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Spatial development of multiple-gap states in nonequilibrium superconductors
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We have studied the gap instability in a superconductor under tunneling injection at high voltages
-by probing the spatial distribution of the phonon emission. A high sensitivity was achieved by using
the fountain pressure of superfluid helium for detecting the phonons. Spatial structures were ob-
served at gap depressions as small as 2%. From their spatial development we find that the quasi-
particles diffuse into regions where their density is higher.

Nonequilibrium superconductivity is attracting in-
creased interest from both the fundamental' and the tech-
nological points of view. The nonequilibrium states are
most often produced by tunnel injection of quasiparti-
cles. A particularly striking feature is the occurrence
of two (or more) distinct energy gaps implying the coex-
istence of several superconducting phases. Dynes, Naray-
anamurti, and Garno found two different gaps when they
injected quasiparticles at just the gap-sum voltage. The
same phenomenon was investigated by Gray and Willem-
sen, and was explained by negative-resistance switching
near the steep rise at the gap sum in the I-V characteris-
tic. However, this model was not applicable to the case of
injection of quasiparticles at high voltages, far above the
gap sum, where Iguchi and Langenberg still found multi-
ple gaps. The latter phenomenon is not well understood
because at high-voltage injection the tunneling current is
almost independent of the energy gap. Thus a gap insta-
bility can not be sustained by the injection current alone.

Therefore, phenomenological models ' were proposed
which required lateral quasiparticle diffusion. In' these
models the chemical potential p decreases with increas-
ing quasiparticle density under certain unstable condi-
tions. This leads to a diffusion against the density gra-
dient ("diffusive instability" ). However, these concepts
were not supported by more rigorous treatments' which
yielded a positive diffusion coefficient throughout, and an
instability occurring only through the coherence factor
("coherent instability" ). On the other hand, there was a
possibility that the multiple gaps had been caused by in-
homogeneous tunneling injection, i.e., by irregularities in
the tunnel barrier particularly in view of the fact that
Gray and %"illemsen did not observe the phenomenon at
all.

To gain more insight, spatially resolved techniques were
developed more recently. Akoh and Kajimura" probed
the gap by a microjunction array. Kotani, Suzuki, and
Iguchi' measured the local phonon-emission rate via the
heat emitted into the liquid helium by scanning a small
sensor. Spatial structures were reported indeed, but only
at extremely high-power densities, near the critical heat
flow of superfluid helium. '
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FIG. 1. Current-voltage characteristics of a triple-film
double-junction arrangement. Inset: Injector junction with
operating points (capital letters) at which the detector charac-
teristics (main figure) were measured. At higher injector biases
double-gap structures formed in the detector characteristics.

In this paper, we report on a much more sensitive
method to resolve the phonon-emission rate spatially.
This technique allowed us to investigate larger junctions
at much weaker injection rates than previously used. "'
Thus, the local onset of the instability and its growth as a
function of the injection current could be observed for the
first time. We find that the quasiparticles diffuse towards
the regions with higher density and that the injection rates
required for the onset of the instability are surprisingly
low.

Our samples were traditional triple-film double-
junction structures. The three films consisted of granular
Al of about 1200-A thickness and had T, 's of about 2.0
K. The top and the middle films formed the injector
junction to produce the nonequilibrium states. The mid-
dle and the bottom films served as detector junction to
monitor the gap depression. The area of either junction
was 2 mm & 1.7 mm. Geometry prevented tunneling be-
tween the top and the bottom film, The overlap of the
two junctions was about 90% of their respective areas.
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FIG. 2. Interferograms of a normal metal film. In (a) no
power was applied. The straight lines indicate a spatially con-
stant He film thickness. In (b) a power density of 1.4 mW/cm
was dissipated. The fringes shifted over the whole area.

The ambient temperature was 1.2 K and no external mag-
netic field was applied.

The inset in Fig. 1 shows the I-V characteristic of the
injector with those operation points indicated for which
the detector characteristics are presented in the main fig-
ure. The gap reduction for injector voltages well above
2h/e is clearly visible, but never exceeded 5%%uo in any of
our experiments.

The technique for detecting the spatial distribution of
phonon emission is based on the fountain effect of super-
fluid "He. The junction was held in a horizontal position
about 1 mm above the liquid level, with the sapphire sub-
strate partly immersed, so that a superfluid film of 50-nm
thickness formed on top of it. A local rise of the tempera-
ture then led to a locally increased helium-film thickness.
This technique was first used by Eisenmenger' to resolve
phonon-focusing patterns. We have greatly improved the
sensitivity by reading out the film thickness interferome-
trically. For this purpose, a parallel He-Ne laser beam in-
cident on the sample was reflected partly from the surface
of the tunnel junction and partly from a glass plate 1 cm
above the sample which was slightly tilted. The interfer-
ence of the two reflected beams resulted in a pattern of
parallel fringes as long as the helium film had uniform
thickness. Given the refractive index of He at 1.2 K of
n =1.029, a local increase in film thickness of 10.7 pm
resulted in a local shift of the interference pattern by one
fringe. We could resolve 1/20 fringe or 0.5 pm, corre-
sponding to a local temperature change of the order of
10 K in the hehum film. As a check we heated a nor-
mal metal film with the size of the junctions. Figure 2
shows photographs of the interference patterns; Fig. 2(a)
was taken without power being applied to the film. All
fringes are straight lines indicating a constant He-film
thickness. At a power level of about 1 mW/cm the
fringes started to shift homogeneously over the whole
area. In Fig. 2(b) this shift is obvious from the curved
lines. The onset occurred within l%%uo or 2%%uo of the applied
power which is due to the rapid decrease of the Van der
Waals force with distance from the surface. %'e made use
of this sudden onset behavior to emphasize small inhomo-
geneities in the phonon emission. No hysteretic behavior
was observed.

