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first order only are included when two waves are exact-
ly parallel or perpendicular to each other. However,
D~/bW& is not a small parameter for our experimen-
tal conditions. It should also be noted that some terms,
which are not small, are ignored in the above referenc-
es without any reasons given.
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Mixed-State Superconducting Pb-In Alloys*

M. Suenaga and J. M. Galligan
Brookhaven National Laboratory, Upton, Nese York 11973

(Received 27 April 1971:revised manuscript received 25 June 1971)

The magnetic field dependence of the stress changes associated with the normal-to-su-
perconducting-state transition was measured for single crystals of Pb-5 at.% In and Pb-
10 at.% In, and was found to be in agreement with the magnetic field dependence of the
ultrasonic wave attenuation in type-II superconductors.

Plastic deformation of metals takes place
through the motion of dislocations, and this mo-
tion is retarded by lattice defects and by drag
on the disIocations due to interactions of the dis-
locations with phonons and conduction electrons. ' '
At low temperatures the retardation of disloca-
tion motion by phonons is thought to be negligible,
while the role of the conduction electrons in low-
temperature deformation has received very little
attention. Recent experiments, ' "however, have
shown the inQuence of the transition from the
normal-to-superconducting state on the plastic
properties of metals and, thus, the influence of
the conduction electrons. It was originally sug-
gested that this effect was associated with a vis-
cous electron drag acting on moving dislocations,
but no satisfactory model has been given. ' More
recently, a theory has been given by Granato~ and
independently by the present authors" to describe
the effect of the superconducting state on dislo-
cation motion. The theory is based on the vibrat-
ing-string model of dislocation motion. ""In
this model a pinned dislocation segment can bow
out an additional amount in the superconducting
state, compared with the normal state, because
of the reduction in the electron viscosity in the
superconducting state. Hence, the line tension
on the pinning point is larger in the superconduct-
ing state than in the normal state. Consequently,
the applied stress required to depin a dislocation
segment from a pinning point is less in the super-

conducting state than in the normal one. The dif-
ference in the stress, 4o„„is given by "

ho„, =f,B„(1—BJB„)[-16b~(wpG)'"] ',
where f, is the pinning force; B„and B, are the
viscosity in the normal and the superconducting
states, respectively; and b, p, and G are the
Burger's vector, the density of the material,
and the shear modulus, respectively. Also, at
low temperatures ~„and 8, are assumed to be
mainly due to the conduction electrons.

In addition, some interesting measurements
have been made on some lead' and lead-based
alloys" of the temperature dependence of the
stress changes during the stress relaxation,
n. o„(t), associated with the superconducting trans-
ition at various reduced temperatures t = T/T,
(where T is the temperature and T, the critical
temperature of the metal), and these results
have been found to correspond approximately to
the attenuation of an ultrasonic wave in a super-
conductor. It has also been suggested that the
temperature dependence of the drag force on mo-
bile dislocations in the superconducting state
is similar to that of the attenuation of an ultra-
sonic wave in a superconductor, "" It is of
interest then to consider the influence of the
magnetic field on the stress-relaxation (or flow
stress) changes in some lead-based, type-II
superconducting alloys since measurements and
theories exist for the inQuence of the magnetic

72i



Vox.vME 27, NUMBER 11 PHYSICAL RKUIKW LETTERS 13 SEPTEMBER 1971

(a) (b) ( I
—B/HC2)

I /2

NORMAL
SUPERCONDUCTI NG

STATE
H=2.4 kG

Ml XED
STATE SUPERCONDUCTING

STATE
H = 89 I GAUSS

I .0
I.O

0.8—

0.8
I

o ~ IN
k D

0.6 0.4 0.2

zt:oz
—K

z cL

+ CO

g K

TIME

hcrp (B»Hc2)

20 sec
f

Pb-5 at. T.&

TIME

20 g/mm

Al

0.6—
b

o.~—
a"

b
0

0.2
0

XQ

0 0.2
I

0.8 I.O

I I

0.4 0.6
B/ HC2

FIG. 2. The magnetic field dependence of stress
changes Aoz(B) as functions of 8/Ha2 (open symbols)
and (1 -BjHc2)~ (closed symbols) for Pb-P at.% In.
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FIG. 1. Typical stress changes during stress relax-
ation as the applied magnetic field changed from (a) H
-H~2 and (b) Hc2 H-H&& to 0. (c) A magnetization
curve of the Pb-5 at.% In single crystal.

