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Experimental observation of an intrinsic instability toward multiple-gap
states in nonequilibrium superconducting aluminum films
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Measurements are reported of the inhomogeneous gap states in a superconducting Al film

driven far from thermal equilibrium by tunnel injection using Pb/Bi-I-Al(2}-I-Al(1) double-

tunnel junctions in which the gap parameter AAi~2~ is appreciably smaller than bAi~&~. Quasipar-

ticles are injected in the middle Al(2) film by a Pb/Bi-I-Al(2) injector. Above a certain thres-

hold current, an intrinsic instability is observed, followed by the development of distinct gap
states. For injection at the gap-sum voltage of the injector characteristic, we observe a two-gap

state similar to previous observations, while for injection above the gap-sum voltage, we ob-
serve the subsequent appearance of the multiple-gap regions at a series of threshold currents.
The results are consistently interpreted by an instability model developed based on the
Scalapino-Huberman model,

I. INTRODUCTION

It is well known that there are many nonlinear sys-
tems which exhibit instabilities against fluctuations in

the uniform steady state when the systems are driven
far from thermodynamic equilibrium. Such examples
are hydrodynamic instabilities, laser instabilities,
some biological instabilities and so on. The instabili-

ty which occurs in a superconducting film under high
quasiparticle injection may be also considered to be
one of such kind of instability. As a consequence of
fluctuations, the instability leads to either a second-
order or first-order phase transition and new types of
structures may appear. The possible establishment of
spatially inhomogeneous states has so far been re-
ported under the conditions of optical irradiation and
tunnel injection of quasiparticles, although the possi-
bility of time-varying states may not be excluded.
The experimental results suggest that the resultant
inhomogeneous state will be a mixed state of normal
and superconducting regions, a mixed state of distinct
gap regions, or a smoothly varying gap state, depend-
ing on the qualitative natures of the injection source,
sample materials, and sample surroundings (i.e. , the
acoustic matching at the boundary surface).

For tin films, a partial resistive state' and consider-
able gap broadening in the I V characteristics' under
laser irradiation, as well as instability toward the in-
homogeneous gap state under tunnel injection have
been observed. For lead films, in addition to the par-
tial resistive state' ' and the instability toward the in-

homogeneous gap state, a first-order transition to
the normal state was also observed belo~ T„under
tunnel injection' or phonon injection experiments. '

In the case of aluminum films, an experiment using
laser irradiation has been reported. " For tunnel in-

jection, the recent experiments by Dynes, Naray-
anamurti, and Garno (DNG), '~ and Gray and Wil-
lemsen (GW)" demonstrated the appearance of the
distinct gap states. DNG pointed out that their ob-
servation could not be explained by trivial effects
such as simple heating or critical current instability
and was the result of an intrinsic instability in the su-
perconductor. On the other hand, 6% interpreted
their results by a less physically interesting load-line
switching model based on small spatial inhomo-
geneities in the films and the extremely nonlinear I V

characteristics. "'
Several theoretical models" ' have been proposed

to investigate the stability of the nonequilibrium state
of superconductors. For example, Owen and Scalapi-
no" studied the thermodynamic instability by assum-
ing the special p, distribution of quasiparticles (the

model ). The instability led to a first-order transi-
tion to the normal state in this model. Scalapino and
his collaborators' "proposed a diffusive instability
toward the spatially inhomogeneous state by consid-
ering the quasiparticle density fluctuation effect
within the p,

' model. Smith' also discussed a dif-
fusive instability in the two distinct gap states based
on the physical arguments of quasiparticle distribu-
tions. Baru and Sukhanov' studied an instability in
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two different superconducting states, while Elesin'
discussed the instability especially under electromag-
netic irradiation.

In this paper, we report a quasiparticle injection ex-
periment on aluminum films using Pb/Bi-I-Al-I-Al
double-tunnel junctions which is similar to those by
DNG and GW, but differs from them in the crucial
respect that all three films had different gaps. Also,
our injection voltages were extended well above. the

gap voltage so that quasiparticle injection was uni-

form over the injected superconducting film. As a

result, we observe an intrinsic instability toward the
spatially inhomogcneous state and fully developed
multiple-gap states for injection above the gap-sum
voltage. 25 The phenomena cannot be explained by
the idea of inhomogeneous quasiparticlc injection. "'
Wc establish a theoretical model on diffusive quasi-
particle instabilities which can account for our obser-
vations. We also confirm the two-gap states for in-

jection at the gap-sum voltage, which represents only
a special case within our model.

