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A study is made of the effect of stress, temperature, and deformation rate on the variation of the deforming 
stress t:.r:r arising when a sample goes over from the superconducting to the normal state under conditions of 
uniform deformation rate. The samples studied were Pb (99.9995% and 99.97%), In (99.999%), and the 
alloy Pb + 13 at. % In. The purity of the metal was found to affect the dependence of !lr:r on the stress and 
temperature. The t:.r:r(r:r) dependence was different for the alloy and for the pure metals. A dependence of 
!lr:r on the deformation rate was observed at 1.65"K. It is shown that a comparison of the experimental 
results with present-day theoretical concepts regarding the change of the interaction mechanism between 
conduction electrons and dislocations during superconducting transitions does not make it possible to give 
preference to any of these concepts. 

THE recently observed influence of the superconducting 
transition on the plasticity of metals (e.g., [1-Sl) points 
to a noticeable contribution made to the plasticity char­
acteristics by the electronic drag (slowing down of the 
dislocations by conduction electrons) and an appreci­
able change of this drag in the case of the supercon­
ducting transition. In connection with these experi­
ments, mechanisms were considered theoretically for 
the interaction between the dislocations and the conduc­
tion electronsf 6- 9 l in the superconducting state. The 
change of the plasticity in the superconducting transi­
tion can be connected directly with the decreased force 
of viscous drag on the moving dislocationf 6 ' 71 , or with 
the increased possibility of detachment of an immobile 
dislocation, which in final analysis is also connected 
with the decreased viscous drag forcef 8 ' 9 l. A detailed 
theoretical analysis of these mechanisms makes it 
possible to compare them with experiment. To this 
end, it is important to investigate experimentally the 
influence exerted on the parameters of the change of 
plasticity in the superconducting transition by such 
factors as the deforming stress (J, the temperature, 
and the plastic strain rate, which is proportional with 
certain simplification to the dislocation velocity. How­
ever, measurements sufficient for comparison with the 
theories have either not been made at all (e.g., the 
dependence on the stress, with the exception ofrs,wJ), 
or were made in an amount insufficient to permit an 
extensive analysis of the question (dependence on the 
temperaturer3 ' 11' 12 l and on the strain ratef3' 13• 14 l), and 
confusion resulted in individual cases. Thus, since the 
stress rate was independent of the velocity in the super­
conducting transition at 0.6Tc was assumed to be 
velocity-independent in the entire temper:tture interval, 
and this independence was regardedr3 ' 14 l as the main 
argument against the dynamic dragging of the disloca­
tions by the conduction electrons. 

The present work is an attempt to study the influ­
ence of the stress (J, the temperature, and the strain 
rate E on the change of the electronic drag force on 
the dislocations in the superconducting transition. The 
parameter chosen for this change was the increment 
of the flow stress l::.(J = (Jn - (J s ( IJ" n and (J s are the 
flow stresses in the normal and superconducting states, 
respectively), occurring in n-s and s-n transitions 

during the course of plastic deformation at a constant 
rate. The observed dependence of l::.(J on the strain 
rate at small ratios T/Tc, and observation of new 
singularities in the functions t:.o-( T) and t:.o-( (J ), 

eliminates the inconsistency in the treatment of the 
mechanism governing the change of the flow stress by 
the change in the dynamic dragging of the dislocations 
by the conduction electrons. 

EXPER~ENTALPROCEDURE 

The investigation was performed on polycrystals of 
three substances: lead of two degrees of purity 
(99.9995 and 99.97%), indium (99.99%), and an alloy of 
lead with 13 at.% indium. The experiment consisted of 
obtaining, in tension, the complete load-elongation 
curve (from the yield point to fracture) with repeated 
transition of the sample from the superconducting 
state to the normal state and back. The state was 
changed by turning on the field of a superconducting 
solenoid, inside of which the sample was deformed. 
When plotting the temperature dependence, the strain­
stress curves were obtained at strain rates E. = 6.6 
x 10-4 sec-1 • The velocity dependence of h.a was deter­
mined in the interval 2.5 x 10-3-6.6 x 10-3 sec- 1 at 
1.65°K. Temperatures below 4.2°K were obtained by 
pumping off the vapor over the liquid helium. To ob­
tain temperatures in the interval 4.2--7 .2°K, the level 
of the helium was set below the sample, and the rate of 
evaporation was stabilized by drawing the vapor at a 
constant velocity. The sample was heated thereby from 
4.2°K to Tc within approximately ten minutes. Differ­
ent sections of the load-elongation curve plotted during 
that time corresponded to different temperatures. The 
jump in the flow stress was observed in experiments 
of this type up to temperatures close to Tc. At T > Tc, 
turning the magnetic field on and off did not affect the 
strain curve. A section of such a curve is shown in 
Fig. 1. 

