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Superconductivity is destroyed by laser light in Pb films of thickness comparable to the op-
tical penetration depth 4 and less than the superconducting coherence length $. Thermal ef-
fects, which have been independently determined, cannot account for this. For films of thick-
ness greater than 6 and $, only the thermal effect is observed. In a proposed explanation it is
shown that the electron gas may be heated from 3 to 18 'K above the lattice temperature by the
light absorption in these experiments.

I. INTRODUCTION

Several experimental' and theoretical studies
of the behavior of superconductors in high-fre-
quency electromagnetic fields have been reported
recently.

The destruction of superconductivity by laser
light in thin Pb films is reported in this paper.
This paper deals mainly with the description of
the anomalous effect and the experiments to estab-
lish the magnitude of the heating caused by the
laser pulse.

II. EXPERIMENTAL

To determine unambiguously the heating of the
film produced by the laser illumination, the film
resistance was used to measure the film tempera-
ture. This requires a temperature coefficient of
resistance dlnR/dT of at least several parts per
thousand at temperatures just above T, for films of
thickness comparable to the optical penetration
depth (- several hundred A). Only a few metals
will satisfy this requirement. One of the most
satisfactory is lead.

Films were obtained by argon getter sputtering
of high-purity Pb at 4-6 A/sec onto polished
single-crystal sapphire substrates. Sample shapes
suitable for standard four-terminal resistance
measurements were obtained by scribing away thin
lines of the Pb films on the substrate face. Sample

dimensions were usually 2-4 (between potential
probes)x0. 5 mm.

For most of the experiments, film thicknesses
of about 275 A were used. Several films 1500-
2000 A. were also studied. In all cases the films
had an electrical resistivity at 300 'K (- 25x 10 '
0cm) roughly equal to that of bulk Pb. Resistivity
ratios p(300 'K)/p(8 K) were -3 to 4 for the thinner
films.

The sapphire substrates were plates approxi-
mately 1 cmx 0. 5 cmx 0. I mm (thick). These
plates were ultrasonically soldered with gallium
to a block of oxygen-free high-conductivity (OFHC)
copper roughly 1&& 2 cm. The arrangement is
shown in Fig. 1.

Tyro lasers were used. Both were argon multi-
color multimode lasers. About half the power
from the laser was multimode at 5145 A, one-
third the power was single-mode multicolor, and
the remainder was single mode at 5145 A. The
outputs were a 40-psec pulse at 2 W and a 6-psec
pulse at 5 %. The light was focused to circular
spots at the sample of -4 and 2~ mm diameters
for the two lasers, respectively. Estimating an
optical loss of 50%, for the lens, mirror, and
window, a sample ref lectivity of 60%, and a
(measured) transmittance4 of - 0 to 10% gives the
energy fluxes shown in Table I.

Note that even for the 275-A films (-10% trans-
mittance ) the optical penetration depth was com-
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FIG. 1. Experimental arrangement. The sapphire
substrates were ultrasonically soldered with gallium to
the copper block.

parable to, or less than, the film thickness. The

samples, therefore, were not uniformly illuminated
in thickness. ' Also, for Pb, the BCS coherence
length $0 is approximately equal to 880 A, and the

penetration depth X= 390 A. The electron mean
free path was estimated' to be l= 220 A for the
thinner films from which follows a Ginzburg-Lan-
dau parameter &= 1 and a temperature-dependent
coherence length (for the dirty limit $o»f) $ = 0. 85
x()ol/r) "~ where 7' = (T, —T) /T, .

III. RESULTS AND DISCUSSION

A. Film Heating by Laser Light

Measurements of the film heating were made

by observing the change in film resistance during
laser illumination at temperatures above T,.
Figure 2 shows the change in IR drop for a 275-A
film at V. 84 K during illumination with the full
power output of the 40- psec-pulse laser. The
temperature increase was determined by raising
the temperature of the film until the IR drop just
before the onset of the laser pulse (i. e. , with no

light) increased by the same amount as that caused
by the illumination. For the film of Fig. 2 the
heating was 0.45 'K. This heating varied linearly
with laser power (from full power to half-power)
and was independent of the measuring current (for
variations in the latter of a, factor of 8).

The heating showed an initial time response
dT/dt= 0. 027 'K/&sec (partly influenced by the

rise time of the laser pulse) which lasted for about
8 &sec. This was followed by a slower response,
initially dT/dt= 0.005 'K/&sec, for the remaining
82 +sec. (This behavior may reflect the separate
time constants of the substrate and copper block
but analysis is hampered by the unknown thermal
contact resistances. ) With the laser light off the

initial cooling rate, dT/dt= 0. 02'K/psec, was
roughly similar to the initial heating rate. The
time constant for cooling was = 50 psec. For
heating the time to reach steady state was greater
than the pulse duration. A characteristic of the
thermal response for heating, which is important
for the analysis of the superconducting behavior,
is that the film temperature cannot follow the
exact shape of the laser pulse. This can be seen
in Fig. 2 which also shows the laser pulse re-
corded by a fast silicon photodetector.

