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with a phase-sensitive detector operating at 500
Hz. The data shown in Figs. 1 and 2 were ob-
tained at the lowest temperature, about 0.4 K.
At temperatures above about 0.7 K, splitting
could not be observed, probably because of ther-
mal broadening of the peak in (df/dV), .

Here it is appropriate to comment on the influ-
ence of spin-orbit scattering. Generally a spin-
orbit scattering rate, 1/T„, will lead to a broad-
ening of the effects discussed above. If it is
small enough (&„4~1), the two peaks in the tun-
neling conductance will be correspondingly broad-
ened, but still well separated. If the scattering
rate is large (Tso«&1), the two peaks are smeared
into one which is of the type found in other pair-
breaking situations. Thin aluminum films are
known to have sufficiently small spin-orbit scat-
tering" rates to make the splitting effect ob-
servable. However, Fig. 3(b) indicates that the
broadening effect due to spin-orbit scattering"
is not negligible and a detailed comparison be-
tween experiment and theory will be made in a
future publication. Another cause for broadening
of the density-of-states curves can be the effect
of the magnetic field on the electron orbits. How-
ever, the estimated effect for the aluminum film
under consideration is very small. The pair-
breaking parameter with which one can calculate
the broadening of the BCS type of density-of-
states curves'" is given by n = 2[H/H, ~~'(0)]',

where H, ~t'(0) is the critical field the film would
have at T =0 if the field would act on the electron
orbits only. One can estimate that H, ~~'(0) is 3.7
times bigger than the measured critical field
H, ~~ (0), thus leading to rather small values for n

Consistent with this reasoning is the fact that the
order parameter b (H) was found not to vary sig-
nificantly with II up to the highest fields, indicat-
ing that the films were in the paramagnetic limit.

In conclusion, we have observed splitting of the
quasiparticle states of superconducting Al by a
magnetic field. The magnitude of the splitting as
well as the shape of the density-of-states curve
are consistent with theory.

We appreciate the help of Mr. Richard MacNabb
in making the tunnel junctions and Mr. Michael
Blaho in making the measurements.

I. Giaever, Phys. Bev. Lett. 5, 147 (1960).
J. Bardeen, Phys. Rev. Lett. 6, 57 (1961); M. H.

Cohen, L. M. Falicov, and J. C. Phillips, Phys. Rev.
Lett. 8, 316 (1962).

J. Bardeen, L. N. Cooper, and J. B. Schrieffer,
Phys. Bev. 108, 1175 (1957).

P. Fulde and B. A. Ferrell, Phys. Rev. 135, A550
(1964); H. Engler and P. Fulde, Phys. Kondens. Mater.
7, 150 (1968).

A. A. Abrikosov and L. P. Gor'kov, Zh. .Eksp. Teor.
Fiz. 39, 1781 (1960) [Sov. Phys. JETP 12, 1243 (1961)];
K. Maki, Progr. Theo. Phys. 31, 731 (1964).

P. Fulde, Phys. Bev. 137, A783 (1965).
J. L, Levine, Phys. Bev. 155, 373 (1967).
P. M. Tedrow, R. Meservey, and B. B. Schwartz,

Phys. Hev. Lett. 24, 1004 (1970).
B. H. Hammond and G. M. Kelly, Phys. Rev. Lett.

18, 156 (1967); H. L. Fine, M. Lipsicas, and M. Stron-
gin, Phys. Lett. 29A, 366 (1969).

K. Maki and T. Tsuneto, Progr. Theor. Phys. 31,
945 (1964).

K. Maki, in Superconductivity, edited by B. D.
Parks (Marcel Dekker, New York, 1969), Vol. 2, p.
1035.

Plastic Flow in Normal and Superconducting Indium*
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Changes in flow stress, which occur in indium at the transition from the normal to the
superconducting states, have been studied in a series of experiments in which strain
rate, state, and temperature are changed independently. The results are consistent with
a simple theory which associates the changes in flow stress with changes in activation
volume and thus with the nature of the interaction between moving dislocations and c.b-
stacles.

In recent experiments by Kojima and Suzuki, '
by Pustovalof, Startsev, and Fomenko, and by
Alers, Buck, and Tittmann, a difference in mac-
roscopic flow stress between the normal and su-
perconducting states in lead, niobium, and indium
has been revealed and studied. In the experi-

ments by Alers, Buck, and Tittmann the chief
characteristics of the change in flow stress are
these:

(a) The flow stress is higher in the normal
state by up to 5%. A small correction can be ap-
plied to the difference to take account of speci-
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men. work hardening.
(b) Tile dlffel'eIlce 1I1 flow 8't1 ess 18 independent

of strain rate over a rate change factor of 50.
(c) The switch from superconducting to normal

states, which is produced by a magnetic field,
appears to stop the dislocation movement until
the normal flow stress is reached.