RESULTS 

1. Dependence of D. a on the stress o-. Plots of 
t:.o-( <T) of the investigated substances are shown in Fig. 
2 separately for different values of T/Tc. The curves 
were plotted for the average values of t:.o- obtained at 
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FIG. I. Section of macroscopic stress-strain curve of lead with re­

peated application and removal of the magnetic field at T < T c and 
T>Tc, Tc = 7.2°K (8 is the strain). 
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FIG. 2. Jump of stress in s-n 
transition vs. the stress for different 
substances at different T/Tc. Curves: 
l-In (99.999%), 2-Pb (99.9995%), 
2' -Pb (99.97%), 3-Pb + 13 at.% 
In. 

each a. Lla was averaged at each temperature mainly 
over four samples for the 99.9995% lead, and over two 
samples for the 99.97% lead and for the indium-lead 
alloy. One sample of indium was investigated at each 
temperature. For each sample, we measured at 55-60 
values of Lla at the different stresses, obtained by re­
peated transitions between the normal and supercon­
ducting states over the entire load-elongation curve. 

The strongest Lla/a dependence was observed for 
the 99.9995% Pb samples. An increase of the stress by 
5-6 times increases Lla by 2.5-3 times at 1.65°K and 
by less than two times at 4.2°K. In absolute magnitude, 
Lla reaches 65 g/mm2 for large stresses at 1.65°K 
(0.23Tc) and 40 g/mm2 at 4.2°K (0.58Tc). Lla decreases 
with further rise of temperature (the character of this 
decrease will be considered later on), and the Lla( a) 
dependence becomes continuously weaker. At high 
stresses and low T/Tc = 0.23--0.33, Lla is constant. 

In the lead samples of lower purity (99.97%), the 
increase of Lla with increasing a is small ( < 20%) and 
takes place in a small interval of initial stresses (up 
to ~2 kg/mm2 ), with Lla = const in a wide range of 
stresses. In the less pure lead, especially at low­
temperatures (T/Tc = 0.23--0.33) and large stresses, 
the absolute value of tl.a is smaller than in pure lead 
by an approximate factor 1.5, and amounts to ~40 
g/mm 2 at a~ 6 kg/mm2 • The form of the Lla(a) de­
pendence is not very sensitive to changes of the tem­
perature. 

The character of the Lla (a) dependence for 
In (99 .999%) also remains unchanged in the interval 
(0.58-l.O)Tc, and consists of an almost linear in­
crease of tl.a when a is increased by a maximum of 
1 .4 times. In absolute value, tl.a of indium is smaller 
than that of all the investigated materials and amounts 
to 20 g/mm2 • 

The Lla( a) dependence for the Pb + 13 at.% In alloy 
differs qualitatively from that observed in pure metals. 
For most temperatures, tl.a depends little on the stress 
and moreover decreases with increasing stress. 

2. Temperature dependence of tl.a. Experiments to 
determine the Lla( T) dependence were performed on 
the Pb (99.9995%), Pb (99.97%), and In (99.999%) 
samples. The result will be analyzed separately for 
each metal in a wide temperature range, so as to ex­
clude the possible differences in the dislocation struc­
ture. For convenience in the comparison with the 
theoretical curves, the data are plotted in Fig. 3 in the 
form of the normalized increment Lla(T)/Lla(O) (the 
flow-stress increment in the temperature-independent 
interval). It is seen from Fig. 3 that tl.a decreases 
with increasing temperature and Lla = 0 at T = Tc· 

