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Superconducting properties and structure of vanadium after cryogenic deformation
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The effect of low temperature~77 K! deformation by drawing~80%! on the superconducting
properties and structure of vanadium is studied. The structural elements~fragment
boundaries! responsible for the observed changes of critical parameters are isolated. The electron-
phonon coupling constant and the electron mean free path undergo most significant changes
in these regions of rotational deformation localization, which have a high density of defects and are
powerful sources of internal stresses. The dislocation density at the fragment boundaries is
estimated. ©1998 American Institute of Physics.@S1063-777X~98!00903-7#

This paper is written in commemoration of the 70th anniversary of the National Science Center
‘‘Kharkov Physicotechnical Institute’’
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1. INTRODUCTION

According to the prevailing concepts, the change in
superconducting properties of metals subjected to plastic
formation is associated with the level of defects and the
ture of the structural state formed as a result of deformat
This problem has been studied theoretically and experim
tally for quite some time, and the maximum progress h
been attained for the cases when the structure of the ma
als is characterized by a uniform distribution of dislocatio
a weakly disoriented cellular structure, and the presenc
twin interlayers~see, for example, Refs. 1 and 2!. The situ-
ation was found to be quite different in the studies of t
influence of the fragmented structure, one of the most
quently encountered types of structural state, on the pro
ties of superconductors. As a rule, the emergence of su
structure is associated with the growth of large plastic de
mations and leads to the fragmentation of the material in
large number of highly disoriented microregions~fragments!.
Several authors assume that significant changes in the p
erties of the superconducting state are associated with
onset of rotational plasticity.3,4 However, the interpretation
of the experimental results is greatly hampered due to
absence of suitable models explaining the entire comple
and diversity of this phenomenon. We believe that the se
ration of contributions from individual elements of frag
mented structure in the variation of the superconducting
rameters would be an important step towards the solutio
this problem and the construction of models conforming
the experimental results.

Earlier, we studied the effect of large plastic deformati
by drawing at 77 and 300 K on the magnetic properties
vanadium at 4.2 K.4 In order to interpret the observed vari
tions, it was proposed by us that one of the main fact
responsible for the observed effects is the strength of fr
2011063-777X/98/24(3)/4/$15.00
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ment boundaries which depends primarily on the disorien
tion angle, the number density of defects, and the leve
nonuniform internal stresses caused by them. The streng
boundaries increases significantly as a result of cryoge
deformation, which enables us to study the nature of
phenomenon. In the present paper, which is a continuatio
our earlier publication describing the effect of fragmentati
on the superconducting properties of vanadium,4 we en-
deavor to describe the results of new experimental stu
whose analysis makes it possible to isolate the contribu
from individual elements of the fragmented structure to
variation of superconducting characteristics of the metal t
ing into account the internal stress fields.

2. EXPERIMENTAL TECHNIQUE

In the present work, we study the connection betwe
the variations of the lower critical fieldHc1

, the thermody-
namic fieldHc , and the upper critical fieldHc2

, as well as
the superconducting transition temperatureTc , the resistivity
rn , and the emergence of inhomogeneous dislocation st
tures as a result of large plastic deformations. As in o
earlier work,4 we chose 99.88% pure vanadium obtained
electron-beam melting as the object of our investigatio
Cylindrical bars were first subjected to recrystallization a
nealing at a temperature of 1300 K in a vacuum of 1
31025 Pa for three hours. Subsequent deformation by dra
ing at 77 K was carried out on a special device.5 As the
deformation attained the level«580%, samples of wire hav
ing a diameter 1.2 mm and a length 12 mm were cut.
structural state of the samples identical to the initial~recrys-
tallized! state was created by repeated annealing.

In order to plot the field dependences of magnetizat
M (H) for vanadium at 4.2 K, we used a special magnetom
ter capable of recording the dependenceM (H) under a con-
© 1998 American Institute of Physics
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tinuous variation of the magnetic field. The sample axis w
at right angles to the magnetic field. The technique for m
netic measurements was described in detail in our ea
publications.6,7 With the exception ofHc corresponding to
the deformed state, the values of the critical fields at 4.2
were determined by using the standard technique for proc
ing theM (H) dependences.8,9 The estimate for the valueHc

of the deformed state is presented below. The supercond
ing transition curves were recorded by the usual resis
technique, and the error in determiningTc was 0.001 K. The
structural state was studied by transmission electron mic
copy on longitudinal sections of the samples. Note that
investigations in the initial state and in the state deformed
drawing were carried out on the same sample after remo
a surface layer of thickness.10mm.

In our calculations, we used the quantityrD , the contri-
bution torn from a unit length of the dislocation line. Thi
quantity was determined in supplementary experiments
measuring the increment inrn at 5 K as aresult of an in-
crease in the mean dislocation densityN registered by an
electron microscope after relatively small deformations
was found thatrD.1310224V•m3.

