PHYSICAL REVIEW VOLUME

126, NUMBER 4 MAY 15, 1962

Nuclear Spin-Lattice Relaxation in Superconducting Aluminum Alloys
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The nuclear spin-lattice relaxation time, T, of superconducting aluminum alloys which contain up to
0.16% zinc or germanium has been measured in the range of 0.37°K to 1.2°K. A field cycling method was
used. T'; decreases slightly (less than 309;) with increasing-impurity concentration. The experimental data
indicate that the anisotropy of the energy gap decreases with increasing reciprocal mean free path. The
results are explained by means of the theory of dirty superconductors introduced by Anderson.

INTRODUCTION

HE measurement of the nuclear spin relaxation

time, 7'y, in superconducting metals is interesting
because it provides a test of the gap model in the
Bardeen, Cooper, and Schrieffer' (henceforth referred
to as the BCS) theory. Hebel and Slichter first measured
T: in superconducting aluminum.? They found that
their results, when taken together with a result by
Reif in superconducting mercury, would be impossible
to explain on the basis of the conventional two-fluid
model, but are explained by the BCS theory.2:3 Further
support for the BCS theory is found in the work of
Redfield,* and of Masuda and Redfield,> who measured
T: in superconducting aluminum with increased
accuracy and over a wider temperature range (7./T
=0.9 to 3.9, where T,=1.178°K is the critical temper-
ature of aluminum). Measurements of T in super-
conductors recently were extended to cadmium,® for
which the behavior is practically identical to that in
aluminum.

These experiments on both superconducting alumi-
num and cadmium show that these metals have an
energy gap at absolute zero of 2¢,(0)=3.2kT", assuming
that the BCS density of states function is smeared
over a range of about 1/10 of 2¢(0). The BCS theory
applies to the homogeneous, pure, and isotropic electron
gas with a simplified interaction term and pure plane-
wave functions. If, instead of the constant electron-
electron interaction, one were to use wave functions
and an electron-electron interaction which are non-
constant and anisotropic (as might be expected in
actual metals), one would expect to find that the
energy gap is a function of a momentum vector, as
well as temperature. Thus, the energy gap of a single
particle excitation depends upon the direction, as well
as the magnitude of its momentum vector. But nuclear-
spin relaxation has no momentum selection rule for the
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initial and final states of the transition, so the average
density of states determines 7', not the density of
states in any particular % direction. Thus, as far as
spin relaxation is concerned, the effect of anisotropy
is to smear the BCS density of states by an amount
equal to the anisotropy. Such a smearing was in fact
introduced by Hebel and Slichter? to obtain order of
magnitude agreement between their data and the BCS
theory; without any such smearing the BCS theory
predicts a very short relaxation time, which is a
consequence of the singularities in the density of states
function at the edge of the gap. The later data®*®
could be explained quantitatively by assuming a
smearing or anisotropy of the gap which is one tenth of
the gap at all temperatures; in other words, as the
temperature increases toward 7', the absolute value of
the smearing decreases. Of course, the BCS density of
states could be smeared by excitation lifetime or
other effects, but the anisotropy interpretation seems
the most natural,® and is also supported by the results
reported in this article.”

In a dilute alloy, plane-wave states with fixed spin
are no longer good one-electron functions. Anderson?®
developed a BCS type of theory for dirty superconduc-
tors, in which elastic scattering from physical and
chemical impurities is large compared with the energy
gap. He argued that a ground-state pair should be
formed by pairing a one-electron state with its exact
time reverse. This is a generalization of the & up, —%
down pairing of the BCS theory which is independent
of impurity scattering. If the electronic mean free path
is large compared to the coherence length, the impurities
will mix plane-wave states weakly as the electron moves
through a coherence length. But when the mean free
path is small compared to the coherence length, the
wave function can no longer be approximated by a single
plane wave. Thus, the states are taken more or less
randomly from all parts of the Fermi surface, thereby
removing the source of anisotropy in the energy gap.
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pointed out to us the role of anisotropy in nuclear relaxation in
superconductors.

1271



1272

Chanin, Lynton, and Serin? have measured the effect
of the electron mean free path, /, on the superconduct-
ing-transition temperature T',. Their results show that
(i) for small impurity concentrations 7', decreases
linearly with increasing reciprocal mean free path 1/1,
(i1) for large impurity concentration 7', shows different
behavior according to the valence difference between
solvent and solute. 7', has a sharp upward trend for the
specimens which contain the electro-positive impurities;
for those with the electronegative impurities 7', tends
to flatten out, and then to saturate.

