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I. INTRODUCTION

The study of diffusion processes in solids began several
decades ago, and the results obtained have been presented in
thousands of original papers and discussed in excellent text-
books and reviews'™ . We must nevertheless agree with the
reviewer®' who stated, when discussing diffusion in crystals of
alkali metal halides, that "in spite of a large volume of careful
work we still lack a detailed understanding of diffusion pro-
cesses, even in materials as familiar as NaCl". Further
developments in our theoretical models and in our experimen-
tal techniques are needed to provide a deeper understanding
of the nature of migration processes in solids.

The migration of structural units in transport processes
(diffusion, ionic conduction, thermo-diffusion, etc.) occurs
by a series of jumps from one equilibrium position to the next.
Many different models have been proposed to describe these
elementary diffusion acts, but most of these models rely on
the motion of two types of defect: vacancies (unoccupied
crystal lattice sites) and interstitial atoms or ions, or combi-
nations of these defects (divacancies, interstitial configura-
tions, ete.).

We shall confine our discussion (except in the case of elec-
trical conduction) to the direct methods of determining diffusion
coefficients by monitoring the redistribution of the diffusing
"impurity" atoms in the solid. In this context the termimpu-
rity includes labelled atoms, i.e. isotopic indicators (such as
22Na or %'Na) which are chemically almost indistinguishable
from the atoms of the matrix (2°Na). In some cases (e.g.
when nuclear isomers are used) the indicator atoms and the
matrix atom have the same weight as well as being chemically
identical. The macroscopic significance of the diffusion coef-
ficient D follows directly from Fick's familiar laws, and its
microscopic significance (in the simplest case of an isotropic
medium) from the Einstein relationship D = <R%*>/6t, where
<R?> is the mean square displacement in time t. For the dis-
placement of a diffusing atom in a simple cubic lattice we can
write P

(R®) = aa 4 /2 (aar)\,
N ,zk s $))

where &; is the elementary jump, (ajaj) is the scalar product
of vectors, a =|a;j|, and w is the jump "frequency" of the
diffusing atom in unit time.

In the diffusion of a labelled atom each jump is correlated
with the previous jump, and only a fraction of the jumps con-
tributes to random diffusion., It is easy to see that in the
vacancy mechanism the probability of a diffusion jump in any
direction depends on the direction of the previous jump, since
each jump of a diffusing labelled atom leaves behind a vacancy
and thus increases the probability of a jump in the reverse
direction. Clearly, if an atom carries out a "forward" jump
followed by its correlated "backward" jump (to the initial posi-
tion) the two jumps are mutually compensating, Thus the
term 2 (ajak) in the right-hand side of Eqn. (1), which

ik
vanishes in the case of random motion, is not zero in the gen-
eral case.

We shall introduce the concept of the correlation coefficient
f, equal to the fractional number of jumps which make an

effective contribution to the random diffusion: werf = fuw.
Hence Eqn. (1) can be re-written
szmeffaztszazt. (2)

The correlation factor f also appears in the expression [equi-
valent to Eqn.(2)]

DT:DI%I =D

rand s

where Dpgng is the diffusion coefficient of the atom for fully
random (spatially independent) successive diffusion jumps.
Throughout this review we shall use the term self-diffusion
coefficient to refer to the "real" diffusion coefficient of iso-
topically labelled atoms or ions (DT). In most cases this
quantity is independent (to a first approximation) of the dif-
ference in mass between the indicator atoms (for example,
?2Na or *"Na) and the matrix atoms (2:Na), though of course
diffusion isotope effects are the subject of this review.

In the case of self-diffusion in cubic crystals the correla-
tion factor (to this approximation) is a purely geometric coef-
ficient, depending only on the diffusion mechanism and on the
crystal structure. As an example, the calculated correlation
factors for self-diffusion in a face-centred cubic lattice
(f.c.c.) are listed in Table 1.
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Experimental measurement of the correlation factor should

at least help to identify the elementary mechanism of the dif-
fusion process. For the isotropic self-diffusion of particles
having a single jump frequency w the diffusion coefficient can
be written D = Awf, where A includes geometric and other
factors independent of the jump frequency.

Table 1. Calculated correlation factors for self-diffusion by
different mechanisms in a b.c.c. lattice.
Diffusion mechanism fo
Vacangy O~781
Divacancy 0.475
Interstitial 1.000
Relay:
collinear jumps 0.667
non-collinear jumps 0.969

We shall now compare the diffusion coefficients for the
atoms of two isotopes of mass my and mg., We shall express
their ratio as

Da/Dy= fawalfop. (3

The difference in mass between the isotopes leads to dif-
ferences in the jump frequencies wq and wg, and hence in the
correlation factors fy and fg (which depend on wg and wg).
This statement is true both for self-diffusion and for the dif-
fusion of impurities, since in self-diffusion the labelled atom
(having a different mass) acts as an impurity atom with
respect to the atoms of the host lattice, Hence f, and fg are
true correlation coefficients for the impurity atoms. The cor-
relation factor for "true" self-diffusion (f = f;, see Table 1)
is, strictly speaking, meaningful only in the ideal case when
the diffysing atom and the matrix atom have identical jump
frequencies. The approximate equality fy = fg = f, is obeyed
satisfactorily in most cases.

