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The temperature dependence of the creep discontinuity /lEns and the ratio t,/t. of the plastic deformation 
rates in the Sand N states, in the superconducting transition of lead single crystals (99.999%) are 
investigated in the 1.6-7.2°K temperature range and in a wide deformation range. It is found 
experimentally that the nature of the temperature dependence of /lE., and the creep-rate ratio in the S and 
N states depend on the degree of deformation, i.e., on the structure imperfections of the crystal. 
Comparison with existing theories of softening yields satisfactory agreement with the fluctuation theory 
under the assumption of a one-band isotropic superconductor. 

PACS numbers: 74.50.Gz, 62.20.Fe 

1. INTRODUCTION 

The discovery that metals become more plastic on 
going to the superconducting state[l] has led to a large 
number of experimental and theoretical studies aimed 
at explaining the physical nature of this effect.[20] These 
investigations have led to the observation of the depen
dence of the increased plasticity on various parameters 
such as the temperature, impurities, the deforming· 
stress, the dislocation structure, etc. [5-14]. Particularly 
diligent investigations were made of the temperature 
dependence of the increased-plasticity effect. Their 
results turned out to be contradictory. Some workers 
obtained for the effect a temperature dependence close 
to that observed for the energy gap A(T), [8] others ob
tained a dependence closer to that of the density of the 
superconducting electrons Ps(T),P3] and some of the ex
perimental studies can be classified with equal degree 
of accuracy as leading to either of the aforementioned 
dependences. The cause of such a disparity between the 
experimental data should apparently be sought in the 
factor that different workers carried out their research 
under conditions that were not comparable. As a rule, 
the measurements were made in different temperature 
intervals, at different levels of the deforming stress, and 
on crystals with different impurity compOSitions, dif
ferent orientations, and different defect structures. 
These factors, as follows from the theory, can signifi
cantly affect the magnitude and the behavior of the in
creased-plasticity effect. 

The purpose of the present study was to investigate 
in detail the behavior of the flow-strain jump DEns in 
the super conducting transition in a wide range of tem
peratures and deformations (up to fracture of the sample), 
to obtain the temperature dependence of the ratio €glEn' 
of the rates of plastic deformations in the S and N states, 
and to compare the experimental results with those that 
follow from different theories of the increased-plasticity. 

2. EXPERIMENTAL PROCEDURE 

The measurements were made on pure lead (99.9999%) 
single crystals. To avoid effects of the orientation and 
to have similar dislocation structures, the single crys
tals were grown in batches of 10 each simultaneously in 
the same mold and with the same primer.[21] The same 
primer was used to grow all the succeeding single crys
tals. As a result, all the investigated single crystals had 
the same orientation (the sample axis was between the 

1094 Sov. Phys.-JETP, Vol. 41, No.6 

directions [100] and [110]), an identical impurity compo
sition, and nearly the same defect structure. The repro
ducibility of the measurement data for different single 
crystals was therefore high enough and exceeded no
ticeably the reproducibility usually obtained in measure
ments of structure-sensitive properties with different 
samples. We tested 60 single crystals. 

We measured the increment DEns of the flow strain 
and the ratio of the flow rates at the instant of the tran
sition of the crystal from the normal to the supercon
ducting state, es/En' and the dependence of these quan
tities on the degree of crystal deformation at various 
temperatures in the interval 1.6 to 7.2°K. In the same 
temperature interval we obtained the strain hardening 
curves K(E), which are needed to find the hardening co
efficients T( E) of the investigated crystals, and we also 
measured the activation volumes V(E) of the flow pro
cess. The sample was deformed by tension. 

The transition from the normal to the super conducting 
state and back was effected by turning off and on a mag
netic field produced by a super conducting solenoid in 
which the deformed sample was placed. 