(d) The change in flow stress is linearly depen-
dent on (T/T, )', where T is the temperature and

T, the critical temperature.
It would appear from these results that a theo-

retical model which relates the increase in flow
stress to an increased electron-dislocation vis-
cosity in the normal state is unrealistic, since
the increase would be dependent on the average
velocity of the dislocations and hence on the
strain rate. As polstulated by Alers, Buck, and
Tittmann, a model in which the dislocations are
held up by obstacles for times greater than the
flow times between obstacles mould appear to be
applicable. A simple model of thermally activat-
ed movement of dislocations past obstacles then
gives the expression

where p is the mobile dislocation density„b the
Burger's vector, d the distance between obsta-
cles, &, the obstacle-barrier attempt frequency,
V the activation volume, o the flow stress, oo a
back stress due to piled-up dislocations which
have passed a particular barrier, and Uo the po-
tential energy of the barrier.

This paper describes a numbex" of experiments
on indium which give new information on the na-
ture of the changes in flow stress. The results
are discussed in terms of Eq. (1). At a fixed
temperature two different types of change can be
impressed on the system, viz. „ the following:

(1) A change in strain rate e to i' at a fixed
temperature. -If the strain. rate is changed sud-
denly while the specimen is being pulled then it
is assumed (a) that the dislocation population and
geometry mill not be altered, i.e. , p, b, d, vo,
and V will remain constant; (b) that the nature of
the obstacles mill remain unaltered, i.e. , &0 con-
stant; (c) that the long-range stress due to piled-
up dislocations will be unchangedq l.e. ~

0'0 COQ-

stant. Under these conditions an observed change
in flow stress from 0 to o' is associated with the
increased strain rate from ~ to e and the activa-
tion volume V is given, from Eq. (1), by

(2)

In this way activation volumes can be found at
different temperatures for the normal and super-
conducting states.

(2) A change of state at a fixed temperature.
—In these expeximents the change of state from
supex'con. ducting to normal is produced by the ap-
plication of a magnetic field. It mould then ap-
pear reasonable to assume that ~, p, b, d, v„
7'. , and Uo should remain unchanged and there-
fore, from Eq. (1), we obtain

(V -V )/V = (& -&,)/(&, -II ),

where suffixes Pl RIld 8 1QdicRte normal Rnd supex'-
conducting values, respectively. As will be
shown later, the experimentally determined val-
ues of 0„-0, should be normalized against the
total elongation. Equation (3) suggests that a
comparison of normalized values of e„-v, as a
function of 7.

' should be made with values of (V,
-V„)/V„at different temperatures.

The specimens were cast, in split molds of
high-purity graphite, as single crystals of simi-
lar but undetermined orientations, from Cominco
99.999%%uo pure indium. Casting was done in a re-
sistive furnace under an inert atmosphere. The
tensile specimens mere approximately 3 in. long
and of &-in. -square cross section. They were
held by V-faced split grips, giving a gauge length
of approximately 2 in.

The specimens mere pulled in a tensile-testing
machine based on a design by Basinski and built
with the RssistRQce of drRwing8 8upplled by
Dr. Basinski and the National Research Council
of Canada. Kith the present drive system the
specmens can be strained at a variety of rates
ranging from 2 x 10 '/sec to 1 && 10 '/sec, the
usual rates being 10 '/sec and 10 '/sec. Within
a particular range the strain rate may be sudden-
ly altered by a factor of 10 by energizing suitable
magnetic clutches in a gearbox. The load applied
to the specimen is indicated by a precalibrated
load cell, consisting of a carbon-steel ring on
which are mounted four strain gauges. The elec-
trical output from the strain bridge is suitably
nulled and the out-of-balance signal amplified
Rnd used to drive the pen of a chart recorder.
The paper chart is driven by a direct coupling
from the drive shaft of the tensile tester Rnd thus
a direct plot of load versus elongation is achieved.

The cryostat for these experiments was rudi-
mentary, consisting of R double glass Dewar sys-
tem in which the temperature was altered by
pumping through a monostat on the helium bath.
A supex'conducting solenoid, with its axis along
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the length of the specimen, was used to drive the
specimens into the normal state.

Starting with the specimen cooled down to T„
the transition temperature (3.4'K for indium),
the following sequence was repeated at a number
of temperatures down to about 1.8'K. (1) The
strain rate ~ was increased by a factor of 10 to
e' and then reduced to its original value. (2) The
specimen was driven normal by a magnetic field.
(3) Procedure (1) was then repeated for the nor-
mal specimen. (4) The magnetic field was switched
off and procedure (1) repeated for the supercon-
ducting specimen.