For the systems considered the correlation factor of the
impurity can be expressed as f = (u/w+u), where u is the
jump frequency of the matrix atoms only. Assuming that
this expression is valid for any labelled atom, i.e. that u is
independent of the mass of the labelled atom, we can express
fo and fg as

fo=ul/(0u+u); fo=ul(wp+u). ()

Eliminating u and one of the correlation factors from (3) and
(4) we obtain the following expression for the fractional dif-
ference between D¢y and Dg:

AD/Dg=f, Aw/os, (5)

where AD = Dy~Dg, and Aw = wy—wg,

Since the absolute value of the jump frequency cannot be
determined in a diffusion experiment, for practical purposes
the ratio Aw/w in expressions such as (5) must be written as
a function of the isotopic masses my and mg. Treating the
diffusional jump as the motion of an atom through a potential
barrier, we write

o=vexp (—Q/kT),

where @ is the energy (enthalpy) of activation of the jump,

and v is the mean vibrational frequency of the migrating atom.
Since @ denotes the height of the potential barrier, its

value should be the same for chemically identical isotopes.
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Atomic vibration frequencies vary with the mass of the atom
as vem~ Y2, Hence

Aofoy=[(mafms)~"—1]. (6)

Combining (5) and (6) gives the following expression for the
diffusion isotope effect:
- AD/Dg o

Eb~—(m—ﬁ/;y_—lffa—-fo- ("N
Expressions like (6) and (7) were derived for conditions in
which only the migrating atom is able to jump, and no allow-
ance was made for changes in the state of the lattice. Obviously,
allowing for the part played by the neighbours of the diffus-
ing atom in the migration act must modify Eqn.(6) in the sense

of decreasing the magnitude of the isotope effect, Introduc-
ing the correction coefficient
% -1
AK=Am/mﬂ[("i> —1} ,
A\

we convert Eqn,(7) into

o AD/Dg (8)

Er= (mg/mg)% —1 — fodK.

An expression for the diffusion isotope effect in the form
of Eqn.(8) was first proposed by Mullen*, Using the classi-
cal theory of reaction rates AK can be interpreted as the
fraction of the kinetic energy of the diffusing atom at the
saddle point associated with motion in the direction of the
jump. Thus, AK can vary between zero and unity. It
follows from Egn.(8) that by measuring the isotope effect E%
it should be possible to evaluate the product fAK: hence, in
order to obtain the coefficient f (and thus to identify the dif-
fusion mechanism) we must introduce additional information.
We shall examine first of all the possibility of measuring (and
interpreting) quantities such as the electrical conductivity ¢
(in the case of ionic conductors) and the activation volumes
of diffusion or ionic conduction processes.

The well known Einstein—Nernst expression related the
mobility 1 and the diffusion coefficient D of a charged parti-
cle:

n/D==q/kT (9
where q is the charge of the particle, k is Boltzmann's con-
stant, and T is the absolute temperature.

The electrical conductivity (resulting from the migration
of charged particles in an electric field) is o = ygN, where N
is the number of current-carrying particles per unit volume.
To simplify the discussion we shall consider the case of uni-
polar ionic conduction, for which we can write

DJo=kT/g*N. (10)

In Eqgns.(9) and (10) the quantity D is the "random" or "chaotic"
diffusion coefficient, wheras the real diffusion coefficient D
(measured experimentally with radioactive indicators) is
related to o by the generalised expression Dr/c = (kT /q°N)f.
Comparative measurements of the real self-diffusion coef-
ficient D1 and of the ionic conductivity coefficient o allow (in
some cases) the coefficient f to be determined. Measurements
of the quantity called the "activation volume" can also help to
identify diffusion mechanisms., The diffusion coefficient Dp
can be described with adequate generality by the expression?

Dr = ya*fvexp (— Ag/kT) = ya%fv exp (%) exp (_ %) )

where Y depends on the geometry of the crystal lattice, v is
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the frequency, and Ag, AS, and AH are the changes in ther-
modynamic potential, entropy, and enthalpy which accompany
each diffusional jump. Using the standard thermodynamic
relation (3g/3p)t = V (where p is pressure and Vis volume)
we can write to a good approximation

(M) ~(.'7_A£> — AV
aw Jr \a Jr !

where AV is called the activation volume, Using theEinstein~
Nernst relation, the activation volume for ionic salts can be
determined also from electrical conductivity data. The quan-
tities Ag, 4H, and AS can be expressed as sums of the free
energy (enthalpy, entropy) of formation of the lattice defect
responsible for the diffusion (i.e. Agf, AHf, ASf) and of the
corresponding quantities for the migration process itself
(Agm, AHm, ASm). In exactly the same way AV can be sepa-
rated into its components AVy (the activation volume of forma-
tion) and AVm (the activation volume of migration).

Theoretical models of the effect of high pressures on
migration processes in solids allow some of these quantities
to be calculated. For example, in the case of self-diffusion
in metals the quantity AV'V for diffusion by single vacancies
is approximately /,—?3/, of the atomic volume, and AVZV for
the divacancy mechanism is slightly less than 2AV!V; the
corresponding quantities for interstitial diffusion are very
much smaller?.

