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of the present method as compared to previous
ones'" which could not even give the correct
order of magnitude.

The present theory can be improved by taking
into account interaction among discrete levels and
in this way it will hopefully be possible to explain
the puzzling spectra of other systems. Work on
MgO:Cr'+ and Cs,SiF,:Mn ' is in progress. 20"
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Microwave radiation (0.1 to 12 GHz) was propagated in a microstrip transmission line
formed by a superconducting Al film on a BaF2 substrate. Cross strips formed Al-Al
oxide-Al tunnel junctions that were used to study the effect of microwaves on the super-
conducting properties of the Al films. Large increases in the energy gap and transition
temperature were observed for frequencies near 3.7 GHz. The enhancements were negli-
gible below 1 GHz. Anomalous behavior of the features in the tunneling characteristics
was observed above 5 GHz.

PACS numbers: 74.30.Gn, 73.60.Ka, 74.50.+ r

The effect of microwave radiation on supercon-
ductivity has been of considerable experimental
and theoretical interest, and also of some contro-
versy, in recent years. Microwave enhancement
of superconductivity has been reported in several
manifestations: critical-. current (I,) and transi-
tion-temperature (T,) enhancement in Al micro-
bridges, point contacts, and narrow strips' ';
order-parameter enhancement in Al cylinders, 4

and energy-gap (t)) enhancement in Al tunnel junc-
tions. ' Existing theories predict such enhance-
ments as a consequence of a redistribution of qua-

siparticles away from the gap edge" and a reduc-
tion in the number of quasiparticles' in a super-
conductor irradiated with microwaves. Theoreti-
cal explanations of I, enhancement without gap en-
hancement have also been proposed. ' " The qua-
sipartic1. e redistribution theories' ' receive
strong experimental support from the direct ob-
servation of gap enhancement via tunneling and
from T, enhancement in strips. ' However, it
was suggested in a recent communication that
observations interpreted as T, enhancement
should instead be interpreted as I, enhancement. "
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Moreover, in recent experiments that culminated
in consecutive measurements of I, and 6 of two
Al films that formed a tunnel junction, I, enhance-
ment was observed but gap enhancement was not."
Indeed, no confirmation of the direct observation
of gap enhancement' has been published.

In this Letter we report enhancement of both
6 and T„as measured by tunneling, in Al films
irradiated w ith microwaves. We also observed
I, enhancement in one junction electrode. In the
frequency range 2-4 GHz, we observed large
(=100%) increases in the energy gap. We also
observed gap structure in the dV/dI vs V curves
16 mK above the temperature at which both films
were normal (i.e. , no structure in the dV/dI vs
V curve) in the absence of microwaves. Finally,
we observed new and unexpected behavior above
5 GHz.

Our Al-Al oxide-Al junctions (four per sub-
strate) were fabricated in a cross-film geometry
on single-crystal BaF, substrates, "which have
a, good acoustical matching to Al. .' A 200-nm-
thick, 1.47-nm-wide base electrode was common
to all four junctions; the four contour electrodes
were 200 nm thick and 140 p. m wide. With a
ground plane beneath the substrate, the base elec-
trode formed a 50-0 microstrip transmission
line, enabling broadband (dc-18 GHz) coupling to
the junctions.

A carbon resistance thermometer, a feedback
circuit, and a heater provided temperature con-
trol of our pumped helium bath to better than
+ 0.3 mK. Because microwave heating of a ther-
mometer in a feedback circuit results in a lower
bath temperature (and hence in a larger gap for
Al films in the bath), careful shielding of the
thermometer is essential. The effectiveness of
our shielding was established as follows: A Na-
tional Bureau of Standards SRM-767 device, "
which includes a bulk sample of high-purity Al
(T~=1.180+ 0.001 K), was mounted near the junc-
tion. As the microwave power to the junction
was slowly increased to maximum with the ther-
mometer reading stabilized at T~ by the feed-
back loop, the bulk Al sample remained at the
midpoint of its transition, thereby demonstrating
that the temperature had changed by &0.2 mK. In
addition, the gap voltage of a shielded control
junction did not change when the microwave pow-
er was increased at constant thermometer read-
ing at temperatures below T,~.

We have observed gap enhancement in junctions
on two BaF substrates. We present data from a
single junction (a second junction on the same

substrate also showed 4 and T, enhancement;
the other two junctions were shorted). The nor-
mal resistance of this junction was 3.5 Q. A fit
of the BCS temperature dependence near T, to
the experimental gaps of the two films in the tem-
perature range 1.158 to 1.167 K yielded the values
T„=1.170 K and T~ = 1.168 K.

Figure 1 shows the effect of increasing micro-
wave power at v =3.72 GHz on dV/dI of this junc-
tion at t=T/T„=0.996; dV/dI traces for the con-
trol junction are also shown. In the absence of
microwaves (upper curve), there is a sharp mini-
mum at (4, +b,)/e =V„and there is a much small-
er minimum near V=0 at (h, -b2)/e. The re-
maining curves show additional minima, due to
photon-assisted tunneling (PAT), '8 at voltages
+V, + nh&/e. The deepest minimum in dV/dI oc
curs at V~ in this particular set of curves. As
the microwave power increases, V, moves to
higher voltages as do the PAT minima. The mini-
mum at (hi —4,)/e is obscured by PAT structure
at high power, so the relative enhancements of
the gaps cannot easily be determined. However,
the data clearly establish that the energy gap of
at least one of the films was enhanced by the mi-
crowaves.