To obtain the relation DEns (E) at a given degree of 
deformation, a stress increment AT = 20 g/mm 2 was 
used to obtain the next flow curve in the normal state. 
Then, a minute later, the sample was transformed from 
the normal to the super conducting state and the strain 
increment DEns due to this transition was measured. 
The magnetic field was then turned on the sample made 
normal, the deformation of the crystal was increased 
1-2%, the sample was made superconducting, and the 
flow-strain jump DEns was measured. These measure
ments were repeated many times along the entire har
dening curve from the yield point to the sample fracture, 
and the function DEns (E) was plotted. 

Measurement of the strain was automatic using an 
inductive piCkup, appropriate amplification apparatus, 
and an electronic autoItlatic potentiometer. The relative 
strain was measured with accuracy 2 x 10- 5• 

When measuring the ratio EslEn of the flow-rates in 
the S and N states we used the same method of step
wise loading, except that the transition from the normal 
to the super conducting state was effected when the flow 
rate in the normal state reached a definite value, which 
was always the same. The rate was determined from 
the slope of the tangent to the flow curve. 
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The strain-hardening curves T(E) were also plotted 
by the stepwise loading method, but the sample was al
ways in the normal state during the course of deforma
tion. 

The dependence of the activation volume V(E) on the 
degree of deformation was measured by a differential 
procedure described in [22], To this end, as the crystal 
deformation was increased, every 2- 3% we produced a 
flow whose rate was changed from El to E2 via a small 
increment of the deformation stress, by an amount 
~T = 2 -3 g/mm2. To calculate the activation volume we 
used the expression 

[ In (liJIi,) ] 
V=kT ~ , 

d't • (1) 

where El, E2, and ~T are the quantities indicated above, 
k is Boltzmann's constant, and T is the temperature of 
the crystal. The activation volum~ was measured with 
samples in the normal state. 

Temperatures in the interval1.6-4.2"K were ob
tained by pumping off liquid helium. To obtain tempera
tures from 4.2 to 7 .2°K we used the follOWing procedure. 
An additional thin-wall metallic dewar was placed inside 
a helium dewar on the immobile rod of the testing ma
chine. The level of the liquid helium was somewhat lower 
than the upper edge of this dewar. The working volume 
with the sample, the superconducting solenOid, and the 
heater were thermally insulated. The sam,ple tempera
ture was raised by quasiadiabatic heating of the working 
volume to the required value, using a stabiliZing feed
back system. The temperature was measured wjth a 
semiconducting pickup with accuracy O.01°K, and the 
temperature stability within this interval was not lower 
than 0.025°K. 

3. EXPERIMENTAL RESULTS AND DISCUSSION 

Figure 1 shows plots of D Ens against the degree of 
deformation of the crystal at various temperatures in 
the interval 1.6-7.2"K. Each curve is plotted from the 
measured strain jump in three single crystals, We 
see that the curves have a complicated stagewise
developed character, which reflects, as shown earlier 
in[23l, the stagewise character of the hardening curve 
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FIG. 1. Dependence of the 
flow-strain jump /lEns in the 
N-S transition on the degree of 
deformation in the temperature 
intervals 1.6 - 7.2°K . 
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of lead single crystals. It follows from the figure that 
raising the temp erature leads to a decrease of the jump 
DEns during all the deformation stages. From the curves 
of Fig. 1 for the deformations 3%, 30%, and 60%, cor
responding to different stages of the hardening curve, 
we plotted the jump of the flow strain normalized to the 
extrapolated value of DEns at OaK, on the relative tem
perature T/Tc, which is shown in Fig. 2. We present 
here also the theoretical temperature dependence of the 
energy gap ~(T) according to BeS, the experimental 
plot of ~(T) for lead, [241, and the dependenc~ of the den
sity of the super conducting electrons ps(T). 