There are many other physical parameters whose measure-
ment can help to establish the nature of the point in solids
and hence to identify the diffusion mechanism. For example,
useful measurements include anomalous thermal expansion,
specific heat anomalies, high-precision density and lattice
parameter measurements, relaxation studies, measurements of
optical properties, etc. We shall refer to the results of these
(and other) methods in our discussion of isotopic experiments.,

It. THEORY OF THE ISOTOPE EFFECT

The general theory of diffusion in solids (and, in particu-
lar, the basic elements of the theory of isotope effects in dif-
fusion) are discussed in many theoretical publications both by
Eyring's theory of absolute reaction rates and by the dynamic
variants of the theory, in both the harmonic and the anhar-
monic approximation. Eyring and Bigeleisen's general theory
of the kinetic isotope effect predicts that the effect will be
most marked when the isotopic atoms are loosely bound in the
activated complex.

Zener® and others developed Eyring's theory of rate pro-
cesses by treating the diffusion process as the motion of an
atom through a potential barrier. They showed that the
average jump frequency of the atom is related to its mass by
the expression wem™ 2, In this model the elementary diffu-
sion act is carried out by a single particle: the contribution
from the crystal lattice is not considered, Other assump-
tions made in the model include: 1) an activated state can
exist at the top of the potential barrier, and its life time is
long enough to determine it thermodynamic properties; 2)
irreversibility of the diffusion is produced by an unexplained
mechanism which causes the migrating atom to lose so much
energy that it is unable to re-cross the barrier in the back-
ward direction.

Prigogine and Bak® proposed a theory in which irrevers-
ibility of the diffusion follows from the anharmonicity of the
interactions between the normal modes of the matrix and those
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of the moving particle, Their model ignores the participa-
tion of the lattice atoms in the formation of the activated com-
plex in the saddle-point configuration; a consequence of this
model is that the diffusion coefficient is inversely proportional
to the square of the mass of the migrating atom.

The contribution to the formation of the activated complex
by the nearest neighbours of the diffusing atom can be allowed
for by making the frequency of the jumps into a vacancy pro-
portional to (m*)’llz, where m#* is an effective mass whose
value is determined by the highest and the lowest mass of the
whole configuration. Rice and Frisch’ allowed for the par-
ticipation of the lattice in the saddle configuration and used
a dynamic model free from the assumptions of the classical
theory. According to their model the jump of a diffusing
atom is the result of the fluctuations in its energy and momen-
tum (quantity of motion) produced by the thermal vibrations.
In order to calculate the amplitude of these fluctuations they
introduce a definition of the reaction co-ordinate which allows
for the displacement of both the migrating atom and the bar-
rier atoms. This quantity can be treated as a measure of
the extent to which the thermal motion has been able to over-
come the resistance of the neighbouring atoms to the passage
of the migrating particle. A jump is assumed to take place
each time the reaction co-ordinate exceeds some critical dis-
tance. Thus, the basic feature of the dynamic theory is the
assumption that a jump can occur only as a result of a speci-
fied type of fluctuation of the reacton co-ordinate, determined
by the lattice geometry. However, the energy of this flue-
tuation cannot be calculated in the present state of the theory.
The dynamic theory of diffusion has been developed also by
other workers® 1.

Discussion of the diffusion isotope effect from the stand-
point of the dynamic theory produces results similar to those
of the classical model. Hence, both theories can be used for
practical purposes. The classical model has the advantage
of being simpler, as well as offering the possibility of calcu-
lating the thermodynamic characteristics of the diffusion jump.
Our discussion of the isotope effect will therefore be confined
to this variant of the theory.

A problem still not fully solved is the mechanism by which
the energy of the activated atom is dissipated when this atom
has gone beyond the saddle point, Unless the energy is dis-
sipated very rapidly the atom may retain enough energy to
undergo the backward jump. Clearly, the diffusion problem
is closely bound up with our interpretation of the isotope
effect, i.e. with the physical significance of the term AK
which appears in Eqn.(8),

The jump frequency of an atom in the saddle configuration
(at the top of the potential barrier) should be given by an
expression including the frequencies of the normal lattice
modes for the initial configuration (vj) and for the activated
complex (vj'), Le Claire*® showed that one of the normal
modes corresponding to the saddle configuration (of frequency
v;') is unstable, and leads to the breakdown of that configu-
ration and to completion of the jump. Changes in the mass
of the migrating atom affect the frequency of this unstable
mode only. By treating the jump as the motion of an atom
at the saddle point through the potential barrier we demon-
strate (in accordance with the above discussion) that AK is
the fraction of the total kinetic energy of the system (at the
saddle point) which is assigned to the migrating atom only.
Thus the quantity AK provides information on the energetics
of an individual act of diffusion, which is not obtainable by
any other method.

Egns.(7) and (8) apply only if the mechanism of the migra-
tion act involves only one particle (vacancy mechanism, direct
interstitial mechanism, etc.). If the elementary displacement



Russian Chemical Reviews, 49 (10), 1980

requires the simultaneous motion of n atoms (as intheindirect
interstitial or in the ring mechanism) Eqns.(7) and (8) become

— % -
E%— AD [(TM_") _1] ' FAK,

Dg my + (n—1) m, an

where m, is the average mass of the matrix atoms.

