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ABSTRACT

Experimental results both in metals and ionic crystals suggest that dislocations generally
should be an important parameter in diffusion. Much enhanced diffusion and electrical con-
ductivity for impurity diffusion have been reported recently. To explain the diffusion through
dislocations, a simple model is proposed. Dislocations have been considered as microscopic
straight pipes without the presence of jogs and network structures. In presence of external
applied electric field the diffusion equation assumes the following form :

j=onkEy+onE,—Dn’,
where E, and E, are the internal and external fields respectively; the other terms having the
usual significance. The internal field has been calculated by assuming a distribution of diffusing
particles along the dislocation pipes. An approximate solution has been tried. The analysis
shows that external field has a pronounced effect on impurity diffusion. Experimental obser-
vations for the diffusion studies through dislocation pipes, in case of LiF, correspond nicely to
the theoretical calculations.

INTRODUCTION

Study of diffusion starts from an early date in the history of science, and
there is a huge amount of data regarding the solid diffusion of one element in
another. However, the atomic mechanism responsible for the flow of one
species of elements through the other has not been properly understood yet.
Some of the recent observations in diffusion study, as reviewed by Lazarus
(1958), have been explained by interchange mechanism, interstitial mechanism,
interstitialcy mechanism, vacancy mechanism, subboundary mechanism, ete.
The role played by another important group of crystal imperfections, namely
the line defects like edge and screw dislocations, was not appreciated for a
long time. Much enhanced diffusion along grain-boundaries, however, has
been observed by many observers. Fonda ef al. (1933) were the earliest to
report the enhanced diffusion along grain-boundary in tungsten. Langmuir
(1933), Graf (1947), Hoffman and Turnbull (1951), Achter and Smoluchowski
(1951) and others obtained conclusive results about this type of diffusion
in different materials. Their observations were explained taking into con-
sideration the short-circuit paths provided by the dislocations, for diffusion in
general and for conducting current in case of ionic crystals in particular.
Recently Johnston (1955) reported enhanced diffusion and conductivity during
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plastic deformation in NaCl, and Gyuali and Hartly (1938) reported similar
results in case of KCl. The former author showed that Seitz’s (1950) original
idea of creation of extra vacancies and interstitials is inadequate in explaining
the phenomenon. Johnston developed the idea of dislocation short-eircuit
paths to explain his results. ‘

Though the role of dislocation as an important parameter in the atomic
diffusion has been recognized for some time, the study of diffusion and con-
ductivity along an individual dislocation line has not been attempted due
to obvious complications in fabricating such an experiment. Only very
recently some studies have been completed in semiconducting alkali-halides
showing the quantitative magnitude of the diffusion of conductivity and
diffusion through an individual dislocation and also through a network of a
small number of dislocations by Laskar and Tucker (1960). The diffusion
and conductivity were simultaneously studied for LiF crystals. Radioactive
NaCl was used as the diffusing material and a microprove with negative d.c.
voltage was placed on a dislocation. It was observed that the conductive
current increases 50 to 100 times more than that expected from the bulk of
the crystal. The localized deposit of the radioactive material near the prove
accounts for the enhanced ionic current. A mieroscopic study of the sample
shows the dislocation line decorated. A simple model is suggested here to
explain the main results of the experiment.

THEORY

A simplified mechanism is considered here, which explains the salient
features of our observations. Consider the case where there is no external
field. There would be a diffusive force tending to push the sodium atoms in
the crystal. There would be an equilibrium concentration of ions along the
line, z, through the crystal given by

n(z) = de™ ¥, O 0 )
A being the Debye length given by the following expression :

4me2ng

A=\ ET

(2
where n, is the concentration of sodium ions on the surface. Thus there is
a distribution of sodium ions within a small distance of the anode limited by
the Debye length. Since this process involves charge separation in the present
case, one would assume the depletion layer is still restricted. The ions remain
in this equilibrium condition unless any extra force comes into play. The
effect of an external field will be to exert a pulling force on this initial
distribution. 'The ions will then move along the gradient of the field. No
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change separation is involved in this case as the external field acts as a source
of electrons as the ions are gradually withdrawn.

However, it is reasonable to assume that some energy would be needed for
the ions to be injected into the LiF to overcome the intersurface barrier.
The number of injected particles will be given by

n = nge” VKT .. . .. o3

where Ei is the injection energy.

The motion of the ions through the dislocation lines is not free, due to
the presence of jogs. The dislocations themselves are negatively charged.
Hence it is reasonable to assume a motion energy E,. The mobility of the
ions through a dislocation pipe is then given by

L £0% g kT
W= PVt y s . .. o 4)
where a is the ionic radius, and other terms have usual significance. The
ionic current through the dislocation pipe is then given by

J =npe B, .. . .. .o (8)
Combining relations (3), (4) and (5) we get

J = ngvg ?j-?f E,. exp {—(E:+E,)/KT}. .. .. (8)
An order of magnitude calculation is shown with the following typical data,
and atomic constants:
I = current through the dislocation pipe =~ 1078 amps,
v == applied d.c. voltage = 300 volts,
d = thickness of the sample = 0-5 mm,
(E1+E,) = activation energy for the process = 0-74 eV,

vy = jump frequency =< 10~3.

The value of ng calculated with the above number is found to be of the order of
10”3, which gives the probability of an atom site being occupied. Thus
with the simplified model it is seen that our experimental data are such that
this type of mechanism may be responsible for the phenomena observed.