The thermal response was also measured at
10.8 'K. To within an uncertainty of - 10/z the

results were the same as those found at 7. 8 'K
(Fig. 2). On this basis it is assumed that the
normal thermal response at temperatures -1-2 K

below T, (= 7. 2 K) was not grossly different than

TABLE I. Laser light and heating magnitudes and T~ reduction.

Laser
pulse width

(@sec)

Light absorbed by sample
Power Power/area Energy

(W) (W/cm ) (10 J)

Initial
cooling

rate

Initial
heating

rate
Full

(' K/p, sec)
power

(' K/@sec)

Observed
heating at
full power

(' K)

T~ reduction
Full Ha&f-

power power
(' K) (' K)

40 0. 3
0. 75

3
17

12
4. 5

0 ~ 027
0. 15b

0. 020
0. 11"

~0 45
~] ~2 5

T~ (light off) —T~ (light on). Temperatures measured
at beginning of light pulse. This quantity includes the

heating effect.
"Calculated.
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FlG. 2. 275-A-thick sample resistance at 7.84 'K and

laser output vs time. Horizontal scale 20 psec/div. Ver-
tical scale for sample resistance is dB/B = 0. 85&& 10 3/div

or, equivalently, 6Th,«&~ = 0. 14 ' K/div. The laser out-
put was recorded by a fast photodetector.

that shown in Fig. 2. This assumption was con-
firmed by the results of the thick film experiments
(see below).

About four samples with thickness 250-300 A

were measured. All showed temperature increases
of 0. 3-0. 5 'K with full power illumination from
the 40- &sec-pulse laser. This is the magnitude
and uncertainty of the heating effects obtained in
these experiments.

Two samples of thickness 1500-2000 A were also
measured. Heating values in the range 0.3-0.5'K
were also obtained. This result shows that the
thermal response of the film to the laser light is
not dependent on the film thicknesses used in
these experiments. (The heat capacity of such
thin films is of minor importance in determining
the thermal response of the system. ) This fact
will be used in distinguishing optical from heating
effects in the superconducting behavior.

For the 6- psec-pulse laser the measured tem-
perature rise in a 270-A film at 7. 7'K was -1'K.
This is consistent with the x'esults of the 40- psec-
pulse laser when account is taken of the difference
in power/area at the sample in the two cases (see
Table I). Because of a much higher electrical
noise level from the 6- &sec-pulse laser the exact
shape of the sample heating curve could not be
observed. The values of the initial heating and
cooling rates, given in TaMe I, have been calcula-
ted by scaling the results of the 40- psec-pulse
laser. These calculations are supported by the
consistency in the measured total temperature
increases for the two lasexs.

B.Measurements below 7.2 K

Below 7. 2 'K (T, with no light) an IIt drop across
the sample is obsexved with the 40- psec-pulse
lasex' whose pulse shape 18 a nearly exact x'eplica
of the laser light output recorded by the photode-
tector. This behavior requires a response time
of & 5 psec which is a factor of ~ 10 faster than
the thermal response time observed at 7. 8 K.

For the 40-psec-pulse laser (where ET„„«„
-0.45 K) the IIt drop is observed at temperatures
as far as 2'K below T, (no light). This is well
beyond the range in temperature where the heating
effects should be observed. The IB drop at 4. 4'K-
and the laser pulse shape are shown in Fig. 3.

Evidence that this is not a new form of the
thermal effect observed at 7. 8 'K lies in the fact
that for r between T,

' and r, -wr„„„„both the
fast response and the slow thermal response can
be observed. This is shown in the photograph
reproductions in Fig. 4. Note that at T= 6. 8'K
= T, —4T„„«„,a slight asymmetry appears in the
pulse with the trailing end slightly larger in am-
plitude than the leading end. This is the shape
expected for the contribution due to heating (see
Fig. 2). Furthermore, the temperature at which
this occurs agrees well with that expected for the
heating effect. As the temperatuxe is raised the
trailing edge (heating peak) increases rapidly but
the leading edge peak can be discerned separately*
up to T='7 K. ~

The last pulse in this sequence, at T=7 K,
allows a further comparison with the exyected
results for heating. The laser pulse should in-
crease the sample temperature at the trailing

P75A FILM
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FIG. 3. 275-A-thick sample resistance Oovrer curve)
and laser output (upper curve) vs time. Horizontal scale
20 IMsec/div. For T=4.4 'K the sample resistance during
laser pulse is 0. 06Bg. For T=5.35'K the sample resis-
tance during laser pulse is 0. 158@.
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T= 7. 02 'K the film is driven fully normal for most
of the duration of the laser pulse. At 7. 08 K the
laser pulse raises the sample temperature to
7. 43 'K and the sample must remain in the normal
state for a time necessary to achieve a cooling
of 0. 23 'K or 0. 23 'K/0. 35 'K of the total tempera-
ture rise. Prom the thermal behavior shown in
Fig. 2 this time is = 50 p. sec, which is in reasonable
agreement with the results in Fig. 5.