Figure 3 shows plots of In(EsIEn) on the degree of the 
deformation, obtained at various temperatures. It is seen 
that at low deformation the ratio Es/En of the flow rates 
in the S and N states depends little on the degree of de
formation. An increase of the temperature and of the 
degree of deformation leads to a decrease of this ratio. 
From the curves of Fig. 3 for the same deformations we 
plotted In(Es/En) normalized to the value of In( Es/En at 
OaK, against the relative temperature T/Tc, as shown in 
Fig. 4. It is seen from Figs. 2 and 4 that the tempera
ture dependence of the softening effect, remaining mono
tonic in all cases, is Significantly different for different 
degrees of sample deformation, and that this difference 
exceeds the limits of experimental error. This indicates 
that the character of the temperature dependence of the 
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softening effect is strongly influenced by the defect 
structure of the crystal. 

It was observed in (10) that the temperature dependences 
of 1>Ens obtained at various stresses in polycrystalline 
indiwn and lead did not coincide. A similar result was 
obtained in(25) in a measurement of 1> Ens of single crystals 
of very pure lead. In contrast to our present result, and 
also to the results by others, [?-9, 1 ~ 141the temperature 
dependences for lead in(10) had a nonmonotonic character 
with a maximum at T/Tc = 0.35. The threshold stress, 
starting with which this nonmonotonicity was observed, 
amounted to ~4 kg/mm2. In our present investigations, 
however, even though the deforming stress exceeded ' 
4 kg/mm2, no nonmonotonicity was observed in the tem
perature deffndence of 1>Ens' The discrepancy in the 
results of[lO and other studies cannot be explained at 
present. 

Let us compare the obtained experimental data with 
the existing theories of metal softening in the supercon
ducting transition. In first papers on this phenomenon 
it was suggested that the effect is due to a decrease in 
the electron dragging of the dislocation as the metal 
goes into'the super conducting state, and this leads to 
an increase of the dislocation velocity, i.e., the effect 
is purely dynamic. However a change of the strain rate 
of lead single crystals by a factor 4.4 x 103 did not lead 
to a noticeable change of 1>Uns ,[4, 7) in sharp contrast to 
one of the main conclusions of the dynamic theory, ac
cording to which the increased plasticity is proportional 
to the strain rate. Similar results were obtained in the 
deformation of indium P' 12) b niobium (11) , and the alloys 
Pb-TI, Pb-Cd, and Pb-SnP ] The weak dependence of 
the stress jump 1>uns on the strain rate of lead, observed 
in the superconducting transition by Fomenko[14] at 
1.65°K (ouns changed by a factor 1.6 when E was changed 
by more than two orders of magnitude) does not prove 
the correctness of the dynamic theory, since the relation 
obtained in[l4] is weaker by many times than that pre
dicted by the theory, and was observed only at very low 
temperatures. It must be borne in mind that a direct 
connection between the jwnp of the electron drag force 
and the magnitude of the softening exists in the dynamic 
theory only in those cases when the dislocations move 
with large velOCities, at which their kinetic energy ex
ceeds the potential barriers in the crystal. This purely 
dynamiC situation is realized in plastiC deformation ap
parently extremely rarely, the only exception being the 
active deformation at high velocities and large levels of 
the the deforming stress, and in experiments with pulsed 
loading of the crystals. 

where Uc is the critical stress corresponding to the 
start of the mechanical detachment of the dislocation 
from the obstacle. The role of the inertial effects in
creases when the metal goes into the super conducting 
state because of the decrease of the electron drag coef
ficient. 

The Granato theory, however, does not consider the 
case when the metal is deformed by a constant external 
stress, i.e., the creep, and therefore the results obtained 
in our investigation permit no comparison with a theory 
based on the model of inertial detachment of the dislo
cations. But even in the case of active deformation, for 
which the inertial theory is Valid, a comparison of this 
theory with experiment is not quite legitimate because 
the inertial detachment mechanism was considered by 
Granato on the basis of an elementary act in which a 
single dislocation segment takes part, and no consistent 
transition was made from this act to the process of 
macroscopic plastic deformation described by the equa
tion 

e=pbV(o, T, e), (2) 

Therefore a comparison of the experimental results 
with the Granato theory, which is given in a number of 
papers, cannot be regarded as justified. Nonetheless, 
the inertial mechanism proposed by Granato seems im
portant and it apparently can contribute to the increased 
plasticity in the N-S transition. To take it into account, 
however, further development of the theory is needed. 

