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axe present in fcc transition metals; they are
remarkably strong, fairly independent of the pa-
rameters, and located in an energy range easily
accessible to experimental verification, assum-
ing that the difficulties inherent in studying well-
characterized planar defects could be overcome.
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The measured third harmonic power output from a par amagnetically doped supercon-
ductor in a stron microwave field has been found to vary with temperature as (1-t)
as predicted by Gor'kov and Eliashberg's theory for concentrations close to critical and
Eliashberg's theory for the dilute alloy. The magnitude of the order-parameter relaxa-
tion time deduced from the measured power is consistent with a model constructed from
these two theories.

There is currently much interest in the relaxa-
tion times describing the return to equilibrium of
superconductors disturbed in various ways. We
report here the measurement of the relaxation
time of the superconducting order parameter by
a method that has not been used previously. It is
also the first measurement of the relaxation time
in the gapless superconducting state below T,.

The experiment involves observing the third
harmonic microwave response. It was carried
out on a paramagnetically doped superconductor
in order to test the validity of the theory of Gor'-
kov and Eliashberg' (GE) as well as to determine
the magnitude of the order-parameter relaxation
time appearing in the time-dependent Ginzburg-

Landau (TDGL) equation that emerges from the
theory.

In contrast to most of the methods used in many
prior measurements of the diverse relaxation
times in superconductor s, ' ' the harmonic genera-
tion technique offers the following advantages:
freedom from geometry-dependent corrections,
only slight disturbance from equilibrium, and di-
rect indication of whether or not the order param-
eter 6 is following the rapidly varying electro-
magnetic field adiabatically.

The GE theory deals with superconductors con-
taining a large enough concentration of magnetic
impurities to destroy the energy gap at 7 =0, i.e.,
so that ~,T,( ) ««T1 or T,(T,) ««(~T), where T, is
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the average time between the reversals of the
spin of a conduction electron due to scattering by
the magnetic impurities, T,(T,) and T,(~) are the
transition temperatures of the doped and the pure
superconductor, respectively. (Throughout we
take h=k=c =1.) For such a superconductor in a
sinusoidally oscillating magnetic field of frequen-
cy ~ and amplitude H, the theory predicts a de-
pression of the order parameter that varies peri-
odically at frequency 2~. The amplitude of the
Fourier component at 2e is given by 6, ~(1

2i-~Ta) ', where Ta =3/6, 'T„b,,'= 2a'T, '(1 t'), -
t = T/T„and T, = T,(T,). 6, is the equilibrium
value of 6 for H =0. The order parameter relaxa-
tion time Ta is thus of the form Ts= TO/(1 t'), -
where 'Tp 2& T T The time variations of 6 re-
sult in third-harmonic power generation through
their effect on the supercurrent J, o-

( 6 ~' A,
where A is the vector potential.

In the experiment, the sample is placed in a
dual-mode microwave cavity with resonant fre-
quencies at cu and 3~. At critical coupling, the
third-harmonic output power is'

P =@AS QG /167!'V(k

where S is the sample surface area, Q is the
loaded ca,vity quality factor, V is the cavity vol-
ume, and y is a constant of order unity appropri-
a.te to the particular cavity mode. k, is the
propagation constant at 3~ within the supercon-
ductor. It is given by" k, '=(-2i5, q '+5q '),
where 5,k

= 6,&(3u } is the normal state skin depth
and 5L=6q(T) is the static field (London) penetra-
tion depth. G is the amplitude of the third-har-
monic field in the ideal cavity" considered by
GE. Explicitly, "

HG=, 3+ ' (k~5„)'(1 2i~r„}-
C

where the thermodynamic critical field" H,
=H,(T) =(1-t')H, (0). In the GE theory a single
characteristic frequency, ~„=T„', governs both
the nonlinear and linear behavior of the super-
conductor. co„ is the "cutoff frequency" for the
adiabatic response of ~, and also marks the point
at which the normal skin depth 5,k(&u) = 5L(T). The
solid curves in Fig. 1 show the predicted output
power versus the temperature for three values of
CL) Tp ~

The alloy system investigated was La, „Gd„Sn3.
This is close to being an ideal Abrikosov-Gor'kov
system, "and has the advantages of high T, (-6.45
K for x =0)," slow oxidation rate, and possibility
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FIG. 1. Third harmonic power output P3~ in arbitra-
ry units versus t =T/T (T ). Solid curves: GE theory
for different Tp. The value u)Tp=0. 175 fits best to the
experimental results for Lap gGdp ~Sn&, represented by
the points.

for electropolishing. " The last two considera-
tions were particularly important for microwave
work.