fields on the ultrasonic wave attenuation in mixed-
state, type-II superconductors. In this Letter,
measurements of the magnetic field dependence
of the stress changes, ho+(B), in single crystals
of Pb-5 at.% In and Pb-10 at. % In are reported,
and the results are compared with theories of the
magnetic field dependence of ultrasonic attenua-
tion of longitudinal waves, a(H), in a mixed-state
superconductor. These results are discussed
in terms of dislocation motion in metals, espe™
cially at low temperatures, and in relation to
Eq. (1).

The stress-relaxation measurement consisted
of deforming a specimen to a stress 0 in a given
magnetic field H, stopping the deformation for
a period T, and then switching the applied field
to 0 [Figs. 1(a) and 1(b)]. A change in stress,
ho„(B), is a function of both r and o in general;
ho„(B - H„) decreases slowly with increasing
T, and the significance of such an effect of 7 on
4o„has been discussed elsewhere, including
methods of specimen preparation and testing tech-

niques. In alloys, ~o'~ varies very little with
increasing applied stress 0 beyond the macro-
scopic yield stress of the alloys in contrast to the
case for pure lead crystals.

In the course of the experiment, complete mag-
netization curves were obtained before the initial
deformation and after every two or three 4o'a(B)
measurements so that the reduction in the cross-
sectional area could be folio~ed with increasing
deformation. A typical magnetization curve is
shown in Fig. 1(c)." In addition, the normal-
state resistivity of the tensile specimen was also
measured as a function of applied stresses by
a standard four -probe, resistivity-measuring
technique. Since the length and the cross-sec-
tional area of the specimen vary as it is deformed,
the measured resistivity p„has to be corrected
for such changes. The corrected values of p„
are found to be constant within the present ex-
perimental sensitivity. This is consistent with
no observable change in Il„since JJ„is a func-
tion of p„.

Finally, by using magnetization curves, val-
ues of B were measured for each b,o„(B), and
the results plotted in a normalized form, e.g. ,
ao„(B)/boa(B ~ H, 2) vs B/H, m, in Fig. 2. For
the three alloys (two Pb-5 at. % In and one Pb-10
at. % In) which were tested, all showed nearly a
parabolic dependence of ha„(B)/Ao„(B ~ H„) on
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B/H„. It is of interest to note that such a de-
pendence of ho'(B) on B is the same, for all prac-
tical purposes, as the dependence of the ultra-
sonic attenuation on H in a mixed-state, type-II
superconductor. " H„ for the alloys was mea-
sured from magnetization curves using the cri-
teria which were used by Farrell and Chandra-
sekhar, "as indicated in Fig. 1(c).

It is of interest to compare the present results
with the theoretical mixed-state, longitudinal-
wave ultrasonic attenuation calculations. Some
pertinent theoretical results are first briefly
summarized. For the type-II superconductors,
the magnetic field behavior can be divided into
three regions, (a) Ha Hr~, (b) Hr~&H&H„, and

(c) H~ H„, where Hr~ is the initial flux-penetra-
tion field.

In the region (a), the longitudinal-wave elec-
tronic attenuation ratio a(B, t)/a„ is proportional
to B/H„,"where a. (B, t) and a„are the attenua-
tion for P=O and for the normal state, respec-
tively.

In the region (b), the theoretical expressions
for the attenuation are on a qualitative basis, "~'
and it has been suggested that a parabolic rela-
tionship between o.(H)/n„and H should hold, e.g. ,
[1—a(H)/a„] ~ (1 —}'r)"I, where lr = H/H„.

Finally, for the region (c), a theoretical ex-

pression for a(H)/a„ is given~~ '4 as

ep„c H, m

—H

T, (2)

where c,(t) is a universal function" of t = T/T,
and P=1.16.