3. DISCUSSION OF RESULTS

Table I shows the characteristics of vanadium in vario
structural states. It can be seen that deformation leads
decrease in the value ofHc1

and an increase in the values
Hc2

, Tc andrn , the variation in the value ofHc2
being the

most significant. While the magnetization of the initi
sample is described by a typical hysteresis curve, the na
of magnetization changes significantly as a result of de
mation, and a peak effect is observed~Fig. 1!.

The initial structural state of vanadium is characteriz
by a low dislocation densityN.1012 m22, and polygonal

TABLE I. Characteristics of vanadium in different structural states.

State Tc , K Hc1 , Oe Hc2 , Oe rn•108, V•m

Initial 4.88 90 1660 3.78
Deformed
«580%, T577 K

4.98 80 2660 4.18

FIG. 1. Magnetization curves for vanadium samples: initial state~curve1!
and after deformation by drawing~80%! at 77 K ~curve2!.
s
-

er

K
ss-

ct-
e

s-
ll
y
g

y

t

s
a

re
r-

d

structure is practically not observed. The grain bounda
are in equilibrium state and do not cause any inter
stresses. Low-temperature deformation leads to the for
tion of a macroscopically heterogeneous structure over
sample cross section due to different conditions of pla
flow in the core and over the periphery of the bar duri
drawing. Microhardness measurements show that the rati
the corresponding regions of the cross section after defor
tion is about 5:1. The core is characterized by a morpholo
cally homogeneous distribution of dislocations withN'1.4
31015 m22 ~Fig. 2a!, and fragments stretched along the d
rection of drawing are encountered rarely. On the other ha
the periphery abounds in fragmented structure and the f
ments are also stretched along the direction of drawing~Fig.
2b!. In the region of bulk fragmentation, the density of di
locations uniformly distributed in the fragments
N'2.631015 m22, the average size of fragments isd'3.0
31027 m, and the fragments may be disoriented by up
15°. The fine structure of fragment boundaries is not
solved, which is apparently due to a very high density
defects at the boundaries, and the presence of intern
stress fields in them. This leads to a significant blurring a
overlapping of the regions of diffractional contrast betwe
dislocations. Note that strong variations of diffractional co
trast and a large number of flexural contours observed
quently in the fragments point towards the existence of qu
large and nonuniform internal stresses caused by interfa
Twinning is not observed after deformation.

Let us compare and analyze the obtained results

FIG. 2. Vanadium structure after drawing~77 K, «.80%): a—core
(380 000); b—periphery of the sample (340 000).
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should be remarked at the very outset that a more deta
analysis of the reasons behind observed effects requir
knowledge of not only the characteristics presented in Ta
I, but also several other theoretical parameters characteri
the superconducting state of the initial and the deform
samples. These parameters are calculated on the basis
BCS theory and the Ginzburg–Landau theory.10,11

Let us consider the properties of the initial state a
define its generalized parameter:

k15
1

&

Hc1

Hc
. ~1!

An analysis of the magnetization curve shows thatHc

'290 Oe, which givesk1'4.1. In order to estimate th
‘‘purity’’ of the superconductor under investigation and
select a criterion for correctly determining the variation ofk1

in the deformed state, we calculate the Sommerfeld cons
g. For this purpose, we use the temperature depend
Hc(T)/Hc(0)12 to estimate the value ofHc(0)'1.24 kOe.
Using familiar relations,10,11 we can obtain from here th
constant g51.13103 J/~m3

•K2! and the BCS coherenc
length j0 . The value ofj0>5.3531028 m was obtained
from a comparison of the characteristicsTc andg for vana-
dium which was also analyzed by us in Ref. 12. Havi
calculated the mean free pathl 59.331029 m from the re-
lation rnl 53.5310216V•m2,12 we obtain the impurity pa-
rametera50.882j0 / l'5.1. This means that the metal und
investigation is a quite ‘‘dirty’’ superconductor.

Let us now consider the possible reasons behind
variation of superconducting properties of a metal as a re
of deformation. In the first approximation, these variatio
may be caused by an increase in the dislocation densit
the regions of their uniform distribution~core and the regions
inside the fragments!, fragment boundaries and macroscop
internal stresses. The latter emerge as a result of any v
tion in sample shape and must be taken into considera
while estimating the effect of the structural factor on t
critical parameters. In the case studied by us, tensile stre
dominate at the periphery, while compressive stres
abound in the core region.13 For the sake of simplicity, we
shall consider the maximum possible effect of these stre
on superconducting characteristics. While evaluating
critical parameters in the core of the sample, we shall ass
that the effect of compressive stresses on the chosen vo
is similar to the effect of hydrostatic pressure. Consider
that fragments are strongly stretched in the peripheral
gions, we shall confine ourselves to the case when a
fragment mainly undergoes an axial elongation. Accord
to Rybin et al.,14 the internal stress field distribution in th
fragments is quasiuniform in this case, except in the bou
ary regions which have a characteristic linear size'0.05d.