Natsik(16) developed a theory of increased metal plas
tiCity in the super conducting transition, based on fluc
tuating detachment of the dislocations from the local bar
riers. At temperatures above a certain characteristic 
value ® introduced by the theory, the dislocation detach
ment is determined by the thermal fluctuations, and at 
T < ® the principal role is played by quantum fluctua
tions. According to this theory, the probability of dislo
cation detachment is larger in the super conducting state 
than in the normal state. For the case of creep, the 
theory yields 

8, V. kT" 'II, 

lis •• = x V In;;:-, (3) 

Here K is the hardening coeffiCient, V is the activation 
VOlume, Vs and vn are the frequencies of the attempts 
of the dislocation to overcome the barriers in the S and 
N states, and T* (T) is an effective temperature that de
pends on the temperature T and is equal to 

T'(T)={ T, T>8, 
'/,8 (1 +T'/8'); T<8. 

(4) 

The flow for which the increased-plasticity effect in Measurements of ® for lead(26) yielded a value 8°K. To 
the N-S transition is clearly pronounced has patently 
a fluctuating behavior both in the normal and in the compare the experimental data with Natsik's theory, a 
super conducting state, i.e., the velocity of the disloca- plot was constructed of KV1> Ens against the relative tem-
tions that ensure the flow strain is determined by the perature T/Tc , using for this purpose the data of Fig. 2 

rate of their detachment from the dislocation-blocking ~~~e c~~~;~ii:;:~a:d o~ft~:e:C~~::~~:n~~I~:e ~e o~r-
barriers, and not by the quasiviscous velocity of the the degree of deformation. Figure 5 shows this depen-
dislocations. It is therefore incorrect to compare the dence for deformations of 3%, 30%, and 60%. 
experimental relations obtained in the present study 
with the dynamic theory of increased plasticity. The ratio vs/vn in (3) depends, according to Natsik's 

Granato(15) and Suenaga and Galligan(13) have de- theory, on the temperature and on the length L of the dis-
location segment. At a length L> Lo the ratio vs/vn 

veloped a theory of increased plasticity in the N-S tran- takes the form 
sition; this theory is based on an inertial detachment of 'I (1+ OfkT). T T T 
dislocations from local obstacles. Owing to the inertial ~ = {' e , .< < " (5) 
forces, the dislocation can overcome the local barriers 'II. £/L.; T<T •. 
by purely mechanical means at stresses 1/2uc < U < Uc, (19) Here Lo is the critical length of the segment and deter-
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Figure 5 shows also the theoretical plots of 

( T) [T·ln(v.!Vn ) lr 
'P r: = [T·!n(v.lvn) )T_. ' 

(6) 

constructed with allowance for formulas (4)- (6) for dis
location-segment lengths L = 100Lo, L = 50Lo, and 
L = 10Lo. These lengths correspond to the inequality 
L > Lo. It follows from Fig. 5 that the theoretical plots 
are in satisfactory agreement with the experimental 
temperature dependences for the deformations E = 3%, 
30%, and 60%, respectively. 

Thus, if the theory developed by Natsik: is correct, 
this means that under these experimental conditions an 
increase of the degree of deformation of lead single crys
tals from 3% to 60%, decreases the length of the"disloca
tion segments by a factor of ten. An estimate of the 
change of the dislocation-segment length can be obtained 
from measurements of the activation volume, which 
yield at 4.2"K the values V = 7 X 10-21 and 0.9 x 10-21 cm l 

for the deformations 3% and 60%, respectively. 

Thus, L3/L60 '" V3/VSO ~ 8, which is in satisfactory 
agreement with the theory. Approximately the same value 
is obtained for the ratio of the activation volumes at 
other temperatures. 