Since AK allows for the contribution of the lattice atoms to
the elementary diffusion act we can establish the relationship
between this quantity and the relaxation of the atoms adjacent
to the defect. This correlation was first investigated by
Barr and Mundy'*, who expressed the activation volume for
diffusion AV in units of the atomic volume and found that AK
was numerically very similar to AV/V. Le Claire'® looked for
a correlation between the kinetic energy of an atom at the
saddle point and vibrating with the frequency v;', on the one
hand, and the jump distance of this atom, on the other hand,
and he obtained the following expression for AK:

A1<=11+-;'-|1—Av,|j", (12)

where n is the number of relaxed atoms taking part in the
saddle configuration., For the self-diffusion of Na atoms in
metallic sodium we have AK = 0.50 '° and AVf = 0.52.'® This
gives, from Eqn.(12), n = 6, which is the same as the number
of neighbours of a migrating atom in a body-centred cubic
(b.c.c.) crystal. However, this agreement must be treated
with some caution: very probably the number of relaxing
atoms is greater than six, but their contribution to AK is not
uniform. In the case of self-diffusion in metallic silver AK =
0.86 *7 and AVf=0.70. These values lead to n = 1.6, which
is not surprising, since the number of relaxing atoms in the
more closely packed f.c.c, structure must be smaller than in
the b.c,c. lattice,

It is interesting to establish whether n is a constant, char-
acteristic of a given type of crystal structure. If so,Eqn.
(12) can be used to calculate AK values appropriate to the
isotope effect in impurity diffusion, Most workers assume
that AKg for self-diffusion is equal to AKjmp for impurity dif-
fusion: this assumption is consistent with the experimental
fact that the activation volumes for impurtiy diffusion and for
self-diffusion do not differ very markedly (for example,
AVin/ag and AVAg /Ao differ by 5%; AVgp/Ag and AVAg/Ag
differ by 10%).? Theoretical calculations for structures in
which AKg is not very different from 1 lead to the same con-
clusion: in the case of an f.c.c. lattice, for which AKg =
0.9, '7 substitutional impurities should have AK values differ-
ing from AKg by not more than 8%.°7'! However, the same
is not true of crystals in which AKg << 1,

Theoretical calculations of AK have been reported for vari-
ous crystal structures. Brown and coworkers'® obtained
AK = 0.998 for NaCl, in excellent agreement (within experi-
mental error) with the experimental value'® AK = 0.93+0,09,
They also calculated AK for copper?’. A comparison of AV
and AK values is shown in Table 2,

Achar'? used the dynamic theory of diffusion to calculate
AK for several f.c.c. and b.c.c. metals. The results are
consistent with experiment.

Egn.(8) was obtained by classical statistical mechanics,
without allowance for quantum effects. Experiment shows
that this expression adequately describes the diffusion isotope
effect in most systems. The only exception is the diffusion
of the hydrogen isotopes, for which Eqn.(8) gives unaccept-
ably low values of E. It has been clearly shown'*?%%? that
quantum effects cannot be ignored in the diffusion of such
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light isotopes. The contribution of quantum corrections to
the hydrogen diffusion isotope effect has been discussed for
Pt 2? and Nb 2* matrices. A study?® of the diffusion of
hydrogen, deuterium, and tritium in Ni and Cu has shown the
need to allow for the anharmonicity of the lattice vibrations

in addition to the quantum corrections.

Table 2. Calculated and experimental values® of AK and
AV/V.
Matrix Isotope pair AK cale AKexper AVIV
Ag 1os, Lipg 0.80'2 0.86+0.05!7 0.90%
y-Fe 55. 59F e — 0.74£0.082 0.77%
Cu &, 67Cu 0.8212 0.87-£0.02% 0.90%
0.92%
Na * 22, 24Na 05412 0.5040.05 0.52'¢
G'FE * 52, SQFe 051 12 0.56i00531 —
Zn** G, 697 — 0.93:0.08% 043
NaCl 2, 24Na 0.9918 0.93+0.09! 1.20%
AgBr 105, HM1Ag — 0.66-£0.02%3 0.69%

*b.c.c. structure; ** close-packed hexagonal structure;
in every other case f.c.c. structure.

