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Calculated Isotope ESect for Diffusion in Solid Argon
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The isotope effect was calculated for diffusion in solid argon using a formalism developed by Glyde.
The computed values of d K are 0.99 for self-diBusion via a single-vacancy mechanism, 0.88 for self-diffusion
via a divacancy mechanism, 0.999 for neon impurity di6usion via single vacancies, and 0.94 for krypton
impurity diGusion via single vacancies. These calculated values are compared with experimental data
and suggest that diffusion in solid argon may be via either a single-vacancy or divacancy mechanism;
neither the calculations nor the experiments are suKciently precise to establish the mechanism with
certainty.

I. INTRODUCTION

The mass dependence of the diffusion coeScient is
generally expressed as'

D,/Dp 1—E=
(mp/m )'I' —1'

where D and Dp are the experimental diffusion co-
eKcients in the same solvent of two tracers of different
masses m, , but of the same element. f is the correlation
factor; it is determined by the diffusion mechanism and
has been calculated from first principles. '' AK is a
correction term originally introduced by Mullen, 4 who
related it to the kinetic energy of the diffusing atom.
LeClaire' subsequently related AE to the formation
volume of the diffusing defect. Glyde' has recently
derived an expression for hE in terms of the relaxations
of the lattice during the diffusion jump.

Experimentally, one wishes to determine fdic in
order to obtain some clue to the diffusion mechanism.
For instance, a value of O. IS for fdic for self-diffusion
in a face-centered-cubic material is a strong indication
of a single-vacancy mechanism. " However, in general,
knowledge offhK does not uniquely establish the diffu-
sion mechanism as AE is not known.

Parker et al.' recently measured the isotope effect for
krypton diffusion in argon. They found

Eq. (2), is consistent with either a single-vacancy or
divacancy mechanism.

II. EXPRESSION FOR AK

5K may be written as

X 1+—
Q~l

—") 1+ —x, (
—") (4)

Here m and nsp are the masses of the tracer atoms, m, is
the mass of the solvent atoms, d;„are the displacements
of the solvent atoms in the diffusion direction during
the jump process, and d» is the displacement of the

jumping atom.
This expression for AE may be readily simplified. Let

m~= m„/m, . (6)

where r /ra is the ratio of the jump rates of the tracer
atoms. Glyde used Vineyard's" formalism for the
diffusion jump frequency and obtained

r./r p
——(ma/m. ) 'I'

fhE =0.48+0.25, (2) Then, if g«1,

and interpreted this result as impurity diffusion via a
single-vacancy mechanism with AE 0.6 (f is 0.78 for
single-vacancy self-diffusion' and has been estimated
to be about 0.8—0.9 for krypton diffusion in argon via a
single-vacancy mechanism) . This author' has recently
pointed out that Parker's result, Eq. (2), may be inter-
preted as consistent with a divacancy diffusion mecha-
nism. The self-diffusion mechanism in argon has been
discussed recently elsewhere. "

In this paper, we use Glyde's expression' to calculate
AE for self-diffusion via single vacancies and di-
vacancies in argon and for neon and krypton impurity
diffusion in argon via a single-vacancy mechanism. The
calculated values of 5K suggest that Parker's result, '

2

AE= 1—m*g.

III. CALCULATION OF SEC

hK is readily obtained if the lattice relaxations
around the diffusing defect are known. These relaxations
have been calculated during computations of diffusion
activation energies. The basic procedure of these cal-
culations is to search the atomic configuration space to
find the minimum energy subject to some constraints,
such as the existence of a vacancy, or the presence of an
atom in a diffusion saddle point. These relaxation
calculations are straightforward provided that the
interatomic potential is known.

Relaxation calculations have been performed on
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argon" "using a Lennard-Jones potential to represent
the atomic interactions. It is well known that this
potential is not exact." " The relaxations for self-
diffusion via a single-vacancy mechanism have been
reported. "We have used these relaxations to compute
g, Eq. (5). The results of this computation are in
Table I. The computed g is quite small for single-
vacancy self-diffusion because the distortions of the
argon lattice are small. As a result, the value of 5E
computed from Eq. (7) is nearly I (see Table I). In
addition, we have previously calculated the relaxations
of the argon lattice during impurity diffusion via a
single-vacancy mechanism and during divacancy self-
diffusion. "No other authors have examined impurity
or divacancy diffusion in argon. In the earlier work, the
activation energies were published but the relaxations
themselves were not, as the individual relaxations have
no particular signi6cance. We have used our un-
published relaxations to evaluate g, Eq. (5), and hK,
Eq. (7) . The calculated results are in Table I.

We have used the theoretical values of f for self-
diffusion via a single-vacancy mechanism and via a
divacancy mechanism' and for krypton impurity
diffusion in argon via single vacancies' to compute
fhK. These are also in Table I, as is Parker's' experi-
mental result.

There are several sources of error in this calculation.
Glyde's expression' for AE is based on a harmonic
lattice. Anharmonic effects may significantly alter 5E.
Glyde's model also neglects local modes due to the mass
defect of the heavy tracer; this may also affect hE.
The distortions used in calculating AE were obtained
for a static lattice" and might be somewhat different

TABLE I. Values of the Glyde displacement factor g [Eq. (5) in
the text], hE, and fhE for diifusion in solid argon.

Tracer Mechanism

Ar

Ar
Kr
Ne
Kr

Single vacancy
Divacancy
Single vacancy
Single vacancy
Experiment

0.012 0.99 0, 78
0.12 0.88 0.42
0.032 0.94 0.75-0.85
0.0025 0.999

0.48+0.25

were dynamical effects considered. The distortions
around a point defect are sensitive to the assumed
potential function. "The Lennard-Jones pair potential
is not exact for argon'~" and the distortions might be
slightly different for a better potential.

IV. COMPARISON WITH EXPERIMENT

Parker' has measured fhK to be 0.48~0.25 for
krypton diffusion in argon. He suggested that this
result corresponds to a single-vacancy mechanism with
hK 0.6. The present calculations indicate that fhK
for krypton diffusion in solid argon should be in the
range 0.75—0.85. The upper limit of the experimental
work is compatible with this calculated result. We note,
however, that the computed value of fbK for divacancy
diffusion (Table I) is also consistent with the experi-
mental data. The author" has suggested that the
divacancy mechanism may be important in argon. The
calculated values of f3K do not appear to be in conflict
with this point of view, but they do not rule out the
single-vacancy mechanism.
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