The same figure shows for comparison the following 
theoretical temperature dependences: of the energy gap 
at Ll ( T)/ fl.( 0) according to calculations in (lsJ ), of the 
concentration of the superconducting electrons ps( T) 
in accordance with the Casimir-Gorter two-fluid 
modelP6l, and of the London parameter A( 0)/ A( T)r 15l, 
which is proportional to Ps according to the BCS 
theory; the figure shows also the dependence 
fl. a oo T ln [ ( 1 + eLl/ T)/ 2] predicted in raJ. At tempera­
tures (0.2-0.4) Tc, all the theoretical dependences are 
close to one another, with the exception of the one pre­
dicted in raJ, and the experimental values for lead of 
both degrees of purity are equally close to all the 
theoretical plots in the given temperature interval. In 
the interval (0.4--0.9)Tc, the character of the tempera­
ture dependence depends on the purity of the lead. For 
Pb (99.9995%), the experimental data are closest to 
the temperature dependence of A(O)/A(T), which is 
close in form to 1- (T/Tc?. For Pb (99.97%) and 
In (99.999%), the experimental points lie between the 
ps( T) curve of the two-fluid Casimir-Gorter model, 

::Tfljffi+MJ 
:.:rftftttoo 
:.Tfttft±mJ 

o o.z o.¥ o.o o.s T/7;, 
FIG. 3. Temperature dependence of /',a for different substances. 

Points-experimental, curves-theoretical temperature dependences of 
the following quantities: solid lines-ps/Pn• dotted-6/6(0), dashed­
i\.(0)/A; dash-dot-from [8). 



VARIATION OF THE ELECTRONIC DISLOCATION DRAG FORCE 1147 

.Su,..g/mm' 

80 

60 

qo 

20 
fO~ -

<1"' --~ 
~K 

1----o-

¥.2'K 
u 

- -to' 

FIG. 4. Dependence of b.a on the strain rate for Pb (99.9995%): 
b.-T = 4.2°K, 0-T = 1.65°K. 

which gives a proportionality to 1 - (T/Tc)4 , and the 
.:l ( T) curve. 

3. Dependence of .:la on the strain rate. The 
.:la( €.) dependence was investigated for pure lead 
(99.9995%) at 1.65°K. On the average, two samples 
were investigated at each rate ~, and five samples at 
the rate 6.6 x 10-4 sec-1• The results are shown in 
Fig. 4. For comparison, the same figure shows the 
.:la(~) dependence for 4.2°K, plotted from the results 
ofP31 • Whereas .:la is practically independent of the 
strain rate at 4.2°K, a dependence of .:la on E. appears 
when the temperature is decreased to 1.65°K. The 
values of .:la increase by 1.6 times when E. is in­
creased by two orders of magnitude (from 55 g/mm2 

at E. = 2.5 x 105 sec-1 to 85 g/mm2 at ~ = 6 x 10-3 sec-1). 

DISCUSSION OF RESULTS 

Let us compare the experimental results with the 
known theories of the change of plasticity of metal in 
superconducting transitions. To compare the .:la(a) 
dependence with the theories of dynamic dragging of 
dislocations, we use simple expressions for the dislo­
cation drag force in the normal state, F n = Bn V ( Bn 
is the drag coefficient, which is constant in a normal 
metalf 17 l, and V is the dislocation velocity) and the 
form of the dependence of the analogous force Fs in 
the superconducting state on the dislocation velocityf 6l. 

We can then plot OF = f( Fn), where OF = Fn - Fs, as 
shown in Fig. 5. Since the form of the Fs(V) curve 
depends strongly on the temperature, we show plots of 
OF( Fn) for two temperatures, T « Tc and Tc - T 
« Tc. 

We see that these theoretical curves have the follow­
ing distinguishing features: the OF( Fn) curve has a 
cupola-like character, and as Tc is approached the 
growth of OF becomes less rapid and the maximum of 
oF( Fn) shifts towards lower stresses. The nature of 
the OF( F) dependence is connected, within the frame­
work of the dynamic dragging, with the difference be­
tween the Fs( V) and Fn( V) dependences. Singularities 
of the OF( F) curves were observed qualitatively in the 
experiments on pure lead and indium (Fig. 2), and in 
this sense the measurements offer evidence in favor of 
the purely dynamic effects in the superconducting 
transition. 