The experimental value of E has been found to be temper-
ature-dependent in several studies of the isotope effect in
self-diffusion (for example, in the self-diffusion of °%!1%Ag
in metallic silver!” and in the self-diffusion of *?’?*Na in
NaCl).?® Since E = fAK, the temperature dependence of the
isotope effect may be due to a variation with temperature of
either f, or AK, or both. The correlation factor in self-dif-
fusion is a purely geometrical parameter, depending only on
the type of lattice and on the diffusion mechanism; on the
other hand, as was shown theoretically for Ag and Al, *? the
quantity AK should also be independent of temperature.
Thus, in order to explain the temperature dependence of the
isotope effect we must postulate the simultaneous operation
of several diffusion mechanisms. Changes in the contribu-
tion of each mechanism to the overall diffusion process may
account for the observed dependence of E on temperature,

Bakker?’ derived an expression for the isotope effect in
the case of two simultaneous mechanisms (vacancy and
divacancy diffusion) in an f.c.c, lattice:

D, .
Dt D: f2AK5;

= D,
E= P fak, +

Dy (13)

where Dj, fi, and AK; are the diffusion coefficients and the
isotope effects for each mechanism. The most general
expression for the diffusion isotope effect in the case of dif-
fusion by several simultaneous mechanisms is

AD AR
Bﬂ— - 2 P‘AK‘f,ﬁm‘u ) ( 14)

where pi is the fractional amount of diffusion by the stated
mechanism, and dm; is the mass term (for the vacancy and
the direct interstitial mechanism &m; = [(mg/my)t2-11).%7
Egns.(13) and (14) can be used to calculate the contribution
of each mechanism to the overall diffusion process.

We shall now consider the limits of the validity of expres-
sions of the type of (8), (11), and (14). Both the derivation
and the practical use of these and similar expressions involve
the following assumptions:

a) Af/fg is small compared with unity, i.e. fa =fg = fo;

b) changes in mass affect only w in Egn.(2), and they
have no effect on u;
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c) the number of labelled atoms introduced into the crys-
tal by diffusion is much smaller than the number of matrix
atoms, and therefore the probability of finding an impurity
atom among the nearest neighbours of a diffusing atom is
negligibly small.

LeClaire has shown®® that the measured diffusion isotope
effect is only slightly affected by these assumptions, since
the necessary corrections are less than 2% and therefore
beyond the precision of the experiment (5-10%).

i11. SELF-DIFFUSION IN PURE METALS
1. Face-centred Cubic Metals

Diffusion isotope effects have been studied in a large num-
ber of metals with a face-centred cubic lattice, In mostcases
the conclusion is that self-diffusion in f.c.c. metals is mainly
by the single vacancy mechanism, A contribution from the
divacancy mechanism is observed near the melting point.

Self-diffusion in copper has been studied in several labor-
atories®®*®,  We shall dwell mainly on Rothman and Peterson's
results®®, obtained in an investigation of the effect of temper-
ature on diffusion isotope effects. At relatively high tem-
peratures (698~1061°C) the diffusion is described by the
following parameters: D, = 0,78 cm? s™*, @ = 2,18 eV, From
the diffusion of ®*Cu and °’Cu in copper single crystals the
ratio Dg,/Dg; = 0.0155*0,0003 was obtained, and found to be
independent of temperature., These results led to the value
AK = 0.87+0.02, and to the conclusion that self-diffusion by
the single vacancy mechanism is predominant in copper. The
variation of E§3 with temperature is negligibly small, showing
that the contribution of divacancies to the diffusion process
is slight.

The pressure dependence of the diffusion coefficient for
self-diffusion in Cu *%*° gives an activation volume of 0.9 of
the atomic volume, corresponding to diffusion by the single
vacancy mechanism or by a combination of the single vacancy
and the divacancy mechanism. Mehrer and Seeger"® arrived
at the following series of optimum parameters for the defects
in Cu by combining data on the temperature dependence of D
and on the isotope effect with data*' on high-temperature
defect equilibria: Hfl-V =1.03 eV, ASfl‘v =0.3 k, Hrlnv =1.06
eV, viVexp(ASH /k) = 1.4x10* 71, HEY —H?V = 0.54 eV,
ASEV = 2k, vPVexp{(ASZV/Kk) = 1.6x10* s~1, ~ Electron-micro-
scopic studies by Bowden"? have confirmed Mehrer and See-
gers interpretation (which allows for divacancy migration).

Self-diffusion in Ag has been studied by several workers.
Rothman's results'’ show a small, systematic deviation from
an Arrhenius dependence of In D on 1/T, which he ascribes
to the presence of a second diffusion mechanism. The tem-
perature dependence of the isotope effect for self-diffusion
in Ag (Fig.1) gives additional evidence for the presence of
two diffusion mechanisms'’. At low temperatures the E value
corresponds to diffusion by the single vacancy mechanism
(AK'V = 0.92), decreasing at higher temperatures to a level
which suggests an increasing contribution from divacancies.
Reimers and Bartdorff*® also measured the temperature
dependence of E: their results are less accurate than Roth-
man's but consistent with them.

Two extreme cases of the contribution of divacancies to
self-diffusion in silver can be defined. On the one hand,
the difference between E and f*V can be ascribed wholly to
the contribution from divacancies (i.e. AK*Y=1). Assuming
AKYY—pK?V = 1, and f2Y = 0.475, we find that the divacancy
contribution is a maximum (D?V/D'V = 0.872) at high témper-
atures (E = 0.639), falling to 0.263 at low temperatures
(E’? = 0.718). Since only the single vacancy mechanism
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operates at low temperatures, i,e. AK' == 0,918, and diva-
cancy effects on E appear only at high temperatures, we

can obtain D?V/D'V = 0,12 by assuming that AK is independent
of temperature and that the contribution of divacancies at

the melting point is a minimum for AK?Y =0. A critical analy-
sis of all the experiment data** leads to the following set

of thermodynamic parameters for the defects and for their
mobility in metallic silver: H}%V =0,99 eV, HY =0.86 eV,

AS}"= 0.5 k, HiV—HV=10.34 eV, H2V = 0,58 eV, ASfZV= 2.6 k.