In the above model the contribution of the internal electric field was
not considered; and also the distribution of diffusing particles were tacitly
assumed constant along the dislocation pipe. The following treatment takes
into consideration the above two factors. The time independent one-dimen-
sional diffusion equation may be written down as

dn
J=an—DE;, .. .. . o {7
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where £ = E,-+E,, E, represents internal electric field, K, represents external
applied electrie field, » concentration of the particles along the dislocation
line, and J, g, D have the usual significance.
Hence,

J= ,unE1+p,nE2—Dg—n N )
The internal field at any point  along the dislocation line is the sum total
effect of all the charged particles over and above the point x within the dlS-
location line. So the internal field is given by

poo [f ) o ([ )
a2 ) o (@r—a T ) (=)

dl‘l, .. .. .o (9)

where L is the thickness of the crystal, and origin is considered from the
lower surface. Here Z; has been defined as the field per atom site.
Expanding n(x;) as follows

(w)

n{ry) = n{x)+ (r;—2)n' (%) + ~———— n"(x) .. .. ilO)

and using the first two terms only and neglecting the higher terms which are of
relatively less importance, the following result is obtained:

el [ ) ool )
—= n(z) [fo ) f 2| " () (zl——x)z (xl-——n:)z

. (11)
Substituting y = x; —x in expression (11), one obtains
(L?‘El _ ] 0 d_y ) J‘L-xdy » 0 dy . L-.tdy
1 = nfa) f o | e | e |
xdy dy xdy L-—xdy
Sl
0¥® 0 () 0¥ o ¥
*d S b=x
=) [ Y U - ‘i-“’]
_gy [V} .7/ L=z .’I v Z/
1 x X dy L—xdy
= n(x) [————] ~n (x f — e 2 f — .. oo (12
. (x) LY {x) LY (12)
1 1 , x , B
= n{x) [—5+L——x] —n/(z) log L—z~2n (x) log Lia. .- (13)

The third integral in expression (12) is divergent. However, a physical
reasoning will show that the two particles cannot come nearer than ¢ which
is the average of the nearest distances between the particles. So

r—rq,
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Hence the third integral is evaluated as follows :
L~x L
n'(z) J Y — () J Y w(w) log (Lia).
0 y a y

Since a is the average separation, we may take
Lla=N,

where N is the number of total particles. KEquation (13) then assumes the
following form :

) 1, 1 , '
(.1;-8—.1 = n(x) [~E+L—x] = n'(z) log Lix—Zn (%) log N. .o (14)

The central region of the dislocation line is now considered to get some idea
about the various quantities in equation (8). The central region is defined by

(L[2+¢€) > (L—1x) > (L[2=¢),

where ¢ is a small quantity.

The first two terms in expression (8) are nearly zero for the region defined
above, and it is the third term which is only significant. This is justified
from physical reasoning. It is the particles which are situated near the
extreme ends of the dislocation line, which are in the field of the force of the
particles situated at the ends, whereas the particles situated at the central
region are more or less independent of the end effects. Hence under these

conditions,
a2E 1
— =

(@) log N .. .. .. .. (1)
the equation (8) assumes the following form :

J=;mE2—Dn’-—g§nn'y logN. .. - .. (16)
The above equation is rather complicated, due to the non-linear term. The
equation is linearized by writing

n = ng+1(®), R O

where 7(x) is a small perturbation on n,. %, is the same term as it appears in
expression (3). These are the number of particles injected through inter-
surface barrier. However, we have no quantitative information about .

Combining (16) and (17) one obtains
' 2 [ r
J = p(no+7(2) By— D' (n)— =5 ') log N(mo+1(=))

neglecting the second-order term 7(z)y’(x), we get

7' () [D+%§—éi log N no] —p(x)sEy = pnoEo—J, .. .. (18)
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or . )
7' (z)—an(z) = 8, .. . .. .. (18a)
where

nEs

D+26p.n(;210g N

oq =

(18b)
}LnoEg""J

D +2eun(; ;og N

B =

Solution of (18a) may be written as »
n(x) = Ade** —Bla. .. .. .. .o (19)
Assuming the boundary condition as

px)=0atz=0
one obtains

A = B/
So
o(z) = Bla—1), .. .. .. .. (20)
or |
_ bnoEy—J rEyx p
W(x)——ﬁz—‘liexpgmgvlj]. .. (21
az

The total number of particles are found to be of the order of
L
N =mno+ f n(z) dx
0
= ng+Blaf{e =1} dx

= no+ABa H L (ert—1) }—L]

_ -J pEsa2L 1 (D-2ep.n0 log N) ]
=ng4 [——_PEz ] [{exp Da?—Depmg log N _lf S —L1.(22)

While equation (17) has been used to linearize the general diffusion
equation, certain assumptions were made. A small perturbation 7(x) has
been introduced over a constant distribution » to study how the term con-
taining the external field and the term containing the diffusion constant
influence. Since the whole problem is rather involved effort has been directed
to study the situation in the central region. Equation (21) may be substi-
tuted into equation (18) to make an order of magnitude calculation for ob-
taining the relative contributions of external field and diffusion. A prelim-
inary calculation shows that the external field has same order of magnitude
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contribution as that of thermal diffusion. A detailed calculation is in pro-
gress. A more realistic approach would be to assume a Fick’s law type distri-
bution and study the effect of an external applied electric field on the diffusion
process. Computations are being made for a later publication.
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