bination time vz varies as 1/n and so results' in
n =(r,l)' ', where r, is a constant with units of
time. We have estimated the critical density n,
from measurements of the threshold current at
low temperatures, assuming the intrinsic recom-
bination time and a film thickness of 1000 A, and

this. yields m, -2x10"/cm'. We caution, how-
ever, that this number is sensitive to the quality
of the junction, the existence of trapped flux, and
the assumption of the intrinsic recombination
time. It is well known in thin films that the ef-
fective ~„canvary by up to an order of magni-
tude because of phonon-trapping effects. Also,
trapped flux, edge effects, imperfections, etc. ,
could all conspire to affect 7„atthese low tem-
peratures. Nevertheless, we believe the value
of n, to be in the range 10"-10"/cm'.

We now turn to possible physical mechanisms
for the above data. A situation which has been
pointed out several times in the past'~ is the sim-
ilarity of the Rothwarf- Taylor rate equations to
those for exciton condensation into droplets in,
for example, Ge under high excitation conditions. '
It is tempting to associate the new gap we ob-
serve with a new state of condensed quasiparti-
cles, the binding energy being d, -4,. Without a
proper estimate of the exchange and correlation
effects (responsible for the condensation in Ge)
one cannot comment further.

Another possibility is that outlined by Chang and
Scalapino" to describe earlier results" where
the predicted first-order transition was not ob-
served. Using the Owen-Scalapino p, * model' they
calculated the free-energy difference between a
uniform excess distribution of quasiparticles and
that with large spatial variations. They showed
that in general, when d p, */dn becomes negative,
the material will break up into spatially varying
regions. Within the Owen-Scalapino model, the
phase diagram for such an instability was calcu-
lated and it was shown that at low temperatures,
this instability line approached zero at T=0. In
fact, our estimates of n, are in line with this
model. 2 x 10"/cm' is 0.01 x [4N(0) b,] [N(0) is
the density of states at the Fermi surface] which
is in reasonable agreement with this model. It
would be interesting to redo that calculation with
the results of the kinetic equations for the quasi-
particle density. " At the time it was assumed
that the breakup was into normal and supercon-
ducting regions but it is not at all obvious that
the unstable region will not stabilize at a new gap
value, Only a detailed theory with expanded
knowledge of the quasiparticle distribution would
answer that question. At any rate, a new "inter-
mediate state" with two different gap values is a
possibility' and could quantitatively describe the
tunneling data.

In summary, for quasiparticle injection at the
gap edge in Al in a three-film tunnel-junction



VOLUME 39, NUMBER 4 PHYSI t" AL REVIEW LETTERS 25 JULY 1977

sandwich, we have observed a phase transition
occurring in a single film of that sandwich. Tun-
neling measurements have shown a second ener-
gy gap splitting off in a discontinuous fashion at
this threshold and from temperature and thick-
ness dependences we can eliminate critical-cur-
rent and heating effects. At the moment we do
not have a totally satisfactory theoretical explan-
ation.
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We report measurements of the electrical conductivity, 0., of thin amorphous films of
hydrogen tungsten bronze, H„W03, as a function of temperature and hydrogen/tungsten
ratio, z. For zS 0.3 the temperature dependence of 0 can be explained by the variable-
range hopping model. At x =0.32 an insulator-to-metal transition occurs with a minimum
metallic conductance of about 5.1x 10 5 0

Considerable effort has been devoted to a study
of the electron transport properties of single-
crystal alkali-metal tungsten bronzes. ' ' These
are nonstoichiometric compounds of the general
formula M„WO„whereM is the alkali metal and
x the stoichiometric parameter which can vary
between 0 and 1. For large x, M„WQ, is metal-
lic. However, the nature of the conductivity at
low x is still unclear. It is thought that a metal-
insulator transition occurs below x = 0.2. Light-
sey' interpreted his measurements of the s de-
pendence of the conductivity in Na„WQ, in terms
of a percolation threshold at x = 0.17. However,
it was recently pointed out' that the existing data
on Na„WO, are not sufficiently refined to test

models of the insulator-metal transition. Web-
man, Jortner, and Cohen' attempt to explain the
transport in the bronzes in terms of a model
where the metal ions cluster to form regions of
MWQ, surrounded by insulating WO, . However,
this idea has been recently criticized"' and we
shall show that it is not consistent with the re-
sults presented in this paper.

We are not aware of any quantitative transport
studies on the amorphous tungsten bronzes. How-
ever, because of the ease with which x can be
varied over a wide range, they are particularly
well suited for a quantitative study of the metal-
insulator transition. Recently there has been
wide interest in these materials as the basis for
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