£
0.751
0.71
067 4
0.63
1 | 1
0.60 a9.90 1.00 1.10

10%/T [K]

Figure 1. Isotope effect for self-diffusion in Ag:'7'%? the
curve is taken from Mehrer's analysis** of these results.

Isotope effects for self-diffusion in Pd and y-Fe have been
measured accurately enough to identify the diffusion mechan-
ism, but the temperature dependence of E was not measured
to an accuracy sufficient to justify the calculation of the ther-
modynamic properties of the defects. Peterson*® investigated
the isotope effect for self-diffusion in Pd, and found E = 0.79 ¢
0.04 in a narrow region of temperature near the melting point.
Since AK cannot be greater than unity, self-diffusion in Pd
must take place by the single vacancy mechanism, with
(1-AK) £0.02. The experimental temperature range was too
narrow to allow the contribution of divacancies to be detected,
but the numerical value of the isotope effect suggests that
this contribution is very small.

Published studies?®*® of the isotope effect for self-diffu-
sion in y-Fe are consistent (EZ5 = 0.53-0.57), and suggest
that the single vacancy diffusion mechanism predominates.
The observed temperature dependence of E allows for some
contribution from divacancies to the transport processes in
y-Fe.?®

2. Body-centred Cubic Metals

Studies of self-diffusion in b.c.c. metals have yielded
inconsistent results, and the diffusion parameters in these
systems cannot yet beinterpreted unambiguously. For most
b.c.c. metals the diffusion coefficient near the melting point
is ~1077 em? 57!, as compared with ~107% em?® s7! for f.c.c.
metals. Interesting results were obtained for the self-diffu-
sion effects in sodium. The model of self-diffusion in Na is
more complicated than the model for f.c.c. metals, and is
probably typical of the majority of metals which crystallise
in a body-centred cubic lattice. The anomalously low value
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of the ratio AD/D,, = 0.016 was pointed out early on'*: such
a value of the mass effect may be due to an indirect inter-
stitial mechanism, diffusion occurring along split interstitials.
However, since the predominant defect in Na has been shown
independently’® to be a lattice vacancy, a diffusion model
involving relaxed vacancies is proposed: this gives a lower
value of f and explains the low value of E.

Later work in the same laboratory showed a decrease in
the magnitude of the isotope effect near the melting point of
sodium*®: AD/D,, = 0.016 at 40~84°C, and AD/D,, = 0,013 at
t >84°C, Evidently, diffusion occurs by more than one
mechanism at temperatures near the melting point, but the
nature of these mechanisms has not been established. On
the other hand, two models of the relaxed vacancy have been
proposed for the region of constant E: f; = 0.5 and AK; =
0.72, or f, =1 and AK, = 0.36, However, the authors are
unable to choose between these models.

The isotope effect in Na has been calculated theoreti-
cally!® for different types of defect. Agreement with experi-
ment is best for the interstitial diffusion mechanism.

Mundy?® attempted to explain unambiguously the mechan-
ism of self-diffusion in sodium by carrying out a complex
investigation over a range of hydrostatic pressures. His
results, and in particular the irregularities in the plot of
InD = f(1/T), suggest that at least two diffusion mechanisms
are operative: a high-temperature and a low-temperature
mechanism. Within the high-temperature region two separate
mechanisms can be distinguished. Thus, the total number of
mechanisms involved is three. The dependence of self-diffu-
sion on pressure at 14.8 and 91.4°C indicates that at 14.8°C
approximately 2/3 of the diffusion takes place by the low-tem-
perature mechanism, whereas at 91.4 °C this mechanism accounts
for only 40% of the diffusion. When several mechanisms are
possible an increase in pressure causes an increased contri-
bution from the low-temperature processes. Therefore the
decrease in the isotope effect at 91.4 °C becomes less marked
when the pressure is raised to 7 kbar, though this effect may
be due to the increase in the melting point of sodium at high
pressures (145°C at 7 kbar).

Thus the experimental results show that self-diffusion in
sodium involves at least two mechanisms. The following pairs
of mechanisms have been proposed for the two-process model:
1) a vacancy and an interstitial, and 2) a vacancy and a diva-
cancy. By associating (in the first variant) the interstitial
mechanism with the low-temperature region and the vacancy
mechanism with the high-temperature region we can explain
many experimental results. However, this model does not
allow us to explain the variation of E with temperature. On
the other hand, the temperature dependence of the isotope
effect is easily explained by postulating two types of diva-
cancy whose relative contribution to the transport of matter
varies with temperature. Evidence for this model is pro-
vided by the similarity of the activation volumes for the two
high-temperature processes (AV,/V = 0.68+0.21, and AVy/V =
0.68+0.25 at 91.3°C), 2®

For the model which includes three self-diffusion mechan-
isms Mundy?® suggests the following processes: a low-tem-
perature (interstitial) process with AD/D = 0,018 and two
high-temperature processes with AD/D = 0,014 and 0.003
respectively. The latter value is surprisingly small, and we
have to use Eqn.(11) to calculate the number of atoms taking
part in the elementary act: the result is n = 20, This is
not too surprising, since neutron diffusion experiments in
liquid sodium have shown that at temperatures slightly above
the melting point ~30 atoms are involved in each diffusion
jump. We may assume that the concentration of vacancies
increases steeply near the melting point, and therefore the
relaxation around one vacancy may affect other vacancies.
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This type of interaction may lead the formation of regions
within the crystal in which diffusion is a polyatomic process.