II. INSTABILITY MODEL

In this section, we study the instability which is in-

duced under high quasiparticle injection within the
framework of the p,

' model and follow the treatment
by Scalapino and Huberman. " According to the p,

'
model, thc lnstabllity arises as a consequence of the
fact that a decrease of the effective chemical potential

p,
' occurs f~r the quasiparticle concentration exceed-

ing a certain critical concentration N, because of rapid

gap reduction due to high quasiparticle injection.
We begin with the phenomenological cnergy-

independent Rothwarf-Taylor equations'6 modified to
include quasiparticle diffusion

9N 2=I —2RN + N h
—V.Jph

ph I ~ RN2 1
N ph ph

~a 7'es

Herc N and Nph are the quasiparticle and phonon
concentrations, respectively, and Nph ls the thermal
cqulllbrlum phonon conccntratlon Iqp and I» are,
respectively, the quasiparticle and phonon injection
rates, assumed uniform across the film interfaces. R
is the quasiparticlc recol11bination coefficient, vq is

the phonon pair-breaking time, and v„ is the phonon
escape time. J is the quasiparticle diffusion current
density. In the steady state; the solution of Eqs. (I)
and (2') becomes

A'=W,'+(I, —V J)
2R

2(P-I)
phP

where P —= 1+r„/rs is the so-called phonon trapping
factor and NT is the thermal equilibrium quasiparticle
concentration which satisfies the relation
N p~h /Nr2 = R rs

Wc assume that J is given by the Scalapino-
Huberman expression'7

(W, -W)V W+ 0(V'W), (4)%050
where D is the quasiparticle diffusion constant, W(0)
is the Bloch single-spin density of states at the Fermi
surface, ho is the zero-temperature equilibrium gap
parameter, and g is the zero-temperature coherence
length. The coefficient of the first term is negative
when N 4 N, but posltlvc when N Q N . This cffcct
is the key to the occurrence of a diffusive quasiparti-
cle instability because it leads to quasiparticle diffu-
sion from regions of low concentration to regions of
high concentration when N & N, . The second term
acts to oppose rapid spatial changes due to the first
term and stabilizes the spatial variation in N.

Combination of Eqs. (3) and (4) leads to a fourth-
order. nonlinear differential equation for N which prc-
cludcs a simple analysis. Theoretically, however, it is
possible to conjecture thc fully developed nonlinear
supcrconducting state. Huberman" obtained the nu-
merical solution for the particle concentration in
chemical reactions in the spinodal limit. The resul-
tant distribution consisted of two regions within each
of which thc particle concentration is almost con-
stant, with a narrow boundary region between them.
Equation (3) with Eq. (4) has the same functional
form as thc case of chemical reactions. On the other
hand, Smith's obtained similar spatial structure for
the gap parameter by physical arguments based on a
diffusive instability. - Experimentally, as shown in the
next section, two or more distinct gap regions were
observed, which suggests that the gap in each region
is fairly constant. Therefore it seems reasonable to
assume that in the fully developed multiple-gap state
the quasiparticle concentration is constant within each
region and has nonzero gradients only at the boun-
daries of thc regions. We further assume that the
normal component of the quasiparticle diffusion
current density at the boundary s of such a region
can be approximated by the first term of Eq. (4),

where (9%/8n), is the spatial gradient of N along the
direction n in the plane of thc film and normal to the
boundary s. Thc stabilizing effect of thc second term
in Eq. (4) can be simulated by imposing some finite
value on (BW/Bn ),. As shown later, (BN/Bn ), is
weakly dependent on Io compared with the factor
[N„—W(s) ], so that we can take it to be a constant
without losing any essential features of the model.
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With these assumptions, consider two distinct gap
regions a and p at an injection rate above the thres-
hold for the two-gap state. Integration of Eq. (3)
with Eq. (4), over each region, using the divergence
theorem of Gauss, yields

2R (N~ —N2) = I —D„[N(s) —N, ].
2R ( Nf p2

—Ny~) = Io+ Dp[ N (s) —N, . ]

where lo
—= Plo,

2DP Ls 9N
N(0) 6, A,„Bn,

and

A,„Dp=— '"
D,„

Ap

A„and A p are the areas of regions n and p, L, is the
perimeter of the boundary between the two regions,
and the normal in (BN/Bn }, is the outward normal
from region e into region p. At the boundary we

also have

2R [N'(s) —N12] = Ia

ln principle, N (s) should bc obtained by solving tile
fourth-order diff'ercntial equation, Elimination of'

N(s} among Eqs. (6), (7), and (8) gives the equa-
tions for N,„and N&

2R (N,2 —N, )= Ia —Ip+ .D,„N,

—D„[N2+(2R) '(/a —Ip)]'~', (9)

2R (Np2 —N, )Ia —lp —D. pN,

+Dp[IV2+(2R) '(Ia —lp)]'~2, (IO)

where we have used the definition Ip-- 2R (N, .
' —NI')—.

