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Energy-gap enhancement in superconducting tin by microwaves
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The energy gap in tin has been measured by observing the subharmonic gap structure in the
current-voltage characteristics of a microbridge. The microbridge was irradiated with microwaves
and the enhancement of the energy gap was compared to the predictions of the Eliashberg theory.
At low power levels the agreement between theory and expenment is good but there is a large devia-

tion at high power levels.

When a superconductor is irradiated with microwaves
nonequilibrium quasiparticle states are induced which
give rise to an enhancement in the critical current, energy
gap, and critical temperature. The enhancement in the
critical current and the energy gap is most prominent near
the critical temperature. Eliashberg! has developed a
theory that explains these enhancements. When a quasi-
particle close to the gap edge is raised to a higher energy
state by an applied microwave energy source, #iw, with
#iw < 2A(T) so that pair breaking does not occur directly,
then the population of quasiparticles at low energies will
decrease. For this reason the energy gap will increase
which causes the critical current and the critical tempera-
ture to increase in turn. The total number of quasiparti-
cles remains constant. In order to maintain the nonequili-
brium state the rate of transfer of quasiparticles to higher
energy must be greater than 1.73/7g. 7g is the in¢lastic
scattering time.2

An extension to the theory of Eliashberg was made by
Chang and Scalapino,’ who included the effects of the ir.-
teraction of the quasiparticles with the phonons. Their
calculation used a set of two Boltzmann-type equations,
one for the quasiparticles and one for the phonon distribu-
tion and they solved these equations together with the
BCS gap equation selfconsistently. Because the strengih
of the electron-phonon interaction varies as ? they found
that an excited quasiparticle of energy A-+fiw recombinss
more rapidly than one at the gap edge. Heating effects
were also considered in this work. In order to compare
experimental data to the theory of Chang and Scalapino it
is necessary to know the magnitude of the microwave

power at the microbridge. However, it is not poss1b1e to _

measure this quantity at the present time. Most =xperi-
mental data is compared to the Eliashberg theory. The
phonon escape time 7, plays an important part in the
energy-gap enhancement. If 7, is short, the irradiated su-
perconductor can have a lower density of quasiparticles
than the nonirradiated one leading to an additional
enhancement of the superconducting state parameters.
The model of Chang and Scalapino includes the influence
of the phonon escape time. There is a large amount of ex-
perimental data of the variation of the critical tempera-
ture with applied microwaves and this data qualitatively
agrees with the El_iashberg1 theory. However, there is a
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paucity of experimental measurements of the experimen-
tal enhancement of the energy gap with the applied mi-
crowaves. Measurements have been reported by Kom-
mers and Clarke* and by Hall et al.’ of the energy-gap
enhancement by microwaves in aluminum.
. The energy gap of a superconductor may be accurately
determined from the current-voltage quasiparticle tunnel
characteristic of a thin-film tunnel junction. Both Kom-
mers and Clark and Hall ez al. used this technique. How-
ever, it was necessary to take measurements close to T,
where the quasiparticle densicy is at its largest and pro-
duces the largest relative gap enhancement.

In this paper, a different technique for observing the
enhancement of the energy gap by applied microwaves is

_ described. Microwaves were applied 1o a superconducting

microbridge. Quasiparticle tunneling does not occur in a
microbridge and so the energy gap cannot be determined
by this method. However, subharmonic gap structure is
present in the current-voltage characteristic and the
energy-gap enhancement may be determined from this.
The microbridges of length 1000 and 3000 A (F1g 1) were
The thick-
ness of the banks was 6000 A. These variable thickness
microbridges have the advantage that they are able to sus-
tain higher levels of heat dissipation than planar micro-
bridges. The subharmonic gap structure is small close to
T, but becomes more prominent at low temperatures.
‘The microbridge was mounted at the lower end of a glass
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FIG. 1. Schematic outline of the microbridge.
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Dewar which was surrounded by u metal shielding. Fer-
rite beads were added to all leads to the microbridge in or-
der to minimize external noise to the microbridge. The
microbridge was irradiated with 23-GHz microwaves via
a circular wave guide at the upper end of the dewar.