Studies of isotope effects in self-diffusion in o-Fe 3**¢ and
§-Fe *7 have been reported. The results are mutually con-
sistent, the E values in o-Fe and §-Fe being similar to those
in Na at the same reduced temperatures (i.e. at temperatures
referred to the melting point of the appropriate metal, T/Ty).
The complex temperature dependence of the isotope effect in
o-Fe, §-Fe, and Na suggests that the migration of atoms in
these b.c.c. metals occurs by the same mechanism. In order
to test this hypothesis with a higher-melting b.c.c. metal,
Mundy and coworkers*® studied the isotope effect of chromium,
and they again observed a decrease in the E? value for the
effect withincrease of temperature (0.52—0.31at 1440—1810 °C).
The high values of the Arrhenius parameters (as in the case
of self-diffusion on vanadium) are consistent with a predomi-
nantly divacancy migration mechanism in chromium, with a
negligibly small contribution from single vacancies. The tem-
perature dependence of the isotope effect is explained (as in
the case of sodium) by the participation of two types of diva-
cancy in the transport process.

Evidently, further work on diffusion isotope effects in
other b.c.c. metals is needed to solve the problem of anoma-
lous diffusion in these materials, which are industrially impor-
tant.

3. Close-packed Hexagonal Metals

Isotope effects in the self-diffusion in zine, which has an
anisotropic lattice, have been reported?®*®. At 289—418°C
the self-diffusion coefficients parallel (1) and perpendicular
(1) to the sixth-order symmetry axis are different, but the
isotope effects are identical (within experimental error) in the
two directions, and do not depend on temperature, The
numerical values of the diffusion isotope effect suggest trans-
port by a single vacancy mechanism in both directions, with-
out a significant contribution from divacancies, i.e. fy = f. and
AKy = AK,. Different configurations of barrier atoms for
these two cases can be proposed from geometrical considera-~
tions. However, the experimental values of AV are identical
for both directions®’,

Stein and coworkers®® proposed a method of calculating the
correlation factor for self-diffusion in close-packed hexagonal
metals by the single vacancy and divacancy mechanism. The
results have been compared with experimental data*® on the
isotope effect for self-diffusion in zinc, The calculated cor-
relation factor was shown to be the upper limit of the diffu-
sion isotope effect.

IV, ISOTQPE EFFECTS IN HETERO-DIFFUSION IN METALS

Mundy and McFall®! studied the diffusion of copper in metallic
lithium, and observed deviations from linearity in the InD =
f(1/T) plots, which they ascribed to the presence of two dif-
fusion mechanisms. The numerical value of the diffusion iso-
tope effect (Ecy/Li = 0.11%0.03) is incompatible with both
the vacancy and the direct interstitial mechanism. For the
vacancy mechanism the E value should be =0 (i.e. foyu/Li~ 0),
whereas for interstitial diffusion E should be close to unity.
Assuming a dissociative mechanism for the dissolution of Cu
in Li, involving an equilibrium between the numbers of copper
atoms in normal lattice sites and in interstitials respectively,
the authors®' conclude that diffusion takes place by a direct
interstitial and a vacancy mechanism simultaneously, The
two mechanisms are thought to contribute to a similar extent
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to the transport process, since they involve comparable acti-
vation energies for diffusion. These considerations led the
authors to the values E = 0,17 and E = 0.05 for the two mech-
anisms respectively. By measuring the diffusion isotope
effects of 9% °Ag and ?%»?%Na in lithium Mundy and McFall*?
were able to compare experimental results with conclusions
from the dynamic theory of diffusion.

An interesting example of the use of the isotope effect in
identifying the diffusion mechanism of an impurity is provided
by the fast diffusion of °%!°Ag in lead®®. An interstitial
diffusion mechanism is almost invariably assumed to account
for the abnormally fast diffusion of an impurity. The vacancy
mechanism is excluded by the very small effect of the added
impurity on the rate of self-diffusion. However, the effect
cannot be explained on the assumption that the diffusion
occurs wholly by an interstitial mechanism. To resolve this
problem, the diffusion isotope effect of Ag in Pb was mea-
sured. The result®® was EAgiPb = 0,25*0.05, and the effect
of the Ag impurity of EAg/Pb was undetectable (addition of
0.08 at.% of Ag giving E = 0.26 x0,02). The effect of temper-
ature on EAg/pb Was also negligibly small., These experi-
mental observations were explained by postulating that the
diffusion of Ag in Pb involves two mechanisms, though the
contribution of the interstitial mechanism is predominant (80%).
The remaining 20% is ascribed to any mechanism in which the
diffusion of the impurity is directly linked to the diffusion of
the solvent. Typical of these mechanisms is diffusion by
impurity—vacancy pairs, with the silver atoms in interstitial
sites. The relatively small contribution from the pair diffu-
sion mechanism (20%) explains the failure of Ag additions to
accelerate the self-diffusion in Pb. On the other hand, this
small contribution from impurity—vacancy pairs to the overall
diffusion process tends to obscure the influence of this
mechanism on the isotope effect and to make the isotope effect
temperature-independent.

