DEPENDENCE OF THE CRITICAL CURRENT ON THE DISLOCATION DENSITY
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Much attention has been paid recently in the literature to the interaction
between Abrikosovvortices and elastic inhomogeneities of the crystal lattice
[1 - 5]. The pinning of vortex filaments and hence the possibility of obtain-
ing large currents in the superconductors of the second kind in the mixed state
is usually attributed to this interaction. The main role in the pinning of the
vortices is played by inhomogeneities of the elastic fields of the disloca-
tions.

The interaction of a single vortex with one dislocation was considered in
[1 - 3], and the pinning force was estimated on the basis of the expression
derived for the interaction energy.

However, the result obtained in this manner may turn out to be incorrect,
for at the high dislocation densities (10'? cm™? for which the maximum pinning
force i1s expected according to [1], the elastic-field distribution may be
greatly distorted even near the dislocation.

We obtain in this paper the binding energy of the vortex as a function of
the dislocation density, assuming the dislocations to have a homogeneous and
isotropic distribution, on the basis of a simple model of the interaction be-
tween the vortex and the elastic fields, with account taken only of the so-
called volume factor.

We represent the vortex in the .form of a cylindrical region with a homo-
geneous spontaneous dilatation,.8qual to the relative change Av of the unit-
cell volume during the phase transition. Then the interaction energy of a
vortex of unit length with the elastic fields is

E ~ Av £2K§¢, (1)

where & is the radius of the vortex, K the bulk modulus, and € the average dis-
location-induced dilatation of the lattice in the region occupied by the
vortex. The order of magnitude of the vortex binding energy can be determined
as the difference between the possible maximal and minimal vaiues of this
energy.

Following [6], we define a function I(e) representing the probability
density of different values of the dilatation or, which is the same, the
relative number of cells with a specified dilatation. The approximate form of
this function is

1 ¢?
I(e) = ——— Cﬂ’-'—-'), (2)

where €9 = bYp, b 1s the magnitude of the Burgers vector, and ¢ 1s the density
of the edge dislocations. Although (2) is valid for deformations in the inter-
val 10”2 > |e| > 10-%, we shall use it in the entire_interval, assuming that
the error in the final result will be negligible 1f € lies in the indfeated
interval.
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Since the quantity 4 v p~!/2 is the param-
eter of the inhomogeneity of the dilatational
field of the crystal, it can be assumed that the
minimum volume in which the relative number of
cells with a given dilatation is still given by
(2), if the parameter is suitably chosen, is of
the order of d%®. Inside the vortex, this number
is not always given by (2). However, for any vor-
g 2 tex location it is always possible to add to the
n z N7¥ vortex a volume on the order of d® such that the

: N dilatation distribution in the obtained volume is
e ‘ given by (2). Thus, if it is assumed that the

: n mobility of the vortex is determined by a mobility
vlas 2 of a vortex section of length 4, then the average
! I 03 dilatation in the vortex of this length will be
f determined by the manner in which n = (E2/9)a
Il cells contained in a vortex of length d will fill
I N = [(E* + 4%)/0]d "states" with dilatations dis-
we o g’y V4 A tributed in accordance with (2) (2 is the volume

4 of the unit cell).
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€ will have the maximum negative value if n cells fill all the "states"
completely, starting with the largest negative values of the dilatations.
There is no such possibility, however, since the vortex, being a compact forma-
tion, will overlap also regions with large dilatations. We shall therefore as-
sume that when the minimum average dilatation is determined the probability of
filling the "states"™ with dilatation € can be specified by the distribution
function of the random quantity

1 £- 6
F(f)"—f-[l“¢("—9—) ) (3)

where ¢(z) is the probability integral, €; 1s the state, still to be determined,
with a filling probability 1/2, and 6 is a characteristic width that takes into
account the aforementioned qvérlap of the regions with large dilatations,

6 =, £2/d?,

where €9 1s the normal width characterizing the distribution (2), and the ratio
£2/d® is the measure of the overlap.

The quantity e; is determined from the equation

2 \/E:+92

too 1 it ’
= [ He)F(e)dem — |1~ gf —) |, (1)
N - o
and the minimal average dilatation in the vortex is given by

N *+w Nezo €1 (5)
€ il = T-f {e)Fle)ede = mexp - m . 5

Substituting (5) in (1) we obtain for the binding energy of the vortex

x(1 +x?) ( 1 2) (6)
AE mAvKb ¢ ————exp |- — v?} ,
V1+ xt 2
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wnere u is determined from the equation

»
s
’

d’(U)'l‘” H

1+ x

and x = 4/&.

The dependence of AE on x is shown in the figure. The maximum value of
“he binding energy reached at x = 1.7, corresponding at & = 10-°% cm to a dis-
location density p = 3 x 10° cm~2?, is of the order of 10~ % erg/cm (we used in
the estimate the values Av = 3 x 10-7 [2] and K = 10 dyne/cm?). With increas-
ing dislocation density, the binding energy tends rapidly to zero. It also
decreases with decreasing dislocation density.

If we use for the estimate of the pinning force the approximation F = AE/d,
then we obtain Jcr ¢ 10°%° A/cem? for the density of the critical current at the

maximum binding energy. The figure shows also the dependence of the density of
the critical current on the dimensionless parameter X.

It should be noted that the foregoing results are valid only for a uniform
dislocation distribution. If the dislocations are not uniformly distributed,
then the large values of the critical-current density can be associated with
the existence of dislocation walls [7], in which large dislocation densities
can be reached also at relatively low average density.

The relation obtained by us is expected to hold for strongly deformed
samples in which the dislocation distribution is close to homogeneous.

[1] W.W. Webb, Phys. Rev. Lett. 11, 191 (1963).

[2] E.J. Kramer and C.L. Bauer, Phil. Mag. 15, 1189 (1967).

[3] U. Krammerer, Phys. Stat. Sol. 34, 81 (1969).

[4] R. Labusch, Phys. Rev. 170, 470 (1968).

[5] H. Kronmuller and H. Riedel, Phys. Stat. Sol. 38, 403 (1970).

[6] A.M. Stoneham, Proc. Phys...Soc. 89, 909 (1966).

[7] V.P. Galaiko, ZhETF Pis.;REdl”Zg‘294 (1968) [JETP Lett. 7, 230 (1968) 1.



