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We report measurements on superconducting tunnel junctions illuminated with optical
radiation, which confirm the model of nonequilibrium superconductors proposed by
Owen and Scalapino. Measurements of the chemical potential y* for quasiparticle ex-
citations and of the temperature dependence of the quasiparticle recombination time

are presented.

Recent experiments by Testardi' have shown
that thin superconducting films can be driven nor-
mal by laser light and that this change of state is
not simply due to lattice heating. Testardi sug-
gested that this effect may be due to an excess
number of quasiparticles induced by the flux of
optical photons. Owen and Scalapino® have devel-
oped a model of superconductors in which the
number of quasiparticles is larger than the usual
thermal-equilibrium number as a result of an ex-
ternal pair-breaking mechanism such as optical
photons. They assume that the quasiparticles
come to thermal equilibrium with the lattice in
a time short compared to the recombination time
for quasiparticles but do not reach thermal equi-
librium with the pair state. The energy distribu-
tion of the nonequilibrium quasiparticles is char-
acterized by the lattice temperature T and an ad-
ditional chemical potential p*. In this Letter we
report experimental results obtained from super-
conducting tunnel junctions illuminated with laser
light, which support the model proposed by Owen
and Scalapino and which determine an effective
chemical potential for quasiparticles.

Their result for the energy gap of a nonequilib-
rium superconductor, valid for low reduced tem-
perature, is

(A/8, = {[(A/A)7 + 0?2 - n 2, (1)

where 7z is the excess quasiparticle number den-
sity in units of 4N(0)A,. N(0) is the single-spin
density of states and A, the unperturbed energy
gap at T =0. This reduces for small » to

A/Ag=1 - 2n. 2)

If a thin-film superconductor is uniformly illu-
minated with optical radiation, quasiparticles
will be produced at a rate proportional to the ab-
sorbed optical flux P, and will recombine at a
rate proportional to n/7, where T is an effective
recombination time.® In steady state
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where U is the volume of the illuminated super-
conductor and ¥ the number of quasiparticles pro-
duced per photon if P is expressed in photons per
second. We assume that the excess number of
quasiparticles is small compared to the number
in the absence of the laser light. Equations (2)
and (3) predict that (1) the gap will decrease in
proportion to the optical intensity, and (2) the
gap will decrease exponentially with decreasing
temperature since 7 is approximately proportion-
al to e®/*T at low reduced temperatures.

The experiment is straightforward. Supercon-
ducting tunnel junctions, either Sn or Pb, with
dimensions 0.8X0.3 mm? are prepared in the con-
ventional manner. The film thicknesses are typ-
ically 1000 to 2000 A. While the quasiparticles
are produced in an optical penetration depth of a
few hundred angstroms, the excess quasiparticle
density should be approximately uniform through-
out the thickness of the illuminated film since the
diffusion length for quasiparticles is typically
many micrometers.? The junctions are biased by
a constant current source on the rapidly rising
portion of the I-V curve at a voltage of 2A. The
light from a He-Ne laser illuminating the junction
through the walls of the glass Dewar is mechan-
ically chopped and the resulting modulation of the
energy gap is measured with a lock-in amplifier.
The laser intensity is varied using a set of cal-
ibrated neutral density filters.

In these experiments it is not difficult to dis-
tinguish between lattice heating effects and quasi-
particle photoexcitation. Heating of the lattice
will produce neither of the effects mentioned
above but will result in a signal that decreases
with decreasing temperature because the BCS
gap becomes less temperature dependent at low
temperatures. To separate these effects, mea-
surements were made on junctions prepared on
glass and sapphire substrates and at tempera-
tures above and below the A transition of liquid
helium. Lattice heating was observed with both
substrates above T,. The heating effects ob-
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FIG. 1, The decrease in the energy gap of Sn versus
A(T)/kT at constant laser intensity. The solid line in-
dicates the theoretical temperature dependence of the
quasiparticle recombination time in Sn.

served with glass substrates were several times
larger than those observed with sapphire. Below
T, where the thermal conductivity of liquid heli-
um increases substantially, no lattice heating
was observed with either substrate. All the re-
sults reported in this Letter were obtained from
junctions on sapphire and at temperatures less
than T,.

The predicted behavior was observed with Sn—
Sn-oxide—Sn tunnel junctions. It was verified
that the energy gap decreased in proportion to in-
creasing laser intensity over 2 orders of magni-
tude of optical power. The decrease in the ener-
gy gap at constant laser intensity was measured
as a function of temperature from 2.17 to 1.14 K.
The results obtained from a 400-8 junction bi-
ased at 1 pA are shown in Fig. 1 where the change
in the gap in nanovolts is plotted against A(T)/kT,
where A(T) is the measured gap. The tempera-
ture dependence of the recombination time for
low reduced temperatures,® indicated by the solid
line in Fig. 1, is [A(T)T] ¥2e2(T/*T  The out-
standing agreement is obtained using only a scal-
ing factor as an-adjustable parameter.