We determined the temperature and power de-
pendence of the enhancement of V, from dV/dI
curves that were taken at fixed temperatures for
several power levels. For frequencies near 3.7
6Hz, our results for the temperature and power
dependence" are quite similar to the results of
Kommers and Clarke at 10 GHz (Figs. 2 and 3 of
Ref. 5) and at 3.7 GHz." Our results are also in
qualitative agreement with theoretical curves de-
rived from recent tunneling calculations based on
Eliashber g's theory. "

We measured the highest temperature at which
superconductivity occurred as a function of pow-
er. As the temperature was increased at con-
stant power, the PAT structure in dV/dI disap-
peared abruptly at a temperature T, &, and abrupt-
ly reappeared at a temperature T, ~ as the tem-
perature was decreased. Figure 2 shows our ex-
perimental values of T,

&
and T, ~ as a function of

the transmitted power P. Both T, I and T, ~
in-

crease with increasing power up to P= 90 p, W.
Within experimental error, T, &

=T, ~ up to P= 20
p, W, where the enhanced transition temperature
is approximately 3 mK above T„. For P & 20 p,%
we observe hysteresis. The largest experimental
value for T, t was 1.177 K (7 mK above T„) at P
=90 p, W; the largest value for T, i was 1.186 K
(16 mK above T„and 6 mK above T,~) at P =160
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FIG. 2. T, enhancement as a functionof power. T, ~

is the T at which superconductivity (structure in dV/dl)
abruptly disappeared as T was increased; T~~ is the T
at which superconductivity abruptly reappeared as &
was decreased. The data points have been connected
with smooth curves.
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FIG. 1. dV/dl vs V for the sample (V &0) and the con-
trol. {V(0) as a function of the microwave power I'
transmitted through the sample at 3.72 6Hz. ~~ Q f

+62)/e of the sample increased from 48 to 76 pv (see
arrows) as P increased from 0 to 22 pW. The additional
minima are due to photon-assisted tunneling. V~ of the
control remained at 70 pV, indicating the bath tempera-
ture {T=1.161 K) remained constant {+0.3 mK) as the
power applied to the sample {in parentheses) increased
to 22 pW. A fraction of the microwave power applied
to the sample leaked to the control via dc leads. The
temperature sensitivity of the control junction was
—8.0 pv/mK vs —8.4 pv/mK for the sample.

pW. (The highest value reported by Kommers
and Clarke for T, i at 10 GHz was the higher tran-
sition temperature of their films'; however, they
observed enhancement of both T, &

and T, ~ at 3.7
6Hz. ") Thus we have observed T, enhancement

by a method that is different from the method
criticized in Ref. 11 and that is not subject to
the same criticism.

We have studied the frequency dependence of
the enhancement of 4 and T,." Both effects were
largest for frequencies near 3.7 GHz and were
not observed for frequencies below 1 GHz. The
maximum value of T, i exceeded T„by at least 1
mK for frequencies up to about 8 GHz. V did
not increase significantly for frequencies above
5 GHz. We also measured I, for the microstrip
transmission line and observed enhancement
over the same frequency range as T, enhance-
ment.

Figure 3 shows dV/dI curves at t =0.992 and v

=10.8 GHz that illustrate the anomalous behavior
that we observe at higher frequencies. Depend-
ing on f and v, V~ may increase slightly (a few
percent at most) but usually remains constant (as
in Fig. 3) or decreases as the microwave power
is increased to intermediate levels. The first
PAT minimum appeared for P= 0.5 )LW (curve
not shown) at the correct voltage spacing, It v/e,
relative to V, but moved to higher voltages as
the power was increased; at I'=25 pW, a second
PAT minimum appeared at a voltage spacing hv/e
above the first. Both minima moved to higher
voltages and the spacing between them increased
with increasing power. This behavior was re-
peated by successive minima. In the second
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tion of these concepts might explain our experi-
mental observations at high frequencies. At low
frequencies, our experimental results are in gen-
eral agreement with the theories of Chang and
Scalapino' and Eliashberg and co-workers. '
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FIG. 3. Anomalous behavior of dV/dl as a. function of
power at high frequencies. Dashed lines connect as-
sociated minima, which show a change in. spacing rela-
tive to V~ as the power changes.

curve of Fig. 3 (P =O.l mW), there are four such
minima, and PAT structure relative to —V oc-
curs above V,. At high power levels (1 mW in
Fig. 3), V, begins to decrease with increasing
power, and the PAT minima begin to move toward
lower voltages. This behavior continues until V
& It v/e, when the structure in dV/dI disappears
abruptly with a further increase in power (bottom
curve in Fig. 3). (At t =0.85, the gap did not
shrink, and all PAT minima appeared and re-
mained at the theoretically expected voltages + U~

+ nav/e. )
The nature and magnitude of the shifts of the

PAT minima relative to V at high frequencies
cannot readily be explained in terms of simple
heating. In early theoretical descriptions of PAT,
all the minima resulted from the nonequilibrium
density of states. " The tunneling calculations of
Entin-Wohlman" show that near T, the minimum
in dV/dI at V~ arises as usual from the nonequilib-
rium density of states, but the PAT minima arise
from the quasiparticle distribution function.
Chang and Scalapino show that the time required
for a phonon to escape from the sample plays an
important role in determining the nonequilibrium
quasiparticle distribution function. ' A cornbina-
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