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may be important when determining the flux-flow resis-
tivity near T„but their inclusion must await a more
exact understanding of the interaction between the vor-
tices and the fluctuations.

2~See, e.g. , A. L. Fetter and P. C. Hohenberg, Phys.
Bev. 159, 330 {1967).

J. Pearl, Appl. Phys. Letters ~5 65 {1964).
G. M. Foster and R. D. Parks, Bull. Am. Phys.

Soc. 16, 295 {1971); and private communication.
The concept of flow of isolated vortices must be

questioned especially where the interaction between the

vortices is strong enough to create a symmetric vortex
lattice. It should be noted that the concept of flux bundles
{i.e. , a group of vortices that are so strongly interact-
ing that it becomes more meaningful to talk of the group
as a whole instead of its individual constituents) is needed
to describe the pinning characteristics [see P. W. Ander-
son, Phys. Bev. Letters 9, 309 {1962)]seen in bulk
samples {see Ref. 1). Possibly the concept of the flow of
flux bundles instead of individual vortices will explain
the power laws seen in Fig. 10.
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We present evidence demonstrating that the addition of magnetic moments to a superconduc-
tor suppresses the Maki- Thompson contribution to the fluctuation conductivity. Measurements
of the resistive transition of aluminum films with erbium impurities exhibit a sharpening of
the transition with increasing impurity concentration which can be explained quantitatively
using Thompson's scheme for regularizing the Maki- Thompson conductivity diagrams.

INTRODUCTION

The first systematic study of the resistive tran-
sition of moderately clean thin-film superconductors
by Masker and Parks' revealed clear disagreement
with predictions based on the mean-field theory
using either a diagrammatic approach or a sim-
plified time-dependent form of the Ginzburg-Landau
equations. '-'

Maki reconsidered the Green's-function approach
and pointed out for the case of bulk superconductors
the importance of terms in the fluctuation conduc-
tivity which were ignored in the previous micro-
scopic calculations. These terms correspond to
an enhanced conductivity of the normal electrons
due to their interaction with the ephemeral Cooper
pairs. Thompson" discovered that these terms
were divergent in the case of thin films and one-
dimensional samples in the absence of pair-breaking
perturbations; he proposed a heuristic procedure
for regularizing the terms in the presence of pair-
breaking perturbations (which are always present
in real samples). Crow and co-workers~ tested
Thompson's model by reexamining the fluctuation
conductivity in clean aluminum films in the pres-
ence of an applied pair breaker, viz. , a parallel
magnetic field. Later, Thomas and Parks' car-
ried out similar experiments on one-dimensional
microstrips, and both groups found strong evidence
for both the existence of the Maki-Thompson con-

tributions and their suppression in the presence of
pair breaking. In the present paper we extend the
investigation to a different source of pair breaking,
namely, paramagnetic impurities, and find that
with increasing concentration of localized moments
the anomalous excess conductivity is suppressed
and the resistive transition sharpens in the manner
predicted by Thompson.

THEORY

Aslamazov and Larkin~ (AL) considered the con-
tribution to the excess conductivity from fluctuating
Cooper pairs. They found that in a two-dimensional
sample, where the thickness d is much less than
the temperature-dependent coherence length t'(T)
= $(0) r ', the excess conductivity above that of
the normal state, i.e. ,

a'= o(T) —o„

is inversely proportional to the reduced tempera-
ture r = (T —Too)/Too:

AL

This can be rewritten as

I

16k)
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&c -=(Tco —~c)/~co

is the reduced shift in transition temperature in
the presence of pair breaking, Tco and, Tc being
the mean-field transition temperatures in the ab-
sence of and presence of pair breaking, respective-
ly. The result for a two-dimensional film is
given by

(4)

165 7'd

which is valid for o„'T/cr„«v'c. We have then for
the total fluctuation conductivity

~0 2~o ~+ ~c+ 'ln
+ 7'C 7 ~C

where the AI. term has been recalculated using
Sthe Thompson cutoff qc. According to Thompson,

the present form of the theory, Eq. (6), is valid
only for small shifts in Tc so that v'c& 0. 1.

EXPERIMENTAL PROCEDURE

To illustrate the effect of magnetic impurities

v'0= &. 52 &10 &ci (3)

and 8& is the normal-state resistance per square
in Ohms.

The above result, Eq. (2), must be generalized
to include the Maki-Thompson contribution oMT to
the fluctuation conductivity, which was ignored in

I Ithe AQ calculation' 1.e. 0'g j~g= 0'gL+ O'MT. Thomp
son's procedure' for calculating o~ in the presence
of pair breaking consists of introducing a low-
momentum cutoff pc= & rc, whe~~-1 1l2

O
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FIG. 1. Demonstration of the method used to deter-
mine the normal-state resistance g& (data shovrn are for
sample 8, taken at a temperature near T,). The linear
behavior observed is that expected from the mean-field
theory.

on the superconducting transition in thin films we
chose the Al., „Er„system. Aluminum was used
as the host system because of the small size of its
intrinsic pair breaking which leads to a large ratio
of o„'T/c„'L. To escape the problem of ill-defined
localized moments, a rare-earth dopant rather
than a transition-metal dopant was used.