The behavior predicted by Eqs. (9) and (10) is

shown schematically in Fig. 1. As the eff'ective

lh A g' 2

los= lo + (I 2)

where L'„ is the same f'actor as D,„except that s rcf'ers

to the boundary between the two regions e and y.
Within the model, such bifurcation may occur repeat-
edly.

Consequently at a series of' threshold injection rates
lo~ & lo~ & lo&, we observe the appearance of super-
conducting regions with quite well-defined gaps

Although in the model N„
remains essentially pinned at N, . above the f'irst thres-
hold, it does exhibit very small decreases between
thresholds. The amount of' decrease hN at the
minimum point of the N„curve is

[(I +VI +& )(3-VI+& }]t~&

2
(13)

A

where g is def'ined by I(],—I& =—2RN, 'g. Numerical
evaluation under the assumption of the linear depen-
dence of gap parameter on quasiparticle concentration
leads to the amount of' the maximum gap enhance-
ment in the region o. to-be 55=0.74, 1.9, and 6.5
peV for g =0.3, O.S, and 1.0, respectively, when

5o = 300 peV.
Next we roughly evaluate the order of magnitude

of the gradient (BN/Bn), at the boundary s I'rom

whIch thc ordcl ot thc boundary wIdth is estimated.
Since N„ is very close to N, , Eqs. (6) and (8) lead to
the approximate expression

quasiparticle injection rate lo is increased from zero,-]j2
N increases as Io from Nq:, as described by Eq. (3}
with the diffusion term omitted because N is uniform
throughout the film. When N reaches the critical
concentration N, , the quasiparticle concentration
curve bifurcates as described by Eqs. (9) and (l0). A

high concentration (and hence low-gap) region P ap-
pears, within which the concentration increases (and
the gap decreases) continuously as the injection rate
is further increased. The concentration in the origi-
nal a region f'irst decreases slightly, then increases
again. %'hen it reaches N, , a second bifurcation
should occur, spawning a second high-concentration
low-gap region, the y region. The threshold for this
second bifurcation is readily calculated, by setting
N„=N, , to be

D2
I.,=l, '--2D„N,

2R

Simi}arly, the third bit'urcation occurs at thc injection
rate

E,/Ip

FIG. 1. Sample conf'iguration.

2R N (0)SON, . A „
9n, DPL,.

ln general, (BN/Bn ), is weakiy dependent on ihe in-

jection rate l(). The magnitude of' the recombination
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coefficient R in Eq. (14) may be estimated from the
equilibrium relation R Trr = N„'„/IV, which has weak

temperature dependence. In the limits T 0 and
T T, , we obtain

1 3

(RTrr)r 0= — [N(0)LEO]
1 ~0 2

4 n(e

S2(Aa, )

r

(2 ln2)' ~o
(RTrr)r. r, (15)

Tr( 3 krr T,
&„(Pb/Bi)

where ((3) is the Rieman ( function and c, is the.
average sound velocity. For bo =1.76kB T, ,
(R Trr) r 0

= 0 9( R Trr), , Here we assume the

value of R in the low-temperature limit. We also as-
sume the relations D = urrI/3 and T„=4rI./Ttc„
where vq is the Fermi velocity, rl is the film thick-
ness, and q is the average phonon-transmission pro-
bability at the film interfaces. For aluminum, a set
of numerical values ur. = 10" cm/sec, N(0) =1.22
&& 10" states/eV, 50=0.3 meV, Trr = Trr(250) =2.42
&10 "sec,"~;,. =3.5 &&10' cm/sec, and q=0.5

yields the phonon trapping factor P = 1.5 and

(8N/f}n), . =3.3 x105N, (A,„/L, ). I.t is inte. resting to
note that (BN/1}rr ),. depends only on the ratio A,„/L,