A similar measurement of the decrease of the
energy gap, obtained from a 6.9-2 Pb-Pb-oxide-
Pb junction biased at 10 pA as a function of A(T)/
kT, is shown in Fig. 2. For small values of A(T)/
kT, the signal increases at approximately an ex-
ponential rate consistent with the temperature de-
pendence of the recombination time of Pb. For
temperatures such that A(T)/kT = 10, the signal
is almost independent of temperature. Such be-
havior occurs when the excess number density of
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FIG. 2. The decrease in the energy gap of Pb versus
A(T)/kT. The solid line indicates the predicted tem~-
perature dependence of the decrease in the energy gap.

quasiparticles AN=4N(0)A,» becomes larger than
the thermal-equilibrium number density Ny.°
Rothwarf and Taylor calculate for all values of
AN

AN/Np=(1+27vP/N, V)2 -1, (4)

The solid curve in Fig. 2 indicates the behavior
predicted by Eq. (4) using both # and T as adjust-
able parameters to fit the data. The arrow in
Fig. 2 indicates the position on the curve corre-
sponding to AN/Nr=1, For low reduced temper-
atures

Nyp=4N(O)[37A(T T |2e = A(TURT (5)
AN/Np=0.80 n[A(T) /T /2 ATHRT (6)

Using the experimental value of » at the position
indicated by the arrow, Eq. (6) predicts A(T)/kT
=8.5 when AN/N,=1, This value is in good agree-
ment with the experimental value of 8.1.

The calculation of Rothwarf and Taylor reduces
to n=(2NzTrP/V)2/4N(0)A, for AN/N;>>1. The
change in the energy gap now varies as the square
root of the laser intensity rather than as the in-
tensity. This behavior is observed in Pb for A(T)/
kT 2 10.

It is possible to extract an order-of-magnitude
estimate of the numerical value of the recombina-
tion time 7 from estimates of the optical reflec-
tivity and the parameter ». The maximum value
of 7 results if all the photon energy produces
quasiparticles of energy A. A minimum value
of 7 results if the photon produces quasiparticles
of average energy equal to the Debye energy and
further interactions of the quasiparticles create
phonons rather than more quasiparticles. In the
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case of Pb, this reasoning leads to 220 <» <1500.
We assume 7 =1000, the optical reflectivity is
70%, and N(0)=1x10? states eV™! cm™%.” The
effective recombination time for Pb at low re-
duced temperatures, obtained from Eq. (4) and
the data in Fig. 2, is 7=0.4X 10 11T "1/2g155/T
which is approximately an order of magnitude
larger than the theoretical estimate® of 0.3x107'2
XT~Y2g15:7T  However, Rothwarf and Taylor
have pointed out that the experimental lifetime
may appear longer than the actual recombination
time because the phonons produced by the recom-
bination will themselves create quasiparticles.
According to their analysis, this will result in an
experimental lifetime approximately a factor of
5 larger than the true lifetime for our geometry.
In addition to observing the behavior of the en-
ergy gap, we have used the I-V curve of tunnel
junctions to determine the chemical potential u*
introduced by Owen and Scalapino to characterize
the energy distribution of quasiparticles in non-
equilibrium superconductors. This parameter
is determined by the usual condition

N=4N(0) " {1 +expl8(E - )]} de, (7)

where E = (€2 + A2)2, N the total number of exci-
tations (electrons and holes), and € an energy
measured relative to the conventional Fermi lev-
el. The parameter u* appears only in the Fermi
function. Since the I-V curve of a superconduct-
ing tunnel junction is an integral over the density
of states of the superconductors and the appro-
priate Fermi functions, the effective chemical
potential 1 * can be determined from the I-V
curve. We take as a model of an illuminated tun-
nel junction one superconductor unperturbed and
the second specially homogeneous and character-
ized by A(n) and u*(n). This assumption is rea-
sonable if the junction is uniformly illuminated
by the laser light. The large diffusion length in-
sures that the excess quasiparticles are uniform-
‘ly distributed over the thickness of the illumi-
nated film and the small tunneling probability en-
sures that the second superconductor is unper-
turbed. Following the standard procedure of cal-
culating I-V curves of superconducting tunnel
junctions,® we calculate

%z~(1 +exp{Blu*(n) +A0) —A()]}), 8)

subject to the condition 28<eV < A(0)+A(n); V is
the voltage across the junction. I(x) is the tunnel-
ing current of the illuminated junction and 7(0)

the current of the unilluminated junction. This
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FIG, 3. Measured values of the effective chemical
potential in units of kT, versus measured values of n

at T/T,=0.30. The solid line is the theoretical pre-
diction.

result is accurate to approximately 10% for =
<0.1.

