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ELECTRON DRAG AND FLOW STRESS IN NIOBIUM AND LEAD AT 4.2°K
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(Received 8 July 1968)

It has been found that the flow stresses of superconducting niobium and lead at 4.2°K
increase in the transition between superconducting and normal states produced by an ex-
ternal magnetic field. The ratio of the increment to the flow stress in the superconduct-
ing state is 2.9% in lead and 0.6% in niobium. It is concluded that the conduction elec-
trons in the normal metals are impeditive for the motion of dislocations.

Recently, measurements of the dislocation ve-
locity in metals such as copper, zinc, and cop-
per dilute alloys have been made independently
by Vreeland et al.»»? and one of the present au-
thors (T.S.).3”% According to their measure-
ments, the dislocation velocity at the yield point
in these metals is about 10° cm/sec, which is
about 10° times larger than the velocity in all
other materials hitherto measured, such as LiF.
It is possible, therefore, that the dislocation
motion in pure metals of such a high mobility is
largely controlled by the electron drag at low
temperatures, where the phonon drag becomes
vanishingly small.® The electron drag in metals
has been discussed theoretically by Mason,” Titt-
mann and B6mmel,® Kravchenko,® and Huffman
and Louat,'® and the drag constant B, is proposed
to be of the order of 103 to 102 cgs. This is
not so much different from the values obtained
by internal-friction experiments by Hutchison
and Rogers!! and Mason,* and also estimated
from the flow stress of aluminum deformed at
high strain rates by Ferguson et al.*®

The present experiment will present a more
direct evidence of the effect of the electron drag
on flow stresses of niobium and lead by observ-
ing their differences between the superconducting
and normal states at the same temperature,
4.2°K. The transition from the superconducting
to the normal state or vice versa was made by
the use of a superconducting magnet without
changing the mechanical state of a specimen or
during a continuous plastic flow.

Specimens of single crystals of niobium were
made in our laboratory as described before.*
Final anneal of specimen crystals was given at
1300° in a vacuum better than 8.5X10™® mm Hg
for about two days. Sizes of specimen crystals,
of rectangular cross section, were about 0.2X1
X20 mm. Tensile tests were carried out at
4.2°K in a cryostat fixed on the moving cross-
head of an Instron testing machine. Each speci-
men was set at the center of a superconducting
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magnet in the cryostat so that an applied magnet-
ic field was parallel to the tensile axis.

Curves A and B in Fig. 1 are reproductions
from the recorder of a typical load-elongation
curve of niobium. Two kinds of specimens were
used, the tensile axes of which were parallel ap-
proximately to the (110) and (112) directions, re-
spectively. Curve B illustrates a repeated vari-
ation of flow stress in accordance with the varia-
tion of the strength of the applied magnetic field
H during a continuous plastic deformation. The
appropriate strengths of magnetic field to estab-
lish the specimen in the mixed and the normal
states were chosen from the magnetization curve
of niobium prepared as in the present work.

It is remarkable that the flow stress is always
larger in the mixed or the normal state than in
the superconducting state (H#=0). The incre-
ment of flow stress produced by the application
of magnetic field was never observed without the
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FIG. 1. Effect of magnetic fields on the load-elonga-
tion curve of niobium single crystal at 4.2°K. Curve A
is taken for the superconducting state, and curve B
shows the effect of magnetic fields on a continuous
plastic deformation, where S, M, and N designate the
superconducting, mixed, and normal states, respective-
ly, and the field was parallel to the tensile axis of the
specimen crystal near {110).
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motion of the crosshead of testing machine. The
increment Ao observed between the normal and
superconducting states was about 0.7 % of the

flow stress in the superconducting state. The
flow stress in the mixed state was slightly small-
er than that in the normal state.

Similar measurements were made on polycrys-
talline lead specimens of 99.9999% purity, which
were formed by rolling and a subsequent anneal-
ing. Figure 2 is an example of the results. The
increment of flow stress was 3.5% of the flow
stress in the superconducting state (#=0). Dur-
ing plastic deformation, the electric current of
the superconducting magnet was increased con-
tinuously, and a critical field was determined
corresponding to a sudden change in flow stress.
The critical magnetic field thus determined was
584 Oe, which is in good agreement with the su-
perconducting critical field defined from the
magnetization curve. Furthermore, the varia-
tion of Ao with magnetic fields above the critical
field was rather small, so that a detailed infor-
mation of that dependence is necessary for much
more precise studies.