Figure 4 shows experimental plots of In(Es/En) nor
malized to OaK for different degrees of deformation in 
comparison with the theoretical functions 

'( T) [In(V.lvn»)T 
'P T, =[In(v.lvn)h_. 

for different lengths of dislocation segments. For large 
degrees of deformation, the agreement between experi
ment and theory[IS] is also satisfactory. However, al
though the experimental points corresponding to 3% 
deformation fall on a curve similar to the theoretical 
curve corresponding to L = 100Lo, they lie above the 
latter curve rather than on the curve itself. In this case 
the agreement between experiment and theory is less 
satisfactory. 

It is possible that this difference is due to the fact 
that at low degrees of deformation the hardening of the 
sample is still not large and the instantaneous creep 
produced at the instant of the super conducting transition 
is appreciable, and this can lead to an overestimate of 
the flow rate measured in the super conducting state. The 
presented comparison of the experimental plots with 
Natsik's theory[16] based on the fluctuating surmounting 
of local barriers by the fluctuations shows that this the
ory describes satisfactorily the observed temperature 
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dependences of the increased-plasticity effect in the 
N-S transition. 

It follows from the experiment and the theory that the 
form of the temperature dependence is determined essen
tially by the dislocation structure of the deformed metal, 
which is.characterized in the experiment by the degree 
of deformation E, and in theory by the dislocation-segment 
length L. The causes of the difference between the tem-
p erature curves of the increased-plasticity effect ob
tained by different workers [7-9, 12-14] now become clear. 
Depending on the degree of deformation, and consequently 
on the character of the defect structure, we can obtain 
temperature dependences close to those of the energy 
gap A(T) the density Ps (T) of the super conducting elec
trons, and the critical magnetic field Hcr(T) (Fig. 2). 

Kuramoto et al.[25] measured the temperature depen
dence of the stress jump oO"ns in the region 0.5- 6(5°K. 
The obtained curve was monotonic. In their opinion, the 
absence of a maximum on the curve means that the ex
perimental results do not agree with Natsik's theory 
and cannot be explained by this theory. One cannot agree 
with this statement, however. Indeed, in Natsik's theory 
there can appear in some cases a maximum on the plot 
of the temperature dependence of OEns or oO"ns' For seg
ment lengths L > Lo this should be observed at tempera
tures ®« Tc' At 9 ~ Tc (at the same segment lengths) 
the theory yields a monotonic temperature dependence. 
In the case of lead ® "" 8°K and Tc = 7.l8°K, i.e., the case 
of a variation without a maximum is realized. 

At L « Lo, for all values 9 ~ Tc , the theory[IS] pre
dicts the appearance of a maximum of the temperature 
dependence of the increased-plasticity effect, but both 
in our study in[25] the object of the investigation was 
pure lead, for which this case is not realized. It might 
be assumed that a maximum of the temperature depen
dence of OEns was observed in[lO] because these mea
surements were made on polycrystalline lead, where 
the length of the dislocation segment could be less than 
Lo in view of the presence of integrain boundaries. How
ever the maximum observed in[lOl is not located in the 
temperature region that follows from the theory of [IS]. 

Druinskir and Fal'ko[17] generalized Natsik's theory 
to include the case of two-band superconductors, of 
which they consider lead to be an example. The flow 
strain jump OEns is given in this theory by 

I kT' 1 
. ;Vln IlI(T) , T.<T<T .. 

68 .. = kT' Bn 
-In-, T<T., 
xV Mm. 

where the temperature To determines the condition of 
weak and strong damping/) 

The function ~(T) is of the form 

(7) 

III (T) =2x. (1 +e·,IAT)-'+2 (1-x.) (1 +e',IAT) -". (8) 

where Xo := (Alml)2/[ (AlmY + (A2m2)2]; Al and A2 are con
stants of the electron-phonon interaction; ml and m2 are 
the values of the effective masses of the electrons of 
bands I and TI; Al(T) and A2(T) are the energy gaps of 
bands I and TI, and for lead at OaK their respective 
values are 

A, (0) =0,55T" A.(O) =2,05T,. 

For comparison of tlle experimental data with the the
ory[17, 1ST, we plotted in accordance with (7) and (8) the 
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