The subharmonic gap structure does not appear so
clearly as the quasiparticle tunneling energy-gap structure
in the current-voltage characteristic of a thin-film tunnel
junction. In order to facilitate the location of the subhar-
monic gap structure in the current-voltage characteristic
of a microbridge the differential resistance, d¥ /dI, of the
current-voltage characteristic is obtained. The standard
technique for obtaining dV /dI uses low-level ac modula-
tion and a lock-in amplifier. This has the disadvantage
that the amplifier filter parameters must be set at the time
that the data is taken. In a second technique’ the
current-voltage characteristic is digitized and dV/dI is
determined from this data at a later time by a combined
differentiating and digital filtering routine. This latter
procedure has the advantage that the filter parameters are
set by the software after the data has been taken. It
should be remembered that the purpose of a filter is to
separate the desired information from unwanted noise and
as the relative magnitudes and frequency spectrum of
both the information and the noise are not completely
known, a certain judgement must be made with regard to
the filter parameters. It is easier to make these decisions
after the data has been taken. Figures 2 and 3 show
dV /dI versus voltage for two microbridges of different
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FIG. 2. dV /dI versus potential of the 1000-A microbridge at
3.718 K for various microwave powers. The plots have been dis-
placed vertically from each other for clarity. The arrow indi-
cates the calculated BCS gap value at that temperature.
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FIG. 3. d¥/dI versus potential of the 3000-A microbridge at
2.775 K for various microwave powers. The plots have been
displaced vertically from each other for clarity. The arrow indi-
cates the calculated BCS gap value at that temperature.

lengths and at different temperatures. In Fig. 2 the length
is 1000 A and in Fig. 3 the length is 3000 A. The
current-voltage data consisted of 4000—7000 data points.
The filter parameters, as defined in Ref. 7, were
A=80 db, 8=0.003, 8=0.0012, and the combined filter-
ing and differentiation summation was carried out over
400 pairs of data points. The steps that are induced by
the microwaves at multiples of 47 uV are visible in Fig. 3.
The experimental peaks corresponding to A in the absence
of microwaves are at a higher value than the value of A
calculated from BCS theory. The position of the calculat-
ed value of A is indicated by an arrow in Figs. 2 and 3.
The enhancement in the energy gap in the absence of mi-
crowaves has not been explained although Gregers-
Hansen et al.® also found that the experimental value of
the energy gap in the absence of microwaves was higher
than the value predicted by BCS theory. The energy-gap
enhancement in the absence of microwaves may be due to
the nonequilibrium states induced in the microbridge by
the bias current.’ The presence of these states is evi-
denced by the existence of dynamically enhanced critical
current in the current-voltage characteristic at low poten-
tials. However, Octavio®® found that the experimental
value of A in the absence of microwaves was lower than
the theoretical BCS value but he attributed this depression
of the energy gap to heating in the microbridge.



The Eliashberg theory predicts that an extra nonequili-
brium term

/¥ i /KT, )G (A /o) (1)

must be added to the Ginzburg-Landau equation. Eckern
et al.!' calculated an additional term that should be in-
cluded in the Ginzburg-Landau equation when nonlinear
terms of the nonequilibrium Fermi distribution are taken
into account. Mooij?> modified this extra term to the fol-
lowing form:

—0.17(ap /¥ Wi /KT, ) . 2)

When simple heating effects are included, a further term
must be added:

— Fplo, /v W /KT, ) . ‘ 3)