Suppose that the instability produces an alternating
periodic pattern of regions a and P along the length

of the film, which might be possible when the film

width e is small compared to the length scale of the
instability 2TT/q„, given by the Scalapino-Huberman
model. If l„and I& are the length of such regions a
and r8, respectively, we have A /Ly, =I„. The length.
scale of the fully developed nonlinear superconduct-

ing state is, however, unknown. For an order of
magnitude estimate, we take I =2m/q„„ the value

near the instability threshold. For aluminum,

2Tr/q, „-30—60 Irm, which yields (BN/Bn)y,
= (I —2) x 10'N, corresponding t.o the effective
boundary width rr,",. of order of one micrometer.
Therefore 2TT/q„, is significantly greater than try, . justi-
fying our assumption of uniform quasiparticle con-
centrations within regions. Other possible structures
such as a number of small regions P embedded in the
o. region background also yield the same order of
magnitude of rr;, .

III. SAMPLE PREPARATION

We used a St-I-S2-I-S3 double-tunnel-junction
structure. St was a Pb/Bi film, and S2 and S3 were
Al films. The sample with its area 380 & 380 p, m

was prepared by successive evaporation and oxidation
of dirty Al and Pb/Bi films on a glass substrate. The
oxidation of Al films was made by either glow

discharge in a dry oxygen atmosphere or thermal oxi-
dation in a wet oxygen atmosphere. The sample con-

FIG. 2. Schematic dependence of' quasiparticle concentra-
tion on eft'ective injection rate according to the model
described in text.

figuration was illustrated in Fig. 2. The middle
aluminum film S2 was the thinnest -500 A, while

the bottom aluminum film which had contact with
0

the substrate was about 1000 A. The St-I-S2 junction
was used as an injector and had specific resistances
ranging from 10 ' to 10 ' Ocm'.

Because dirty aluminum films were used, it was

possible to obtain films with different gap values by

controlling evaporation conditions. In this experi-
ment the gap parameter b2 of film 2 was made appre-
ciably smaller than 43 of film 3. h3 —h2 ranged from
10 to 100 p,eV among our sample~. Typical values
for the gap parameter A~ and b3 were 1.7 and 0.3
meV, respectively. The differences in materials, gap
parameters, and thicknesses among the three films
were designed to minimize nonequilibrium perturba-
tions in films 1 and 3 due to pair breaking by recom-
bination phonons diffusing throughout the sample
structure. Hence the observed changes in the detec-
tor characteristics are considered to be nearly those of
film 2 only. In this respect, our samples differ signi-
ficantly from those of DNG' and GW. ' The three
films in their samples were all of the same material
and all three films were significantly perturbed by

quasiparticle injection in their experiments.
The junction edges were not covered, but the junc-

tion films were carefully aligned to prevent direct
tunneling between films 1 and 3 (see Fig. 2). In
most samples the detector-junction area common to
the injector was 90% or more of the total area. If the
quasiparticle-diffusion effect is taken into account, we

may consider that the nearly ~hole area of the detec-
tor film is exposed under quasiparticle injection. For
the Pb/Bi injector junction, the 5t —42 cusp was

quite sharp and the negative resistance region was
well defined. There was no detectable excess current
and the current jump at the gap-sum voltage
(ht+hq)/e was almost vertical (width -25 rrr, V). No
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appreciable negative resistance was observed at the
gap-sum voltage within the experimental error. The
temperature dependence of the aluminum gap param-
eter h2 was in excellent agrccmcnt with the predic-
tion of the &CS theory and Yielded 502/ks?;&
=1.75 +0.02. In our experiments, the Pb/Bi-I-Al
junctions proved to be of higher quality than the Al-
I-Al junctions.

All measurements werc performed with the sample
immersed in superfluid helium for temperatures
down to 1 K. The dc Josephson current was.

suppressed by applying 8 small par811cl magnetic field.