Let us estimate the most probable variations in the c
cal parameters in the regions with a uniform dislocation d
tribution. According to Zaitsev’s model15 and our experi-
mental data,3 the dislocation part of the growth inTc satisfies
the approximate equality
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DTc~N!>
p

18 S s'

si
D 4 EF

2ms

\kBG
N, ~2!

where s' and si are the transverse and longitudinal sou
velocities,EF is the Fermi energy,m the electron mass at th
Fermi surface,s the velocity of sound,G the shear modulus
\ the Planck constant, andkB the Boltzmann constant. Sub
stituting into ~2! the values s563103 m/s, G54.65
31010 Pa,16 EF50.7617 m'm* '2m0 ~m* is the effective
cyclotron mass andm0 the electron mass!,18 and assuming
thats' /si has the value;0.67 typical of a metal, we obtain

DTc~N!'0.15310216N ~3!

~DTc is in kelvins!. It is well known19 that for a uniform
distribution of dislocations, the stress level can be defin
with the help of the expression

s5s01aGbN1/2, ~4!

wheres0 is the yield stress in the initial state,b the modulus
of the Burgers vector, anda is a constant. The valuess0

5250 MPa anda50.3 are obtained from mechanical tes
ing, while Fidel20 gives the valueb52.63310210 m. This
gives s58.431023G. In the first approximation, we sha
consider elastic stress fields as the additional additive co
bution to the overall increase in the value ofTc . Using for-
mula ~3! and the valuedTc /dp50.6231025 K/bar,21 we
find that DTc /Tc'0.8%, which is smaller than the exper
mentally observed increase in the value ofTc .

For the relative deviation ofHc2 , we obtain from Eq.~1!

DHc2

Hc2
5

Dk1

k1
1

DHc

Hc
. ~5!

Since vanadium which was the object of our investigation
a very ‘‘dirty’’ superconductor andk1 is defined in the vi-
cinity of Tc , we obtain

Dk1'2.373106g1/2Drn . ~6!

In subsequent calculations, we can disregard the small
crease ing associated with an increase inTc . The disloca-
tion contribution to the increase in the electrical resistanc
estimated from the relationDrn'NrD . Nearly the same in-
crease in electrical resistance is caused by the point-
scatterers accumulated as a result of deformation.22 Further,
we consider that the scale of effects associated with the c
nection betweenHc2 and elastic stresses is mainly dete
mined for T;Tc by the quantity dHc /dp
'1.8531023 Oe/bar.23 In this case we obtain from Eq.~5!
the valueDHc2 /Hc2'8%, which is also much lower than
the experimentally determined variation ofHc2 in vanadium
after low-temperature deformation.

A practically similar result is obtained from analogou
calculations for the quasiuniform core region of the fra
ment, since a certain increase in the critical parameters a
ciated with an increase in the dislocation density will
compensated by the competing effect of tensile stresses

Thus, the analysis carried out by us shows that even
maximum possible values ofTc and Hc2 in regions with a
uniform dislocation distribution are smaller than the expe
mentally recorded values, which can be naturally associa
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with the fragment boundaries that are narrow unrela
zones of localization for rotational deformation.

According to the prevailing concepts, the main var
tions in the critical characteristics of vanadium observed
ter deformation are caused by an enhancement of
electron-phonon interaction and a decrease in the elec
mean free path. Using McMillan’s formula24 and assuming25

that an equal increase in the value ofTc is accompanied by
an insignificant decrease in the Debye temperature, we
tain the valueDl/l'1.5% for the relative increase in th
electron-phonon interaction constant. This value is close
the estimates for the increase inl at the regions of plastic
deformation localization.1

Let us now evaluate the parameterk1 and the character
istic electrical resistancerb of the boundary by using the
experimental values ofHc2 andTc and disregarding possibl
distortions of the dependenceHc(T)/Hc(0) introduced by
the stress field. Considering that the increase ing as a result
of deformation of vanadium correlates with the increase
Tc ,25 and using relations from the Fetter-Hohenbe
theory,11 we obtainHc(0)'1.27 kOe,Hc'330 Oe, andk1

'5.8. This gives the required value ofrb'5.8831028V
3m. Since the measuring current flows through the circ
element with a resistance lower thanrb , we find that
rb.rn . Naturally, the electron mean free path in the def
mation localization region is smaller than in the surround
volume.

The value ofrb can be used to calculate approximate
the dislocation density at deformation boundaries. Assum
that scattering at the cores of individual dislocations is
dominating factor, we obtainN'231016 m22 from the re-
lation rb5rn1NrD . This value of the dislocation density i
an order of magnitude larger than at the core of the fragm

CONCLUSION

Thus, an analysis of the experimental data allows us
differentiate the contribution from individual elements of t
fragmented structure to the variation of the critical para
eters of deformed vanadium. The dominating contribution
made by boundaries of fragments that are unrelaxed zone
localization of rotational plasticity and are regions of hi
density of crystal structure defects as well as powe
sources of internal stress fields. The variations of superc
ducting characteristics observed at fragment boundaries
d
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associated with the combined effect of an increase in
electron-phonon interaction constant and a decrease in
electron mean free path in such structural formations. T
dislocation density at fragment boundaries causing a dis
entation of about 15° may attain values up to'2
31016 m22.
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