Along the lines suggested by Mooij, the sum 3 of the
three terms due to the applied microwaves have been cal-
culated. 8, Which is proportional to the difference be-
tween the squares of the energy gap and the square of the
energy gap of the unirradiated superconductor, is calculat-
ed from the experimental data. According to the theory &
and 8, should be equal. Unfortunately the magnitude of
the coupling between the microwaves and the microbridge
is not known. It was only possible to fit the theory 6 and
the experimental O, curves at low power levels
by adjusting (a,/¥,). For both the 1000 and the 3000 A
microbridges there is divergence between the values of 5
and 8.y at higher microwave powers (Figs. 4 and 5). The
works of Kommers and Clarke* and Holdeman ef al.™
found a similar behavior with their work on aluminum
tunnel junctions. Agreement between theory and experi-
ment exists only at low power levels. In Fig. 4 the diver-
gence at higher power is increasing and, in fact, the exper-
imental curvature is qualitatively reminiscent of the
Chang-Scalapino theory. On the other hand Fig. 5 shows
theoretical (solid line) and experimental data (circles) of a
microbridge of leagth 3000 A at T=2.775 K. Critical
current was not observed in this bridge at temperatures
above 2.90 K. However, the gap enhancement is very
strong for high relative powers. At low power the
behavior is qualitatively similar to that of Fig. 4. In this
case the critical temperature of the banks is 3.790 K
which is well above the measurement temperature so that
the magnitude of the energy gap in the banks is relatively
* large. It was not possible to get the theory and experi-
mental data to agree even when heating effects were in-
cluded. In Fig. 5 heating effects have not been included.
The factor (@,/y,) Was set seven times greater than the
factor (e,/7,) that was used to fit the data for the 1000-
A microbridge in Fig. 4. This gave the best agreement be-
tween the theory and experiment at low power levels. As
there is considerable impedance mismatch between the
microwave radiation and the microbridge, we would ex-
pect the radiation to appear as a current source to the mi-
crobridge. Thus the power transmitted to the microbridge
would be proportional to the resistance of the micro-
bridge. The 3000- A-long microbridge had a resistance
that was approximately seven times greater than the resis-
tance of the 1000-A-long microbridge. Thus we would

31 ENERGY-GAP ENHANCEMENT IN SUPERCONDUCTING TIN...

- of Seligson and Clarke!®

2727
0.03 F
8
0.02 | _—
0,01 ° o)
o]
o] 1 1 J

100 150 200

POWER (mW) '

FIG. 4. Experimental and theoretical values of 8§ versus mi-
crowave power for the 1000-A microbridge at 3.718 K.
Ry=0.2 Q; a,/y,=0.03; F,=2. The circles represent the ex-
perimental data 8. The continuous line with the squares
represents the theoretical calculation.

expect the coupling factor (a,/y,) that was required to
fit the experimental data for the 3000-A-long microbridge
to be seven times the coupling factor that was required for
the 1000-A-long microbridge. However, the enhancement
in the energy gap that occurs at the higher power levels
in the 3000-A-long microbridge is much greater than that
predicted by the Eliashberg theory. A last comment
about Figs. 4 and 5 is that both figures shown a kind of
transition between one behavior to another; in our experi-
mental plots this threshold is at about 15 mW. The work
measured the enhancement of
the energy gap of a superconductor when irradiated by
low-energy phonons. At low power levels they found that
they could fit their experimental data to the theory of
Eckern et al., while at high power levels there was consid-
erable divergence. They could not explain this phenome-
na and it is interesting to note that our data show a simi-
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FIG. 5. Experimental and theoretical values of 8 versus mi-

crowave power for the 3000-A microbridge at 2.775 K.

Ry=1.4 Q; a,/y,=0.2; F;=0. The circles represent the ex-
perimental data 8.. The continuous line with the squares
represents the theoretical calculation.
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. lar divergence for the short microbridge. Prior to com-
paring the data of energy-gap enhancement due to pho-
nons with the data of energy-gap enchancement due to
microwaves in microbridges, a term should be included in
the Eliashberg theory that takes account of the dynamic
energy-gap enhancement due to the nonequilibrium effects
cansed by the bias current in the microbridge. This
dynamic energy-gap enhancement due to nonequilibrium

-~

effects caused by the bias current has been discussed in
detail by Schmid, Schén, and Tinkham.’
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