IV. RESULTS AND DISCUSSION

Id(/z&)

60 -i;(mA)-

Pbl Bi-t-
1N JECTG

V;(mv)

For 8 given bias voltage of th. c injector junction,
the detector Id- Vz characteristic and its first deriva-
tive were measured, In all cases, it was observed that
thc energy gap of the middle aluminum film 2 first
decreased uniformly with increasing injection current
I;. At a certain critical injection current I;&, thc insta-

bility toward the spatial inhomogencous state oc-
curred and the second gap region appeared. This
threshold current I;& was approximately constant and
found to be 5 +1 rnA for injector specific resistance
ranging over two orders of magnitude, so long as the
sample was in direct contact with superfluid helium.
Thc transition was continuous. For 8 relatively low-

resistance injector, the instability occurred at the
vertical rising portion of the injector characteristic,
while for 8 relatively high-resistance injector, it oc-
curred above the gap-sum voltage. A thin coating of
photoresist film with thickness a fcw micrornctcrs on
the sample, which increases thc phonon trapping fac-
tor, reduced the threshold value by several factors.
A similar effect was also reported for Pb films. s The
subsequent behavior following the onset of thc
second gap region was qualitatively different between
injection, at the gap-sum voltage and above the gap-
sum voltage. Physically, quasiparticlc injection above
the. gap-sum voltage is considered to be uniform.

An example of our results for 8 relatively low-

rcsistanee injector is shown in Fig. 3. In this case, in-

jection is dominantly held at the gap-sum voltage,
hence the energy of the injected quasiparticles is I2.
The effective injection rate Io is proportional to injec-
tion current l; and given by la = P/;/ed' since 1„„=0,
where A is thc film area exposed to quasiparticle in-

jection. As the injection current was increased, we

first observed only a slight decrease in the gap-sum
voltage in thc detector current-voltage characteristic.
Then, at point 2 on the injector characteristic there
appeared a current rise in the detector characteristic
at a voltage significantly below the original gap-sum
voltage. Thc development of this voltage was rapid
but not abrupt. Prom thc threshold behavior in. the
dl„/d V„vs Vd characteristic, it was found that the

FIG. 3. Detector and injector (insert) current-voltage
characteristics at TI, = I, IO K, Detector-curve numbers
correspond to indicated points on injector characteristic.

second gap region was continuously split off from the
main first peak, although the detailed behavior close
to the main peak was concealed by gap broadening.
As the injection current was further increased, this
rise grew in magnitude while remaining at the same
voltage, until the injection current reached the top of
t1lc gap-sum step 1A thc injector eharactcrlstlc. Then
the current rise appeared to saturate in magnitude
but began to shift toward lower voltage. This
behavior continued until either the injector-film criti-
cal current was reached or until the voltage at which
the current rise occurred decreased to about half the
original gap-sum voltage, depending on sample.

%e interpret this behavior as indicating the nuclea-
tion and growth in film 2 of a region with a well-

defined gap 52p which is smaller than the gap A2 in

thc remainder of thc film. As thc injection currcAt
increases, A2 remains near the thermal-equilibrium

gap of thc film Since Ao quaslpar tlclc injection occurs
in region o., h2& first remains relatively constant at a
lower value while the size of the P region grows at
the expense of the o. region. This indicates that the
injection rate per unit volume of regions P is fixed,
the behavior expected from thc free energy calcula-
tion, Then, after the injector current passes thc top
of the gap-sum step in the injector characteristic, 5»
decreases toward zero. The gradual decrease in the
current height of ~2@ above the gap-sum step injec-
tion has approximateiy a (42@)'~' dependence. This
behavior is similar to that reported by DNCjr'2 and by
6%." Thc phenomenon is, however, different from
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f DNG and 6W in the fact that the thresholdthose of D an
nt arts offor the two-gap state occurred at differen p

the current jump in e i
'

th 'njector characteristic depend-
ing on the magni u e't d of injector specific resistance,
and that no hysteretic switching like that reporte y
DNG and by GW was found, although we did occa-
siona yo se
photoresis -coa'

t-coated samples. In addition, no pp
r ed in the I;-V,able negative resistance was recorded in t e

characteristics of Pb/Bi-I-Al injector. If negative
resistance wou eld be essential for instability as sug-

d b GW, we would not expect different t res-geste y
ho va uesld 1 between the samples with and

wasphotoresis coa
'

h ist coating. The gap difference
also signi ican y

''f' tly increased by photoresist coating.
The threshold current increased monotonica y wi

i'ncreasing bath temperature.
F' 4 hows temperature dependencnce ofigure s

62 —
A2& at the gap-sum step injection.

creased monotonically with increasing bath tempera-
ture. This behavior is of a puzzling nature because
the equi i rium'1'b '

theory predicts just the opposite
behavior, i.e.,b h ', '

e. monotonical increase of b, 2
—

2& i

tem-both 2~ an d 6 are assumed to have the BCS em-
fhperature depen ence.d d nce. The experimental data o

nearly obeys t e ph BCS rediction, while that of b 2& de-
viates much from it and may be considered to be