Recent measurements! of 7', for Al-Zn alloys revealed
that a Zn-rich solid solution (21 at. 9, zinc) is super-
conducting at a temperature above T, for pure alumi-
num. The addition of such a large amount of impurity
sets up strain-induced electric field gradients which
interact with the nuclear-quadrupole moments, thus
affecting the relaxation process in a complicated way.
Therefore our measurements of 7'y were limited to the
samples which contained small concentrations of
impurities.

In this paper, we shall describe measurements of T
in superconducting aluminum alloys containing small
amounts of an electro-positive impurity (Zn) or an
electro-negative impurity (Ge).

EXPERIMENTAL DETAILS AND RESULTS

The measurements were done in the temperature
range between 0.37°K and 1.2°K using a He? cryostat.
A field cycling method?® was used to measure Ty In
this method the nuclear spins are first polarized by the
application of a large field (about 4000 gauss) for a time
long compared to 7. Then the field is turned off, and
the spins relax at zero field in the superconducting state.
After a variable time 7, the field is turned on again to
about 1000 gauss and immediately swept past 1045
gauss to observe the spin polarization in the normal
state by nuclear resonance. From the variation of the
resonance signal intensity with 7, which is proportional
to the spin polarization at that time, the relaxation time
can be determined.

Professor B. Serin of Rutgers University very kindly
supplied ingots of the aluminum alloys for which he
had measured the dependence of T, on the electron
mean free path.® In order to eliminate undesirable im-
purity contamination caused by filing, the ingots were
drawn into wire of 0.0065 cm diameter, and then cut
into pieces roughly 0.5 mm long. This material, along
with some uncut pieces of wire was then annealed at
450°C for 20 hr in a vacuum of about 10~* mm Hg and
cooled slowly.

After the annealing, the residual resistance of the
uncut pieces of wire was measured in order to obtain
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TasLE I. Properties of the samples used. AT'* is the corrected
change in critical temperature relative to an ideally pure
aluminum; p is the measured value of the residual resistance
ratio and 1/I the reciprocal mean free path. The data on AT *
were taken from reference 9.

Concentration  AT* 1/1
Impurity (at. %) (°K) P (108 cm™)
Zinc 0.036 —0.0123 0.0060 0.0038
0.055 —0.0170 0.0088 0.0055
Germanium 0.012 —0.0073 0.0070 0.0044
0.039 —0.0100 0.0195 0.0121
0.160 —0.0019 0.0552 0.0342

an index of the homogeneity of the alloy, and of the
electron mean free path. From the measured resistance
values R and Rj.5, at room temperature ¢ and at 4.2°K
respectively, we calculate for each specimen the residual
resistance ratio®

p=Ry.s/ (R—Ry.2)(1—at), 1

where « is the temperature coefficient of resistance for
pure aluminum at 0°C. From the linearity of the
increase in p with composition, we are fairly sure that
the alloys were reasonably homogeneous and in solid
solution. Our measurements of p, which are shown in
Table I, were in good agreement with Serin’s, of course.
Table I also includes the experimental data of the
corrected change in critical temperature AT * relative
to ideally pure aluminum, as measured by Chanin,
Lynton, and Serin.?

We measured the 7 of aluminum alloys containing
0.036 and 0.055 at. 9 zinc and 0.012, 0.039, and 0.16
at. 9 germanium. The results for 7 in the supercon-
ducting state are shown in Figs. 1 and 2, as a function
of T,/T.

DISCUSSION

In the superconducting state the 7'; experimental
data for pure metals are in semiquantitative agreement
with the predictions of the BCS theory, assuming that
the quasi-particle levels are not perfectly sharp.2 This
avoids the singularity in the BCS density of states at
the edge of the energy gap and thus it will give a theo-
retical T'; of the same order of magnitude as experiment.
The source of this level broadening was uncertain. The
present work suggests that the broadening arises from
anisotropy of energy gap.

The theoretical equation for the relaxation rates, R,
and R,, in superconducting and normal state is given
by?

Ro/Ro=2 / p2(ET)[1+e(T)/ EF1f (E,T)
X[1—f(ET)E, (2)

where p,(E,T) is the normalized density of states in
the superconductor, which from BCS theory has a
temperature-dependent gap of half-width ¢ (7T’) centered
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about the Fermi energy Ep, and f(E,T) is a Fermi
function. The zero of the energy E is taken to be Ep.
Hebel and Slichter obtained the density of states p, by
weighting the BCS density of states, pscs, with a
function which characterizes the breadth of the energy
levels. If an energy level breadth function is assumed
to be a rectangle of width 2A and height 1/2A, then

F+A
pncs(E/,T)dE". 3)

E-A

ps(E,T)=(24)7

Using Eq. (2), we can calculate the temperature de-
pendence of T for various values of r=¢(0)/A. The
parameter A might be temperature dependent as de-
scribed elsewhere in detail.? The prediction correspond-
ing to the assumption of A(T") proportional to (7"
gave theoretical results which fit the data very well, in
the case of pure metal. Thus, we regard the data on
pure metal as evidence for the existence of an anisotropy
in energy gap which, at any temperature, is of the
order of 109, of the gap itself.