Note also from Fig. 5 thatbelow V. 2'K the

response is slow and first appears at the trailing
edge of the laser pulse as expected for heating
effects.

An important conclusion of these results is that
the heating effects for T& T, are also found for
T& T,. This excludes as possible explanations (i)
changes in the Kapitza thermal boundary resistance
at the film-substrate interface between the normal
and superconducting states and (ii) other anomalous
temperature dependences of the thermal properties
which would cause the heating below T, to be grossly
different than the heating above T,.

C. Nonlinear Effects

20'.sec

FIG. 4. 275-A-thick sample resistance vs time
(20psec/div). Normal-state resistance is 6 vertical
units.

end of the pulse to V. 47'K. With an initial cooling
rate of 0.02'K/itsec (see Fig. 1 or Table I) the
sample should remain in the normal state for = 13
psec after the completion of the laser pulse. This
is confirmed in the results.

The most important evidence elucidating this
effect comes from the thick-film experiments. For
film thicknesses d- 1500-2000 A, one has d = 2$
and d= 85, where g and 5 are the superconducting
coherence length and optical penetration depths,
respectively. For these films superconduction
will occur along the "back" half of the film thick-
ness presumably uninfluenced by the direct inter-
action with light or with the effects of light carried
over the coherence length. However, as found in
the "heating effect" measurements above T„ the

temperature rise of these films due to the laser
pulse is similar to that for the 275-A films.

The thick-film experiments show no effects be-
low V. 2'K other than those expected for heating.
This can be seen in the photo sequence of Fig. 5.
For this film (2000 A thick) the temperature in-
crease due to the laser pulse was measured to be
0. 35 K. The first appearance of an IR drop oc-
curred near T= 6. 85 K. At 6. 88 K about one-
third the normal-state resistance is found and at

Although the transition in zero light is only a
few millidegrees wide, the photoinduced resistive
state shows a very broad superconducting to full
normal-state transition. This is shown in Fig. 6
which gives the ratio of normal-state resistance,
R/R„, observed during the 40-psec-pulse laser
as a function of the initial temperature. Note that
for the full laser output the resistive state with
fast time response appears just above 4 K and is
observed up to = 6. 8'K where the heating peak

2000A FILM

LASER

7.08 K

7.02'K

6.88 K

20', sec

FIG. 5. 2000-A-thick sample resistance and laser out-
put vs time (20 @sec/div). Normal-state resist8nce is 1.8
vertical divisions.
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appears. The transition to the full normal state
occurs abruptly after this.

When the intensity of the 40- &sec-pulse laser
is reduced by 50% (by a calibrated transmission
filter) the data represented by the dashed line are
obtained. Both the measured temperature rise
above T, and the range of the heating peak below

T, are reduced by a factor of 2. However, the
range of the anomalous photoinduced resistive
state is reduced by more than a factor of 2. In
the range of the anomalous behavior the slope of
the data line for the full laser output is one-fourth
that obtained for the 50% laser output. The anom-
alous depressions of T, (i. e. , corrected for the
heating effect) are in the approximate ratio 3. 5/1.

The shape of the curve, R/R„vs T, however,
is influenced somewhat by the transverse non-
uniformity of the laser light intensity over the
sample length. This was due in part because the
laser beam diameter was only slightly larger than
the length of the measured sample. A further
complication arises from (- 500-1000 A) polishing
grooves on the surface of the sapphire substrate
within which oblique illumination will occur. The
measured R/R„ is therefore an average value for
the sample between the potential probes. An

estimate of the nonuniformity of illumination is
given by the width of the superconducting transition
which is induced only by the heating effect of the
laser beam. For the thick film, and for the thin
film where the heating "peak" could be discerned,
the width of the transition is -0.1 to 0. 15 K,
which should be compared with a mean ~T„ea«„- 0.4'K and a transition width of several milli-
degrees in zero light.

Also shown in Fig. 6 are the results for a thick
film different from that discussed above. Again
only the heating effect is observed below T,.

D. 6-@sec-Laser Results

The sample voltage signals obtained with the
6- &sec-pulse laser showed "ringing" at the
leading edge and a peak at the completion of the
laser pulse. These are electrical pickup trans-
ients from the laser power supply. There was
also a slight delay (& 1 psec) of the sample signal
relative to the laser pulse which was introduced by
the signal amplifier.