The chart record then gives values of 0' —0 due
to the increase in strain rate [used in Eq. (2)]
and o„-o, due to the change in state [used in Eq.
(3)]. Between temperature changes the specimen
was partially unloaded to minimize creep and
then again brought up to the flow stress after
temperature equilibrium had been established.
Little or no change in flow stress was observed
to accompany such a discontinuous change in tem-
perature.

Kith these specimens loads are up to about 30
kg with change-of-state offsets of about 500 g at
2 K. The offsets with change-of-strain rate are
about 25 and 60 g at 2 and 3.4'K, respectively.
Loads and offsets are measured to about +5 g.

In general the magnitude of the recorded load
offset, corresponding to a change in flow stress,
increased slowly as a function of total elongation.
Since, within the range of values of load used,
the total elongation was linearly proportional to
total load, a particular offset ean be normalized
to a particular value of total elongation. The lin-
earity is checked periodically during the course
of an experiment by going back to 3.4'K.

Values of activation volume were obtained at
different temperatures for the normal and super-
conducting states. The normalization procedure
outlined above appears to successfully eliminate
work-hardening changes since repeated experi-
mental runs with several different specimens can
all be reduced to a common plot. Values of V„
and V, for a single specimen are shown as a func-
tion of temperature in Fig. 1. The activation vol-
ume V„changes little below the transition tem-
perature while V„on the other hand, increases
1 apldly.

Values of increase in flow stress with change
of state, i.e. , o.„—O.„were obtained and for a sin-
gle specimen these are plotted as a function of
(&/7', )' in Fig. 2. This plot was suggested by the
work of Alers, Buck, and Tittmann and is in
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FIG. 1. Temperature dependence of the activation
volume in the normal and superconducting state of indi-
um. As the orientation of the tensile axis was not de-
termined, the values of V were calculated using values
of tensile stress, not resolved shear stress, and are
thus only approximate. This only affects the absolute
values of V~ and V'„, not their relative proportions.
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FIG. 2. Temperature dependence of the difference in
Qow stress between the normal state O„and the super-
conducting state 0~ for an indium specimen.

agreement with their discovery of a linear rela-
tionship.

From the determinations of activation volume,
values of the ratio (&,-V„)/&„ were calculated
for each temperature. If one assumes that (o,
—o, ) remains unaffected by a small change in tem-
perature, then this ratio should, according to Eq.
(2), have the same temperature dependence as
that found for o„-o„ i.e. , linear with (T/T, )'.
The agreement is shown in Fig. 3 with the error
bars indicating the appreciable uncertainties in
the ratio determinations due to the scatter in
measurements of activation volume.
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FIG. B. Temperature dependence of the ratio (V~

-&„)/V„[Eg. (8)1 for an indium specimen.

should be directed to a model in which the activa-
tion volumes change. Since the pinning mecha-
nism for dislocations by obstacles must be at
least partially electrical in nature it is perhaps
reasonable to expect that the activation volume
should change with electronic configuration at
temperatures below T, in the superconducting
state but remain constant in the normal state.

Preliminary experiments on lead indicate that
a similar behavior is found in this case, and we
hope to report on this shortly.

We are indebted to Professor S. Sairnoto of
Queen's University, Kingston, Ontario, for help-
ful dis cussions.

In a separate series of experiments we varied
the strain rates over a factor of 200 and observed
no significant dependence of difference in flow
stress o„-a, on strain rate, thus confirming the
observation made by Alers, Buck, and Tittmann. '

The results of these experiments thus imply
that, in looking for an explanation of the observed
changes in flow stress between the normal and
superconducting states in a metal, attention
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We propose as a model of some amorphous semiconductors a system with undulations
in composition or structure on a scale within the range of validity of the graded band-
gap concept. Electronic states. well within allowed bands are determined by perturba-
tive analysis; states near band edges, by a modification of an effective-mass analysis.
Localized states are obtained and the band edge identified as the locus of classical turn-
ing points of the effective mass functions.

The theoretical analyses of electronic structure
of amorphous solids have been previously based
on models involving only short-range order. '
These analyses have predicted insensitivity of
electronic properties to doping' and absence of
an energy gap, replaced by a mobility gap. ' The
observed optical properties do not for some ma-
terials support the latter' and exceptions to the
former have been reported. ' There is experi-
mental evidence that some amorphous solids are
characterized by structural and/or composition-
al inhomogeneities on a scale of approximately
100 A." This scale is just within the range of

validity of the concept of a graded band gap, s and
we therefore propose a model amorphous semi-
conductor involving intermediate-range order on
the scale in which substance A smoothly grades
to substance B, not monotonically as with the
usual graded band-gap system, but undulating in
composition with a mean period of the order of
100 A. A and B may be different substances or
different structures of the same substance.

The theory of graded materials employs the
virtual crystal approximation on a local basis
where the potential from the statistical distribu-
tion of constituents A and B at position r is re-
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