Samples were prepared in a standard arc fur-
nace using 6N tin and 4N rare-earth materials.
After melting, the sample button was arc cast
into cylindrical form, cut, and electropolished to
a mirror-bright finish. The specimen was then
spark-cut into three wafers, one of which was
immediately transferred to the microwave cavity
and cooled. The remaining two pieces were
stored under xylene for low frequency T, meas-
urements on the following day. Separate samples
were necessary for each measurement, since
temperature-cycling promotes the precipitation
of a tin-rich phase. " The sample surface was
also examined by electron microscopy, using x-
ray fluorescence to detect any compositional
changes at the grain boundaries. No such chang-
es were found.

Microwave measurements were made with a
superheterodyne detector operating at 3~ = 33
GHz. The local oscillator was phase-locked to
the third-harmonic of the 11-GHz source, allow-
ing phase-sensitive detection at the intermediate
frequency. In-phase and quadrature components
of the signal were detected separately in order to
extract the signal voltage from the background.
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TABLE I. Inductive transition temperatures T and
widths AT at 700 Hz (bulk) and 10 MHz (surface) for
La& „Gd„Sn3 alloys.

TABLE II. Experimental and theoretical relaxation
times for La& „Gd„Sn3 alloys, where 7&(t) =-vp/(1-t ).

T (700 Hz)
&T (700 Hz)
T (10 MHz)
~T (10 MHz)

0.10

B.06
0.16
8.00

& 0.15

0.08

B.98 K
0.12
3.84

& 0.20

7 p (exp)
Tp (GE)

0.10

(2.5 + 0.4) & 10
4.3x 10

0.08

(1.5 = 0.4) && 10 sec
1.9 && 10 '~

The measured system sensitivity was -10 "W.
The sample formed part of the center conductor

of a cylindrical coaxial cavity resonating in the

7Ep yy TEp I mode s, and was electrically insulat-
ed from the surrounding cavity pieces by thin
Mylar spacers. In order to avoid excessive sam-
ple heating, the input power was reduced to 10
mW, corresponding to a field amplitude H -0.2

Qe at the specimen surface.
In addition to qualitative studies on many sam-

ples, we have carefully measured the third-har-
monic power from two high quality samples with

& =0.10 and 0.08. The low frequency T, data are
summarized in Table I. Mutual inductance and
skin depth measurements were made at 700 MHz,
respectively, in order to measure the bulk and
surface properties separately. Table I indicates
that the transitions of these two samples were
quite sharp, and that their surfaces did not differ
significantly from the bulk.

Microwave data for one of these samples are
shown in Fig. 1. The data for the other are simi-
lar but with slightly more scatter. A fit to the
GE theory is shown, using the height of the curve
a.s an adjustable parameter. For each sample a
sha vp trans ition was as su med on the following
bases: the absence of any coarse concentration
inhomogeneities in the electron microscope scans,
the spreads of the transitions given in Table I,
and the steepness of the slope at T, of the observed
P, ,, versus temperature graph, as shown by the
points in Fig. 1. Comparisons of the latter curve
with theoretical curves into which a Gaussian
distribution of T, had been folded indicated ~T,
=0.05 K. Agreement with the theoretical temper-
ature dependence is quite good for t 0.9, although
:or lower temperatures the power output is higher
.han predicted. However, as shown in Table II,
:he experimental values of the constant 7p are
&bout an order of magnitude larger than predicted
&y the GE expression ra=3/(2& 7,2', ), where T,
is obtained from the Abrikosov-Gor'kov expres-.ion" for T,(~,).