With the full power of the 6- &sec-pulse laser
the near full normal-state resistance was induced
at temperatures down to & 3 'K (see Fig. 7). (The
laser pulse heating at 7. V'K was-1'K. ) Only
for T&6. 2 K did the sample remain in the normal
state for a short time after the completion of the
laser pulse. This behavior for T&6. 2 K was con-
sistent with that expected for heating and calculated
from the initial cooling rates shown in Table I.

With the intensity of the 8-psec-pulse laser
reduced by a factor of 2 the onset of the resistive
state occurred at about 4. 5 'K. In this case one
could study the photoinduced resistive state where
R/R„&1. A puzzling result of this study was the
occurrence of delay times of several microseconds
between the beginning of the laser pulse and the
onset of the resistive state. This is shown in Fig.
8 for T = 5. 15 'K (bT„,~„,g- —,

' 'K). ,

No evidence of the resistive state persisting
after the completion of the light pulse was found
until T-6. 85 K where the heating effect was ex-
pected to occur (see Fig. 8). Figure 9 shows the
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and taking n as the carrier concentration and A. as
the area of the laser beam, then the average in-
crease in energy per carrier after time v is -Pv/
nAd. For the experiments described above P/A
=3 to 17 W/cm~, r 10 ~ s-ec (the delay time ob-
served with the 6-psec-pulse laser), n= 2. 54
x10 cm, ' d=275 A, and one calculates an in-
crease in energy for the electron gas of - 3 to 18
K due to the absorption of the laser beam. This,

presumably, leads to the destruction of the super-
conducting state.

Physically one might expect the energy of the
absorbed 2-eV photon to be shared initially with
other electrons very rapidly, say, in a time 7'«,
followed by a conversion to phonons over a longer
time 7',~ and finally transmitted as heat to the
surroundings in a thermal response time. (Re-
garding the assumption v', & & t„ it is noted that the
highest single phonon energies are - Debye temper-
ature - 0. 01 eV for Pb compared to - 2 eV for the
photons. ) Normally one expects v„and r,~«10 '
sec and very little heating of the electron gas
above the bath temperature occurs. In the super-
conducting state longer lifetimes are expected"
for quasiparticles excited (by - millivolts) across

the superconducting gap 2~. Experiments'6 show
that these quasiparticles decay (at least in part)
by emission of phonons of energy 24 even when
the excitation energies are several times 24.
Our experimental 7™10 sec may be the decay
time v', J. in the optical-absorption process which
describes the conversion of the excited electron
energy (after being shared by many carriers) to
phonons, somewhat similar to quasiparticle de-
cay. ' Shortly after photon absorption, then, the
optical energy may be shared by a number of
carriers all of which are excited by 24. These
"pumped" electrons would be quite numerous,
amounting to 10-50% of the total number of free
carriers. The destruction of superconductivity
would occur when the number of excited electrons
exceeds some critical value.
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It is shown that radiation damping is weak enough so that all dislocation segments in super-
conductors are underdamped at low enough temperatures. Consequently, a dislocation im-
pinging on a barrier in the superconducting state overshoots its static-equilibrium position,
exerting an additional force on the obstacle, thereby increasing the plasticity. The inertial
model gives a quantitative account of available observations on the size of the effect and its
dependence on temperature, magnetic field, deformation, and purity.

I. INTRODUCTION

In the past several years, striking observations
have been made of an increased plasticity of ma-
terials entering the superconducting state. '
These measurements, beginning with the work of
Pustovalov et al. ' and Kojima and Suzuki, have
recently been reviewed by Alers, Buck, and Titt-
man. ' As yet there appears to be no satisfactory
quantitative or qualitative explanation. We give
here an inertial model' of dislocation motion in
superconductors and show that it can give a quanti-
tative account of the so-far-available data.

The following are facts which must be explained
by an adequate theory:

a. Di rection. When a superconducting material
is switched into the superconducting state, the

plasticity is increased. For constant strain-rate
tests, the stress required drops. For creep mea-
surements at constant stress, the strain rate in-
creases dramatically (Soldatov et al. ~). For
stress-relaxation experiments at constant strain,
the stress drops suddenly (Suenaga and Galli-
g~10,12)

b. Magnitude. The stress-change effects ob-
served are typically of the order of from 0. 1 to
10%%ug. However, effects as large as 53% have been
reported. The effects are strong for Pb, weak
for Sn, with Tl and In in intermediate positions
(Startsev et aL ).

c. Universality. The effect appears to be uni-
versal. Its existence is independent of crystal
structure, appearing in Pb (fcc), Nb (bcc), In (fct),
Sn (bct), and Tl (cph). It is found in pure, impure,