We first give a qualitative comparison of the
theoretical expressions for the electronic attenu-
ation of a longitudinal ultrasonic wave with the
present experimental data on the stress changes.
In Fig. 2 it is seen that ha(B)/Ao(B ~ H„}varies
linearly with applied fields in the two regions
(a) and (c). Also plotted in Fig. 2 is r &r(B)/L&r(B
~ H„) as a function of (1 B/H-„)'"; there is a
large magnetic field region (b) where b, o'(B}/
av(B ~ H„) is linear with (1-B/H„)" . Hence,
in a11 regions of H, a very good qualitative cor-
relation between ao(B}/nor(B ~ H„) and a(B}/
a„exists. Furthermore, one can make a quan-
titative comparison with the theoretical expres-
sion in region (c}. We can obtain K, (t) from Eq.
(2) and also from a magnetization curve; the two
independent values for «(t) so obtained are com-
pared. Also, for simplicity, B and P are used
interchangeably in the regions (b) and (c).

In order to obtain «(t) from the stress changes,
it is reasonable to assume the following relation-
ship between ao„(B) and e(B):

&(r„(B) o„(B)—o~(0) a(B) a, a(B-)/a„- a, /n„
ao„(B~ H„) (r„(B~ H„) —v„(0) a„—n, 1 —n, /a„

Then from Eq. (2), «(t) can be calculated. Also,
«~(t) is obtained from the magnetization of the
specimen" using 4rr(d~/&H-)„=„={0[2&,'(t)—I]) '.
The calculated values of «(t) for alloys are
«~(Pb-5 at. %%uo In) =1.44an 11.85by themagnetiza-
tion and by the stress relaxation methods, re-
spectively; for Pb-10 at. %%uo In, therespective
values are 2.42 and 2.90. Recognizing that Eq.
(2) is most applicable for «'~ » 1, the values for
«~(t) which were determined by two methods are
in reasonably good agreement for all the alloys
tested. Also, the values of the measured-normal
state resistivity of the alloys are probably higher
than the actual values since the measurements of
the cross-sectional area of the tensile specimens
were made at the smallest part of the gauge sec-
tions. Such an overestimate of the resistivity
also tends to increase values of «, (t) in Eq. (2).
Hence, an improvement in the resistivity mea-
surements would, perhaps, decrease the present
differences.

It is clear from these observations that some
portion of the flow stress of Pb alloys is related
to a frictional drag on dislocation motion from
the conduction electrons. This is in very strong
contrast to standard interpretations of flow-
stress measurements, which generally involve
only interactions of dislocations and defect bar-
riers. ' In addition, the frictional drag on dis-
location motion by electrons in the superconduct-
ing state is thought to be similar to the electron
attenuation of ultrasonic waves in the supercon-
ducting state as shown in the present experiment,
e.g. , B,/B„= a, /a„ in Eq. (1—). The earlier ex-
periment: on the temperature dependence of 4&x„(t}
for Pb indicated a similar result. "

In summary, the stress changes associated
with the transition from the normal to the super-
conducting state were found to be in good agree-
ment with the attenuation of an ultrasonic wave
in the mixed-state type-II superconductors. This
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indicates that the resistance to motion of dislo-
cations by the conduction electrons plays an im-
portant role in deformation processes at low tem-
peratures, in contrast to ideas about totally
thermally activated processes at barriers, and

that the viscosity for dislocation in motion is
closely related to the ultrasonic attenuation by
electrons,
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P. Raghavan and R. S. Raghavan
Physik Department de~ Technischen Universitat MVnchen, 8046 Garching hei MVnchen, Gexmgny

(Received 11 June 1971)

The nuclear quadrupole interaction of the 247-keV level of Cd in pure Cd metal has
been measured by the time-differential perturbed angular correlation method. The in-
teraction frequency v+ ——(e qQ/h) =125(1) MHz at 298'K. A measurement at 77'K shows
an increase of v+ by 10% instead of a decrease expected from the contraction of the unit
lattice of Cd metal.

Cadmium metal has been the subject of several
recent solid-state investigations, both theoreti-
cal and experimental, ' partly because of its ex-
ceptional nature among hcp metals. One of the
few types of information which is still lacking is
the quadrupole interaction (QI), presumably be-
cause the vanishing quadrupole moments of all
stable Cd isotopes prevent the application of con-

ventional resonance techniques. We report here
the discovery of a strong QI in pure Cd metal at
298'K by the method of time-differential per-
turbed angular correlations (TDPAC) involving
the 247-keV level in '"Cd. An interaction of this
strength has not been reported before although
Kraushaar and Pound' attempted to measure it
in the same level using the inherently less sensi-
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