The experimental data on Al-Zn alloys are shown in
Fig. 1. The data on the 0.036 at. 9 Zn alloy agree well
with theory, assuming 7=40¢(0)/ (7)) and using the
same energy gap 2e(0)=3.2kT, as that used in pure
bulk aluminum (solid line). Data on the 0.055 at. 9%
Zn alloy show that 7 increases to 60 but the energy gap
remains the same. Roughly speaking, the increase of 7
is proportional to the inverse mean free path 1/1.

The results on Al-Ge alloy are shown in Fig. 2. The
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F1c. 1. Measured values of T in Al-Zn alloys. T'. was taken to
be 1.178°K. The solid lines are calculated using the BCS density
of states smeared over a range of 1/10, 1/40, and 1/60 of the
energy gap at 7'=0, assuming a smearing proportional to the
energy gap. Data taken on a pure sample (not shown; see reference
5) are in good agreement with the curve for »=10€(0)/eo(T).
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Fi1c. 2. Measured values of 77 in Al-Ge alloys assuming

T.=1.178°K. The theoretical curves are calculated as in Fig. 1.
The dashed line is calculated using an energy gap of 3.35kT.

data for 0.012 at. 9, Ge alloy show that7=30¢:(0)/eo(T")
and 2¢(0)=3.2kT,. The data for 0.039 at. 9% and 0.16
at. 9, Ge alloys, are both quite close to the line
r=40€0(0)/eo(T) and 2€(0)=3.2kT,, but in the high-
temperature region there is a tendency to follow the
line of r=60€(0)/eo(T) and 2¢(0)=3.35kT, (dashed
line). If this is so, then the experimental data are close
to the value of 3.5k7, as predicted by BCS for the case
of constant interaction. As can be seen from these
figures, the parameter  can be estimated to an accuracy
of 4=209, or better.

Fig. 3 shows the relation between r and AT .*, where
AT.* is the corrected change in the critical temperature
relative to ideally pure aluminum, which was measured
by Chanin, Lynton, and Serin. Except for the 0.16 at.
9%, Ge alloy, we can see that the change in 7 is roughly
proportional to the AT ¥,

As we add impurities, the individual momentum
states are scattered around the Fermi surface. There-
fore, the angular dependence of the energy gap is re-
moved from the individual excitation energy gap. If A
represents an anisotropy of the energy gap present in
pure aluminum, A decreases (or 7 increases) as the im-
purity concentration increases. For sufficiently small
concentrations of impurities, the experimental data
indicate that 7 increases linearly with increasing recipro-
cal mean free path. This apparent linear increase of 7
with ™! may be fortuitous, since the accuracy of our
determination of 7 is poor. One expects %, not 7, to be
the significant quantity, since ! is presumably a meas-
ure of the anisotropy.

The data on 0.16 at. %, Ge alloy indicate that the
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energy gap width will be close to the value predicted
by the BCS theory in the case of constant interaction.
Once the mixing is complete, the effect on supercon-
ductivity should saturate. If we could measure 7 in
very impure samples without quadrupolar effects, the
saturation value of  might be observed. But, as 7'y is
proportional to logr for 7<T,, it should be hard to
determine 7 correctly.

It is perhaps interesting to note that there is a cor-
relation between our values of 7! and the AT';* observed
by Chanin, Lynton and Serin.?!* Within the rather large
experimental error the following empirical expression

11 See also B. Serin, reference 7, p. 194.

YOSHIKA MASUDA

holds:
AT */T.==0.002¢/14+0.12r1—0.012. 4)

Here £ is the coherence length. The minus sign applies
to electropositive impurities and the plus sign to electro-
negative impurities. The second term of (4) might be
regarded as the contribution of anisotropy to T,
although this interpretation is questionable in view of
the high-concentration data of reference 10, where the
anisotropy may become unimportant.

Recently, Yaqub'? measured the electronic specific
heat in the superconducting state of pure tin and tin-
indium alloys of 1 and 29, concentrations. His data did
not give any direct confirmation on the existence of
anisotropy of the energy gap, but they showed that the
exponential law derived by BCS should be obeyed by
alloys more exactly than by pure metals, according to
the same reason which was stated above in our case.
Infrared evidence supporting our interpretation of these
data has recently been reported by Richards.!

We believe that our experiments on 7 in aluminum
alloys, together with 7', specific heat, and infrared
measurements on impure superconductors provide
experimental confirmation of the theory of dirty
superconductors.
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