The observed I-V curves of illuminated tunnel
junctions are essentially identical in shape to
those of unilluminated junctions in the restricted
voltage range but scaled by a multiplicative fac-
tor dependent on the optical power. The ratio
I(n)/1(0) and the energy gap A(zn) are determined
from the I-V curve and the parameter pu* calcu-
lated from Eq. (8). The corresponding value of
n is determined from Eq. (2). In Fig. 3 are shown
the observed values of u* divided by £T . ob-
tained from a 2.5-2 Sn—Sn-oxide—Sn tunnel junc-
tion at temperature 7 =1.15 K (reduced temper-
ature 0.30) plotted against the measured value of
n. The solid line in Fig. 3 is the predicted be-
havior of u*(n) at a reduced temperature of 0.30.°
The agreement is excellent except at large val-
ues of n where the experimental values fall below
the theoretical values. This small difference
would result if the temperature of the supercon-
ductor was 0.1 K above the temperature of the
helium bath. This is not an unreasonable temper-
ature difference, considering that the junction is
illuminated by 0.5 W of optical power at the larg-
est value of n.

We conclude from all these measurements that
the simple model of nonequilibrium superconduc-
tors proposed by Owen and Scalapino is quanti-
tatively correct. The excess quasiparticles are
in thermal equilibrium with the lattice at temper-
ature T but the energy distribution is character-
ized by an effective chemical potential with the
predicted behavior. Consequently, the “bottle-
neck” in the relaxation process of quasiparticles
is the recombination time, and other interaction
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times in a superconductor such as electron-elec-
tron, electron-phonon, and branch mixing'® must
be considerably shorter. In addition, the behav-
ior of the energy gap of an illuminated supercon-
ductor can be used to measure the quasiparticle
recombination time in superconductors.
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A magnetic system with intraplanar and interplanar interaction strengths J and RJ is
is treated. Rigorous relations are established concerning the first few derivatives with
respect to R of the susceptibility x(R). Considering x(R) =by+bR +bskt?++++, we find by
and the order of magnitude of b,. Hence we can predict when the system “crosses over”
from d-dimensional to d-dimensional behavior (e .g., for quasi~two-dimensional sys-
tems, d=2, d =3, while for quasi~one-dimensional systems, d=1, d =3). These re-
sults also support scaling with respect to the anisotropy parameter R.

There has recently been considerable interest!-3
in systems with “lattice anisotropy” (different
coupling strengths in different lattice directions).
Consider, e.g., the d-dimensional nearest-neigh-
bor (nn) Ising system with Hamiltonian

nn nn
W==J 2) s;5;~RJ ), s;8,23C,+R¥,, (1)

- -
i=V; u=u

(%

+

where ;= (x,,x,, ***,x7) =@, ¥;) with ;= (v, -,
%4), and V;=(x,,,, - -+, x7). For example, very
recently there have been extensive calculations!®
concerning the case d=2, d=3, corresponding to
a “square to simple-cubic crossover.” Hence-
forth we shall consider this system for the pur-
pose of specificity and clarity; thus ¥;= (v, v,,
z;)=@d,,2,;), J=J,,, RJ=J,. In the last para-
graph we treat briefly the case d=1, d=3.

The system described by (1) is interesting be-
cause critical -point exponents, according to the
universality hypothesis,? should depend only
upon lattice dimensionality; and hence when R —~ 0
(and the lattice “crosses over” from d dimen-

sions), we expect anomalous behavior. This
crossover behavior would be observable if we
could vary R continuously to zero.

Another interesting property of the weakly
coupled layers is that even for R #0 the system
is essentially two-dimensional at high tempera-
ture. Yet when it is sufficiently close to the crit-
ical temperature T, (R), it is three-dimensional.
Hence there is a crossover region T,(R)>T
>T 5(R) where the system transits from d=2 to
d=3 (cf. Fig. 1).

The crossover region is only a loosely defined
concept. To be quantitatively precise, we shall
define 7', (R) as the solution of x(T,,R)/x(T,,0)
- 1=p and we arbitrarily choose T ,(R)=T,,,(R),
since this is roughly the temperature for which
the deviation (1%) of the reduced susceptibility
X(R)=X/Xcuie from the two-dimensional value
x(0) becomes experimentally appreciable.*

This crossover behavior is most easily ex-
plained in the context of the scaling hypothesis,?
where we assume that there exist three numbers
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