Other theories of the change of plasticity in super­
conducting transitionsra,oJ consider the situation not 
with a freely moving dislocation, but with a dislocation 
segment whose two ends are pinned on defects of dif-
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FIG. 5. Change of the electronic drag force I>F = Fn-Fs vs. Fn 
(from (6 ] ). 

ferent nature. It turns out here that the probability of 
detaching the dislocations, and consequently its contri­
bution to the plasticity, depends strongly on the vis­
cosity of the medium. The difference between the 
theoretical analysis and the models representing the 
dislocation in the form of an elastic string lies in the 
fact that in one case one considers the probability of 
detachment due to both the stress and the thermal 
fluctuation raJ, and in the otherf9 l due to the stress only. 

In the theory proposed by NatsikraJ 
T 1 + e"" 

1\a=-In---
v 2 

(1) 

( v is the activation volume and .:l is the width of the 
energy gap), and consequently there is no explicit de­
pendence of .:la on a. Such a dependence may be con­
tained implicitly in the dependence of the effective 
volume v of the thermal fluctuation on the stress. 
Such a dependence is known to exist for pure leadf18l, 
Since at 4.2°K the volume v decreases with increasing 
stress from 0.1 x 103b3 to 0.03 x 10~3 (b is the 
Burgers vector), this should lead within the framework 
of (1) to a change of .:la by a factor of 3, as is indeed 
observed experimentally. If we estimate v from the 
experimental values of .:la, then it turns out to be 
equal 0.1 x 10~3 and close to the value obtained by 
other methodsr 18l. From the arguments off8l, however, 
it does not follow that .:la is constant or decreases 
with increasing a. 

In Granato's inertial modelroJ, where the detachment 
of the dislocations is attributed only to the stress ap­
plied to the dislocation-string, the change of the stress 
in the superconducting transition is given by the for­
mula 

AO" = aU,B.p,(T) I 5b'Av, (2) 

(a ~ 1, U0 is the energy barrier, Ps is the density of 
the superconducting component, A = pb2 is the dislo­
cation mass per unit length, and Vs is the velocity of 
the shear wave), and consequently does not depend on 
the flow stress. The experimental .:la (a) plots for pure 
metals have sections in which .:la = const, and such 
sections occur at high stresses, which may mean 
agreement with the inertial model, which seems to be 
more suitable at high stresses. 

The situation in the lead-indium alloy ( d.:la/ da < 0 
in a wide range of stresses) differs from that observed 
in pure metals, and does not follow from the theoreti­
cal calculations made in accordance with the different 
models, since the .:la (a) dependence for the alloy has 
not been analyzed and its nature is not understood. 
Such a behavior of .:la(a) may be connected in part with 
the change of the dislocation dynamics in crystals of 
an alloy having such a concentration, as follows fromP9 1. 

Let us compare the theoretical and experimental 
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data on the temperature dependence of D.a. So far, 
this is the only possibility of connecting the parameters 
of the change of the plasticity in the superconducting 
transition with the fundamental characteristics of the 
superconductor. The temperature dependence of D.cr 
for pure lead and indium was discussed within the 
framework of the dynamic theory in[ 11l. It was found 
experimentally[ llJ that D.a ( T )/ D.a ( 0) (which is con­
nected mainly with the experimental data for indium) 
is proportional to D.(T)/D.(O) in the temperature inter­
val (0.6-0.94) Tc. Since the temperature dependence of 
the quantity oF = b D. a is determined in the dynamic 
theoryr 6J also by the D.( T) dependence (with another 
proportionality coefficient for T « Tc), there is a 
qualitative agreement between experiment and theory. 

In the inertial model £91, the D.a ( T) dependence is 
determined by the form of the ps( T) dependence, which 
can be of the type f1 = 1 - (T/Tc)4 (the Casimir­
Gorter model) and of the type f2 = 1 - ( T/Tc)2 (the 
BCS theory) (with the exception of the region of the 
lowest temperatures). Thus, according to the Granato 
theoryf 9l, the D.a(T) curve should lie in the general 
case between f1( T) and f2( T). 