It is not surprising to find disagreement with
the GE theory, since the theory assumes T,T,
«1, whereas for practical reasons the alloys
studied in this experiment had 7,T,-1. (Attempts
to produce higher concentration alloys result in
precipitation of gadolinium. ) For dilute alloys,
with 7,T,» 1, Eliashberg" has shown that the
simple TDGL equation is replaced by two coupled
differential equations. Instead of one character-
istic frequency ~R =a~, there are now two. The
condition 5,~ = 6„occurs at ~„which is the same
order of magnitude as ~~, but the adiabatic re-
sponse of 6 now falls off at a different frequency

The greater complexity of the dilute
limit arises because the diffusion process of pure
superconductors displaces the homogeneous spin-
flip pair-breaking process that dominates the or-
der parameter relaxation mechanism in the con-
centrated limit.

Since neither of these limits is applicable to the
present experiment and there is as yet no theory
dealing with the case T,T, -1, we have construct-
ed from the GE and Eliashberg limits a hybrid
model, v hich we use to further analyze the data
of Fig. 1. In the spirit of the Eliashberg theory,
we assume that the electromagnetic behavior is
goverened by two characteristic frequencies,
=~s and ~, '«~, '. (The choice of ~, '=~, would
noi significantly change the analysis. ) From the
expressions given above for I', and G, it can be
seen that in the GE theory P, , = D/(1+4~'7s').
D depends only on the thermodynamic and linear-
response pa. rameters (H„5L, k, k, .), while the
denominator comes from the nonlinear behavior,
i.e. , the driven oscillations of the order pararn-
eter. The same is true of Eliashberg's theory in
the limit of large values of the Ginzburg-Landau
parameter ~, except that v„must be replaced by
w, = ~, ' = x'ver, ', where v = ~~ '7,T,/ 14&(3) = 1.24
&7,T,. We assume that a similar factorization is
also valid here and so write P,„=D'(1+4~'7,'-').
For ~v, '~&1, D/P, =4~'r, ". The observed va. l-
ues of P, , have been combined with the calculat-
ed" temperature dependence of D to obtain T„' at
different temperatures.

932



VOLUMF. 37, NUMHF. .R 14 PHYSI CAL R. E VIEW LETTERS 4 0|:TooER 1976

IQ—

of the values of v for our specimens, a more
quantitative comparison of the theoretical and ob-
served values of To 1s not warranted.
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LaSn, system and J. W. Rue for rnicroprobe an-
alysis. Assistance fl"om D. K. Finnemore, E. M.
Forgan, M. B. Maple, L. M. Miller, and R. D.
Parks is gratefully appreciated.
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FIG. 2. P&gD versus {1 t) . Assu-ming I'»/D CL {1
+4~ 7.2' ), and ~72' » 1, then slope yields the expo-
nent n in the relation y&'c (1—t~) "/~.

Anticipating r,"~(1-f'} ", we have plotted
ln(P, /D) versus ln(1-f') as shown in Fig. 2 for
the x = 0.010 sample. Note the striking agreement
with the value I = 2 {the large error bars on the
lower points are due to the uncertainty in T,},
which indicates that the order-parameter relaxa-
tion time varies as (1-f') ', i.e. , as (1-f) ' for
t-1. This is the form predicted by the GE theory
and also the high tc limit of Eliashberg's theory.
However, it is in contrast to the inverse square
root dependence, i.e. , T ~(1-f) '~', found in
most cases' ' in the various relaxation times in
superconductors with energy gaps. The one ex-
ception is in the recent experiment of Schuller
and Gray' in which the relaxation time was found

to vary as (1-f)
The Eliashberg theory also indicates why the

experimental values of 7, in Table II are greater
than expected from the GE theory. The values of
the Ginzburg-Landau parameter z fox our speci-
mens are estimated to be much greater than one,
in which case the theory predicts T,/Ts -~,/'~,
= ~'v» l. In the absence of an accurate knowledge
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