'
tic of the nonequilibrium instability. How-

ever, the situation given here, in which nonuni orm
ase in our ex-injection occurs, represents a specia case

'

periments.
Figures an s o5 d 6 h w results for a higher resistance

111 K

d'ff t temperatures. For this sample,
ll —4 =70 peV, and 42=271 peV at T =3 2=
an T =1.94 K. Here we observed no instabi ity or
injection currents on the gap-sum step inin the injector
characteristic. aR ther we observed for injection
currents well above the gap-sum step the appearance
of structures in eth detector characteristic which we
believe correspond to the nucleation and growth in

1.5—
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0

I
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I
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FIG. 5. Detector and injector (insert) current-voltage
characteristics at T =1 11 K. Detector-curve numbers
correspond to in ica e

' d' t d points on injector characteristic.

» a»~g
(I 'Ii')

70- 05-

Ae-i-Ae
DETECT

1.75
Tb/Tc=0

60-

50
1.0

Tb (K)

2.0
0 I

200
I

400

FIG. 4. Temperature dependence of g p pf a arameter differ-
ence ~2 —

2& in if'lm 2 at gap-sum step injection.

FIG. 6. Detector and injector (insert) current-voltage
characteristics at T =1.75 K. Detector-curve numbers
correspon to in ica e

' d' t d points on injector characteristic.
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film 2 of regions P with a reduced gap hqa, and of
still further regions y and 5 with gaps A~~ and A~& in-
termediate in ~alue between the "main" gap 4~ and

hqp. These new gaps are reflected in both the gap-
sum and the gap-difference structures in the detector
characteristic. They are of course more easily detect-
ed and followed in the first derivative of the detector
characteristic. Figure 7 shows the d Vq/did vs ld

characteristic for various values of the injection
current I; at T =1.1 K. By measuring the
corresponding peak heights in a dVd/dl~ vs Id curve
as a function of injection current I; and extrapolating
to zero peak height, we found for the sample of Fig.
5 the following threshold currents for the appearance
of the second-, third-, and fourth-gap regions:
I;&=6.4 mA, I;,=8.1 mA, and 1,,=10.7 mA. The
regions appeared continuously in second-order
fashion and the corresponding gap-structure signals
grew continuously in size with increasing injection
current. The multiple-gap states were observed for
all temperatures experimentally studied. It is in-
teresting to point out here that all new regions P, y,
5 were split off from the main o, region.

Temperature dependences of these threshold
currents are qualitatively similar. All the threshold
currents increased monotonically with increasing bath

E

w 10-
UJ
Ct
CC

0

00

C3

O
5—

UJ
K

Tc

0 10 2.0

FIG. 8. Temperature dependence of instability-threshold
currents.

temperature. An example of such dependence is
shown in Fig. S. Near T'= T„however, the determi-
nations of the threshold values became obscure since
the whole structures including the derivative charac-
teristics were smeared out.

Figure 9 shows the change of energy gaps as a
function of injection current. I,&, I;„and I,, are the
values determined by the first-derivative extrapola-
tion method as stated above. It is clear to see that
the uniform energy gap first decreases, then the in-

350
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20Q—

~ l50—

I;~ I;g 1)g

~ ~ ~ ~
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b, g

~ ~ ~ ~ y
0 o o ~~S
Cl 0

2 3 i3 2
I l I l
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FIG. 7, Detector first derivative in voltage vs current
characteristics. Detector-curve numbers correspond to indi-
cated points on injector characteristic of Fig. 5.

50-

T = ).))K

0 I

10
I

15

I; (mA)

FIG. 9. Energy gap parameters in film 2 vs injection
current at Tb =1.11 K.
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stability occurs, which leads to the subsequent
appearance of the multiple-gap regions with

& 42& & b,2, & b, 2p at a series of threshold injec-
tion currents I;& & I;~ &I;&. The smallest gap b,2& al-
most reaches zero at about I; =25.mA, indicating
that the mixed state of superconducting and normal
regions are possible for higher injection.