Results for the distribution of the phonon emission in
the junction of Fig. 1 are presented in Fig. 3. The un-
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FIG. 3. Interferograms of the junction of Fig. 1. The hatch-

ing indicate the areas where the fringes have been curved. Fig-
ures (a), (b), (c), and (d) correspond to operating points
3, C, D, and Eof Fig. 1, respectively. At point E the total dis-
sipated power density was about 8 mW/cm . The structures
near the border of the photographs are due to the edges of the
A1 films which form the tunnel junctions. The injection-current
contacts were at the left and at the right side of the photograph.

biased junction, covered with a homogeneous helium film,
is shown in Fig. 3(a), for reference. In Fig. 3(b), the injec-
tor was biased to operation point C. At this point, part of
the interference fringes was shifted with respect to the
reference pattern indicating clearly that a new phase with
higher phonon emission had formed. As a guide to the
eye, we have hatched the region where the film became
thicker than 3 pm or —,

'
fringe. The first onset of this

new phase became already visible at operation point B. In
Figs. 3(c) and 3(d), the injection was increased to opera-
tion points D and E, respectively. The new phase grew
until it was covering the whole junction. At the same
time, a gradual decrease of the second gap was observed
as shown in Fig. 1.

In the junction of Fig. 1, the new phase always formed
at the same spot, and one may imagine that it was in-
duced by an inhomogeneous tunneling injection. In some
junctions, however, the new phase formed at random, an
example of which is shown in Fig. 4. In this case, an in-
jection current of 60 mA, corresponding to a voltage of
3.7b, /e, was repeatedly switched on and off, and the pat-
tern was different every time.

In some other samples it was possible to induce the nu-
cleation at will by focusing a laser spot of 0.1-mm diame-
ter and a power of about 10 pW onto the junctions. This
is demonstrated in Fig. 5. In Fig. 5(b), only the injector
junction was switched on, without using the laser. The in-
jector bias was eV =5.06, and the second phase formed as
previously. In Fig. 5(c), on the other hand, the laser was
on and the injector off. The absorbed laser power led to a
comparable phonon emission. Finally, with the laser still
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FIG. 4. Interferograms of a second sample. In (a) no injec-
tion. In (b) through (d) the injector bias was set to 3.7h/e each
time. This corresponded to a power density of 1.2 mW/cm ~

The instabilities formed in different areas. The current contacts
were at the top and the bottom of the photograph.

on, the injector current was turned on again, and only now
the laser was switched off. This resulted in Fig. 5(d), with
the enhanced phonon emission stable at the new place as
long as the current was on.

The fact that we did observe spatial structures supports
the previous findings, ' "although the actual patterns
were different at our low-power densities. ' Furthermore,
Figs. 4 and 5 give positive proof, for the first time, of the
fact that the patterns are intrinsic to the superconductors,
and not caused by inhomogeneous tunnel injection. In
view of the homogeneous injection, the inhomogeneous
emission reveals a lateral diffusion of quasiparticles into
the regions of enhanced phonon emission.

At first glance it may be surprising that the size of
these regions is sometimes much larger than the quasipar-
ticle diffusion length (100 pm). ' However, due to the
onset behavior of the fringe shifting, the phonon emission
(or quasiparticle density) needs to be enhanced by only a
few percent to cause an effect. This state can be reached
with a diffusion length smaller than the size of the struc-
tures.

The regions with enhanced phonon emission are clearly
identical with the new phase, since they always grow in
size with increasing injection (Fig. 3) and sometimes
remain at formerly weakened spots (Fig 5). Thu. s we
have the fact that the quasiparticles diffuse towards the
regions of already enhanced quasiparticle density, a

FIG. 5. Interferograms of a third sample; (a) no injection; (b)
injector bias 5.06/e (power density: 2.2 mW/cm ); (c) no injec-
tion but with a laser focused onto the junction; (d) laser off after
the bias was again set to 5.06/e. The laser irradiation induced
the instability in another area. The injection-current contacts
were at the top and at the right side of the photograph in this
sample.

behavior which can formally be described by a negative
diffusion coefficient. '

Elesin's theory is therefore not applicable to our experi-
ment in any form, ' and one tends to favor the
phenomenological models ' despite their shortcomings.
One should note, however, that these models always re-
quire a high-injection threshold for the instability to
occur. This implies an appreciably depressed gap in the
new phase. In contrast, we have observed the instability
at very low injection already, when the gap was depressed
by less than 2%. This is well below any conceivable non-
linear regime.

We conclude that the double gaps at high-voltage tun-
nel injection are now well established experimentally but
neither theoretical explanation appears to be satisfying.
The "quasiparticle droplets" observed here are somewhat
reminiscent of electron-hole droplets in semiconductors.
Thus, one way to find a new explanation may be to look
more closely into the attractive two-quasiparticle interac-
tion which is inherent in the Frohlich model of supercon-
ductivity.

Useful discussions with U. Eckern and P. Wolfie and
experimental contributions by W. Zoller are gratefully
acknowledged.
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