The alloy charges from which the samples were
evaporated were prepared by first evaporating
erbium onto aluminum strips of known thickness
(-0.05 mm) in a vacuum of 10 oTorr. The thickness
of the erbium layer was monitored by measuring
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FIG. 2. Sharpening of the resistive
transition of a series of aluminum sam-
ples with the addition of erbium. The
resistance axis is highly expanded to
give a sensitive display of the data and
the solid lines through the data are
plots of Eq. (6).
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TABLE I. Sample parameters.

Sample Ro &c
No. at. % Er (0/0) ('K) 1 c

&co &&c
(.K) ( K)

1
2
3
4
5
6
7
8

0.274
0. 165
0. 137
0. 083
0. 064
0. 034
0. 017
0. 006

8. 13
9.50
6. 11
2.28
4. 87

19.4
16.2
7.34

1.575
1.679
1.590
1.430
1.615
1.950
1.872
1.649

0.237
0. 092
0. 094
0. 091
0. 034
0. 028
0. 0091
0. 0024

2. 062
1.851
1.755
1.573
1.674
2. 007
1.890
1.653

0.487
0.172
0. 165
0.143
0.059
0.057
0.018
0.004

plot was linear in the high-field limit in accordance
with the theory of Abrahams, Prange, and Stephen. '
The normal-state resistance measured in this way
was found to be independent of temperature within
the temperature range of the experiment.

EXPERIMENTAL RESULTS

A straightforward way of illustrating the effect
of the magnetic impurities, on the superconducting
transition is to plot the ratio of the sample resis-
tance R to the normal resistance as a function of
r/Ro" with the resistance axis highly expanded.
All samples showing Aslamazov-Larkin behavior
should then lie on a single curve which is designated
by "AL theory" in Fig. 2. We see, however, that
the samples have noticeably broader transitions,
and that the sharpness of the transition depends
upon the impurity concentration. The broadest
curve is for a clean aluminum film prepared in the
same manner as our previous samples: 99.999%
aluminum was evaporated from a tungsten wire and

hermetically sealed with SiO before exposure to
atmospheric pressure. As expected from Thomp-
son's theory, the transitions become sharper with
the addition of magnetic impurities. The lines
drawn through the data are theoretical curves from
Eq. (6).

A more revealing plot for comparison with the
theory is shown in Fig. 3. In this figure the data
for all samples exhibiting AL behavior, regardless
of the value of R~, should fall on a straight line
of slope 6. 58 x104. The experimental curves de-
viate from this, however, exhibiting the expected
behavior. The theoretical lines were obtained by
comparing our data to Eq. (6). The quantities Tc
and 7'c were treated as arbitrary parameters to

give the best fit to the data. Note that a change in

Tc merely shifts the curves to the left or right,
whereas a change in v'c alters the shape of the
curves. The values of v'c so determined allow one
to calculate T« for each sample according to Eq.
(4). Table I gives a summary of the sample param-
eters.

In Fig. 4 we have plotted the shift in transition
temperature Tc, —Tc=&cTc, as a function of at. %
of erbium. As discussed previously, the relative
concentration of magnetic impurities is known only
to roughly 6% accuracy; this may account for Some
of the experimental scatter. The important result,
however, is that the shift in Tc implied by the
quenching of o„T scales with the concentration of
magnetic impurities c over roughly two decades.
The nearly strict proportionality between v'o Too
and c is expected for the 'range of v'c values used
in the present study, according to the well-known
Abrikosov-Gorkov theory. ' We also note that
the shift in Tc due to intrinsic pair-breaking effects
in clean aluminum films" is only 2% of the shift
in Tc exhibited by the sample with the highest im-
purity concentration.

In summary, we have demonstrated that the
anomalous excess conductivity in aluminum films
is quenched by the addition of paramagnetic impu-
rities in the manner predicted by Thompson. These
results, taken together with the results in Refs.
9 and 10, provide definitive evidence for the ex-
istence of the Maki-Thompson terms in the fluctu-
ation conductivity and the suppression of these
terms by pair-breaking perturbations.

Note added in proof. In a recent note Testardi '
speculated that the anomalous paraconductivity
observed in Al films arises from sample inhomo-
geneity resulting from internal stresses. While
it would be difficult to dismiss such a possibility
on the basis of the earliest work' on Al films, there
exists now sufficient and varied data to form a
strong case against it. It would be necessary to
bolster the Testardi conjecture with bizarre as-
sumptions in order to reconcile the present results
with the following previous results which have been
explained quantitatively by the fluctuation theory:
the functional dependence of the anomalous para-
conductivity on (i) parallel magnetic field in two-
dimensional Al films, (ii) parallel magnetic field
in one-dimensional Al films'o [where the functional
dependence is different than in (i)], and (iii) elec-
tric field in two-dimensional Al films. '

*Work supported by the Army Research Office (Durham).
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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-