The results obtained experimentally are consistent-
ly explained if we assume the instability model
developed in Sec. II. The relation between the effec-
tive injection rate lo and injection current I, for injec-
tion above the gap-sum voltage is different from that
at the gap-sum voltage. For a bias voltage V;
~ (bt +34')/e, the relaxation phonons with energy

tee «252 also contribute to create excess quasiparti-
cles by pair-breaking process [I» WO in Eq. (3)]. As
shown experimentally later, the effect of I,h gives an
additional term to Io which becomes proportional to
I;, not I for an aluminum film. Therefore Io has
linear dependence on I;. This fact supports our ex-
perimental fact that the threshold for the instability is
determined by the injection current rather than the
power dissipated.

Then the qualitative features of the appearance of
superconducting regions with quite well-defined gaps

& ~2~ & L12~ & L12p are exactly those predicted in
Sec. II. Although in the model N remains essential-
ly pinned at S, above the first threshold, it does ex-
hibit very small decreases between thresholds as
given in Eq. (13). In fact, we have experimentally
observed a slight increase (&5 pV) in h2 above the
first threshold which corresponds to the same order
of magnitude as given by Eq. (13), consistent with

this feature of the model. In the de/de vs Vq

characteristic, this phenomenon appeared as the main

gap peak at the gap-sum voltage first deformed and
broadened, then its separation occurred, resulting in

a slight enhancement of a higher gap.
At the third gap threshold Io= Io~, the quasiparticle

concentrations at the boundary N (s) and in the P re-
gion Np are given by N, dl +g and N, (1+g
x (1+3 /1 a) ]'", respectively, according to Eqs. (7)
and (8). The measurements showed I;~ —1.3 I;a for
the sample of Fig; 5, hence g -0.3, which results in

N(s) —I.IN, and Na —1.4N, for A /3 p
——2. The

experimental structures in the detector characteristics
are clearly more smeared than the original unper-
turbed gaps, indicating that the gap in the reduced-
gap regions is not strictly constant, which allows a
diffusion of quasiparticles. Nevertheless, the struc-
tures suggest that the spatial variation within each
reduced-gap region is relatively small, as is also
theoretically suggested in other circumstances.

The temperature dependence of the third gap
.threshold in Fig. 8 is consistent with this model since
the second and third terms of the right-hand side of
Eq. (11) are only weakly dependent on temperature.
The threshold quasiparticle concentration W, is es-

timated from the observed values of I;& to be
10' —10' cm, which significantly depends on the
values of the parameters used such as the recombina-
tion coefficient, phonon trapping factor, electronic
density of states, etc. The observed differences in
threshold current between samples with and without
photoresist coating is also consistent with the model
since lo differs from Io by a phonon trapping factor
P. Furthermore, the larger A p means a higher I;„,
hence making observations of the third-gap state
more difficult. In fact, we have observed the third-

gap state mostly when A /Aa ) 2. The ratio A /Aa
is estimated from the experimental data on current
jump height. Approximately two-thirds of our sam-
ples showed as many as three distinct reduced gaps.
Equation (14) suggests that the boundary width g, is
proportional to the phonon trapping factor P. In
photoresist-coated samples, we have observed greater
smearing of the gap structure which qualitatively
agrees with the behavior predicted by Eq. (14).

The existence of the multiple-gap states is based on
uniform injection. The absence of the third- and
fourth-gap states for injection at the gap edge in our
experiments is consistent with the model. Note that
Eqs. (6) and (7) do not hold any more for nonuni-
form injection at the gap-sum voltage.

%e have also performed the experiment using the
same type of double-tunnel junction but in an oppo-
site tunnel resistance configuration so that the Al-I-
Al junction may serve as an injector and the Pb/Bi-
I-Al junction as a detector. The distinct gap structure
again appeared in the I~- V~ characteristic of the
Pb/Bi-I-Al junction. The appearance of the two-gap
state qualitatively differs from the recent observa-
tions by %illemsen and Gray.