Regarding dislocations in superconductors, on-
ly the static interaction with magnetic fluxoids in
the mixed state of type-II superconductors has
been so far discussed theoretically.!®>!® The in-
crement of flow stress found by the present work
cannot be explained by such an interaction, how-
ever. The increment was observed as a differ-
ence between flow stresses in the normal state
and in the superconducting state, and not partic-
ularly concerned with the mixed state of the type-
II superconductor. It is also clear because the
effect is found not only in niobium but also in
lead, a type-I superconductor.

Suppose a dislocation is moving under an ap-
plied shear stress at a speed v. Then the drag
stress 0,, due to conduction electrons in the
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FIG. 2. Effect of magnetic fields on the load-elonga-
tion curve of polycrystalline lead at 4.2°K. On and off
marked along the curve refer to the switching opera-
tion of a superconducting magnet installed in the cryo-
stat: H;=1930 Oe and H,=4790 Oe, which are both
larger than the superconducting critical field H.. No
increment of flow stress was observed by the applica-
tion of a magnetic field below H,.

normal state, will be
=B
o, ev/b,

where b is the magnitude of the Burgers vector.
Since the drag constant B, and, accordingly, o,
in the superconducting state of niobium or lead
at 4.2°K can be practically neglected, the stress
increment is given by

Ao~0 =B
G0, ev/b.

This is valid because the application of a mag-
netic field does not change the mechanical state
of specimens and, moreover, fractional changes
in elastic constants of the metals concerned due
to the magnetic transition are only 10~ to 1075%.%"

Table I. Calculation of the dislocation velocity v from observed increments of flow stresses Ac between the
normal and the superconducting states of niobium and lead at 4.2°K. B, is the electron-drag constant estimated

from the Kravchenko theory.

Shear strain Flow Shear
rate stress o strain € Ao Ag/o B, v
Specimen (sec™1) (kg/ mm?) %) (kg/mm?) %) (cgs) (cm/sec)
Nb (110) 7x10~5 37 0.2 0.29 0.78 1.6x10~8 5.2x10?
(112) 34 0.04 0.2 0.59 3.6 x10?
Pb annealed 4x1075 0.29 0.2 0.010 3.5 2x1073 1.8x10
as rolled 0.53 0.2 0.012 2.3 2.1x10
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Using theoretical values of B, estimated from
Kravchenko’s theory and observed increments
Ao, the velocity of dislocations is calculated as
in Table I. For polycrystalline lead, shear
stress and shear strain listed in Table I are ob-
tained by multiplying the tensile stress and ten-
sile strain by factors z and 1/1.4, respectively.
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ACOUSTIC PLASMA MODES IN HIGH MAGNETIC FIELDS*
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The splitting of conduction electrons into Landau levels leads to quantum acoustic
plasma modes because each level behaves as a separate species. The dispersion rela-
tion for these modes is derived and platted in the long-wavelength approximation for
high magnetic fields. Effects of Landau damping and electron scattering by impurities
are estimated for semiconductors such as InSb.

In an electron-hole plasma, there are oscilla-
tions in which the holes (+) and electrons (-)
move in phase with each other—the acoustic
plasma mode.! Assuming that holes are heavier
than electrons, the acoustic frequency is

w=(m_/2m ) kv_.

When a magnetic field is applied to a degener-
ate electron plasma, a different type of acoustic
mode becomes possible without the presence of
holes. The magnetic field divides the electron
gas into levels corresponding to the possible cy-
clotron frequencies—the Landau levels—and the
phases with which electrons in different levels
move with respect to one another must be such
as to preserve charge neutrality. Another way
of viewing the process is to calculate the elec-
tron motion under the influence of a pressure
due to the resiliency of the Fermi distribution,

pP= §EFne.
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In the linear theory, each group of electrons
characterized by a single level number and spin
index behaves as a separate species, much like
ions (or holes) and electrons in nondegenerate
plasmas. In the case where only the lowest Lan-
dau level is occupied, quasineutrality requires
that electrons with opposite spin indices move
with opposite phase; the picture is more compli-
cated if additional levels need to be considered.
An applied longitudinal electric field will be
transmitted at the resonant acoustic frequencies.
In general, there will be different resonant fre-
quencies for each Landau level, and even for
each spin level within the Landau level. The
number of these frequencies increases rapidly
with the number of Landau levels lying inside the
Fermi surface. Momentum scattering of the
electrons will lead to damping of the waves, but
at high magnetic field (we > w), in some semi-
conductors such as InSb, the effect is small.

To derive the dispersion relation for the acous-