According to the theory proposed by Natsik[ BJ, the 
temperature dependence is determined by formula (1) 
and is shown graphically in Fig. 3. It is easy to note 
that in the existing theories the temperature depend­
ence of D.a lies between 1 - (T/Tc)4 and 1 - (T/Tc?· 
This agrees with all the data in the present paper and 
also with the published data. It is important to note 
that this does not include the experimental data on the 
temperature dependence of other manifestations of the 
superconducting transition (creepr 2 oJ or stress relaxa­
tionf21l). 

Apparently, the errors in the measurement of 
D.a( T) are quite large and do not make it possible to 
separate theoretical curves that lie close to one 
another. It is worthy of attention, nevertheless, that 
the D.a ( T) dependence for high-purity lead differs 
from that for the less pure lead and that this difference 
exceeds the experimental error. It is quite probable 
that this is due to singularities in the superconducting 
properties of pure lead. It is known that lead is a 
superconductor with strong coupling (e.g.,r22 l), The 
unusually large jump of the specific heat in the n-s 
transition and the large value D.(O) = 4.1Tc are at­
tributed to the presence of two energy gaps in pure 
lead£231, The obtained D.a(T) dependence for pure lead 
may reflect this circumstance. It should be noted that 
the experimental data obtained on D.a( T) of indium 
differ from the data of£3' 12 1, where D.a = [ 1 - (T/Tcn. 
However, as shown in£241, the same data agree with 
sufficient accuracy with D.a oo [1- (T/Tc)4]. The idea 
that the temperature dependence of the force of elec­
tronic drag of dislocations in the superconducting state 
should be determined by the temperature dependence 
of the carrier density was advanced already in[ 171. 

Let us discuss the experiments aimed at determin­
ing D.<J (E.) within the framework of the dynamic 
theoryf 6l. There are at present no other possibilities 
of comparing theory with experiment. To compare the 
theoretical oF( V) with the experimental D.CJ( E.) it must 
be assumed that p is constant in the relation € = pbV 
(p is the density of the mobile dislocations, V is the 

velocity of the dislocations, and € is the macroscopic 
plastic strain rate). This assumption is not meaning­
less, since experiments on the amplitude-dependent 
internal frictionf 25l have shown that in the transition 
to the superconducting state no effects connected with 
dislocation multiplication are observed even at the 
largest amplitudes. 

It follows from the dynamic theory that at tempera­
tures close to Tc the oF( V) dependence is not strong, 
and it increases sharply at T « Tc, i.e., with de­
creasing temperature. This agrees qualitatively with 
experiment when the temperature is lowered (Fig. 5); 
in this sense, the experimental data confirm the dy­
namic hypothesis. A certain confusion in the interpre­
tation of the earlier rate measurements£3' 13 ' 141 was due 
to the use of the expression Fs = BsV for the drag 
force in the superconducting state ( Bs is the drag 
constant), with Bs assumed constant in analogy with 
the normal state fl?J. Then 

(B.- B,) e = pb't.a, (3) 

from which it followed that D.7 = E., something not ob­
served at large T/ Tc. One of the principal results of 
work on the theory of dynamic dislocations dragging in 
the superconducting state, as already mentioned, is 
that Bs is a complicated function of V and T, which 
indeed leads to the oF( V) dependence indicated above. 

In discussions of the influence of the superconducting 
transitions on the plasticity of metals it is frequently 
assumed, in addition to the theories already indicated, 
that the superconducting transition is accompanied by 
a change of either the height of the potential barrierr3 J 
or the value of the activation volume£ 121, This assump­
tion is theoretically not justified and is therefore not 
discussed here. 

Thus, the experimental data on the influence of the 
stress, temperature, and strain rate on the change of 
electronic dragging of dislocations in a superconduct­
ing transition do not contradict the existing theories, 
although they do not make it possible to give prefer­
ence any of them. A decision will apparently be facili­
tated by experiments made at large strain rates and at 
temperatures T << T c, and also by experiments on 
alloys. 

In conclusion, the author is grateful to V. V. Pustov­
alov and V. I. Startsev for interest in the work and for 
a discussion of the results, and to V. Ya. Kravchenko, 
V. D. Natsik, V. L. Pokrovskil, and B. Ya. Sukharev­
ski'l for useful discussions. 
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