In order to study the phonon contribution I,h due
to relaxation of the injected quasiparticles for bias
voltages V, ~ (ht +352)/e, we performed an experi-
ment in analogy with the phonon transfer experi-
ments ' but using our double-tunnel-junction con-
figuration. By biasing the detector junction at a vol-
tage V~ & (52+ 53)/e, the detector response signal
was taken as a function of injection I; or bias voltage
V;. In this case, the detector signal gives a measure
of the number of excited quasiparticles in film 2.
Figure 10 shows such a result. At V, =(d,~+342)/e
well below the instability threshold, we observed a
sharp kink in detector signal. At this point h2 was
reduced uniformly by several p,V. This gradient
discontinuity appeared as a result of the onset of an
additional increase in quasiparticle concentration due
to the pair breaking by additional phonons with
Eco «242 produced by relaxation of high-energy
quasiparticles. For higher voltages, however, no clear
structure could be seen and behavior was approxi-
mately linear. Note that I;& was about 5 mA. Conse-
quently we conclude that the phonon injection rate
I» for bias voltages V, ~ (it +3k&)/e becomes pro-
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situation lies somewhere between those of' Pb and Al.
The phonon trapping tactor f'or tin is usually 10—20
and 2m/q„, is about i0 pm i'or i'iim thickness i000
0
A." Thc above arguments might be applicable only
near the instability threshold, since the length scale
of' the well-developed nonlinear distinct-gap state is
unknown.

Tb=l. 13K

FIG. 10. Detector signal vs injector bias voltage. The in-

set shows injector characteristic.

portional to injection current I;. Previous rnca-
surements on phonon transmission suggest the emit-
ted phonon spectrum which extends from zero ener-

gy to an intense peak at 242 followed by a rapidly de-
caying tail for higher energies. " If this would bc thc
case, the phonon pair-breaking effect in film 1 duc to
the emitted phonons from film 2 would be consider-
ably reduced when 4~ is slightly higher than 42. This
is exactly the fact we found in our experiments.

In our model, in order to realize the well-defined
multiple-gap states, we have to choose such a sample
material that the reiation 2rr/q, „»(,. shouid be sa-
tisfied and its sample size L should bc significantly
greater than 2m/q, „. For a sampie with its dimension
L & 2m/q, „, the instability toward the spatially inho-

mogeneous state will not occur and a uniform transi-
tion wiii be expected. Both 2rr/q, „and g, depend on
the film thickness d and the phonon transmission
probability q. As a consequence, it is important to
reduce the phonon trapping factor P for observation
of distinct gap states. This can be achieved by taking
a thinner film and better acoustical matching to the
adjacent substrate or liquid helium.

In case of a lead film, the phonon trapping factor is

large and about 50 for film thickness of 1000 A. The
iength scaie of the instability 2m/q is small (order of
a few p, m) because of the much shorter recombina-
tion time and coherence length than aluminum. The
above facts contribute to make the gradient
(8N/8n), relatively smaller, hence the boundary
width g, larger. The calculated g, for a Pb film of
thickness 1000 A is about 5 p, m. Then, it is easy to
conjecture smearing of gap structures in the detector
characteristics. " In the case of tin, the corresponding

V. CONCLUD1NG REMARKS

%e have experimentally shown the occurrence of
an intrinsic instability duc to quasiparticle injection
through a tunnel barrier and the appearance of' f'ully

developed wel)-defined multiple-gap states. The
results were consistently interpreted by the p,

' insta-
bility model in spite of our crude treatment. It was
shown that, while the instability toward the two-gap
state occurred either at the gap-sum voltage or above
the gap-sum voltage of the injector characteristic ac-

cordingg

as the magnitude of tu n n el resistance, the
third- and fourth-gap states were only observable for
injection above the gap-sum voltage whose situation
corresponds to uniform injection of quasiparticles
into a supcrconductlng film.

The threshold current density was nearly constant—3.5 A/cm' for injector specific resistances ranging
over two orders of magnitude and the transition oc-
curred in a second-order fashion. The results were
qualitatively different from those reported in the pre-
vious measurements" ' even for thc case in which
only a two-gap state was involved. Our phenomena
cannot be explained by the load-line switching model
based on nucleation of small spatial inhomogeneities
in a film. '3' Although the qualitative features of
the experimental data agree with the p,

'
instability

model, it is more important to find out the shape of
quasiparticlc distribution experimentally than to make
a detailed comparison with the p,

' model. %e have
also reported that lots of properties of the nonequili-
brium state were affected by a coating of photoresist
on sample surface, reflecting the fact that various
nonequilibrium states are possible depending on the
sample surroundings. '

%e have assumed that this state is time indepen-
dent. %e have no experimental evidence to the con-
trary. In light of recent developments in understand-
ing of nonequilibrium hydrodynamic instabilities
(e.g. , the Rayieigh-Bernard instability), it is interest-
ing to speculate on the possible similarities between
such phenomena in fluids and superconductors in
particular whether time-dependent spatially inhomo-
geneous nonequilibrium superconducting states may
also exist under appropriate circumstances.
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