Thus it is firmly established that most of the transport of
Ag in Pb occurs by the interstitial mechanism. We also know
that in this case E = 1, whereas the experimental value is
E = 0.25. Since there is no reason to assume that either AK
or f is very different from unity in this case, we must con-
clude that according to Eqn.(11) n 1, i.e. several particles
are involved in the elementary migration act. The most
important defect in solutions of silver in lead is the split
interstitial. If this defect consists (as in the present case)
of two Ag atoms the presence of the impurity should acceler-
ate the diffusion much more substantially than is found in
practice. If on the other hand the split interstitial is com-
posed of one Ag atom and one Pb atom, the Ag atom can per-
form one migration act by jumping from this defect into a
normal site of the lead lattice. In this case n =3, and if
f=1and AK = 1 the E value calculated from Eqn.(11)is 0.20,
which agrees with the experimental value®’.

The isotope effects in the diffusion of cadmium (Ei}s)
and copper (E$3) °° in lead were studied for the same purpose,
i.e. in order to identify the hetero-diffusion mechanism. In
the latter case the isotope effect (ES3 = 0,23 %0,08) was found
to be close to the corresponding value for the diffusion of
105,104 & in Pb, °® suggesting a similarity between the migra-
tion mechanisms of the impurities in the two systems, We
should note that because of the low solubility of copper in
lead the concentration dependence of the rate of diffusion
could not be studied over a significantly wide range, Thus,
the measurement of the isotope effect is the only method avail-
able for identifying the hetero-diffusion mechanism,

It should be remembered that in a pure metal the correla-
tion factor f, is a constant, and depends only on the type of
crystal structure and on the diffusion mechanism, whereas
in impurity diffusion the correlation factor depends on the
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jump frequencies of the impurity atoms and of the solvent
atoms. Therefore the quantity fimp obtained from measure-
ments of the diffusion isotope effect can be combined with
other data (such as the dependence of the self-diffusion coef-
ficient on the impurity conecentration) to give the ratio of the
jump frequencies of impurity and matrix atoms. For example,
data on the isotope effect for the diffusion of zinec in silver?
and data on the effect of zinc impurities on the rate of self-
diffusion in Ag have allowed this ratio to be calculated for
different temperatures. Results from studies of isotope
effects accompanying the diffusion of Fe in Ag and Cu, * of
cadmium in zinc*®, etc. have been interpreted in a similar way.

V. DIFFUSION IN ALKALI METAL HALIDE CRYSTALS AND
IN SILVER HALIDES

Work on diffusion isotope effects in alkali metal halide
crystals and in silver halides has been confined mainly to
determining the contribution of vacancy pairs to the overall
diffusion, and to evaluating the parameter n in Eqn.(11) for
the case of simultaneous motion of two (or more) ions, since
the indirect interstitial mechanism appears to operate in silver
halides. From the results, thermodynamic parameters describ-
ing the migration under hetero-diffusion conditions have been

calculated. The experimental data are summarised in Table 3.
Table 3. Experimental values of the diffusion isotope effect
in single crystals of alkali metal halides and silver halides.

Solvent At, C° Eg. . References

22, 24Na

NaCl 614 0.727 13

NaCl 600—750 0.75 67

NaCl 622797 0.695—0.485 26

NaBr 730—798 0.65 68

KCl 574—772 0.441—0.689 67

KBr 600—695 0.523—0.637 67

RbCL 380—1707 0.107—0.362 65

AgCl 180—450 0.989 69

131, 137CS
Csl ] 470—600 | 0.54 l 60
871
LiF ’ 800750 0.42 59
AgCl 250—400 0.75 } 70
108, 111 Ag
AgCl 239—253 0.0076 2
AgBr 175337 0.0045 l 33

* In the case of °5!Ag the AD/Dg values are given

1. Contribution of the Divacancy Mechanism

As was stated above, the concentration of vacancy pairs
increases steeply in many crystal structures at temperatures
close to the melting point, and the contribution of vacancy
pairs to the diffusion process increases correspondingly. The
presence of a second diffusion mechanism will be reflected
also by the magnitude of the isotope effect.

Attempts have been made in recent years to calculate the
contribution of vacancy pairs to the diffusion of Na®* ions in
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sodium chloride. Nelson and Friauf®® measured the self-dif-
fusion coefficients of Na* in NaCl and also monitored (at the
same time) the migration of this lon in an electric field, and
concluded that the contribution from vacancy pairs was ~40%.
Though the contacts to the crystal during the measurements
in an electric field were far from ideal, the results obtained
in this way are more accurate than those of independent mea-
surements of D and g,

Beniere and coworkers®’ calculated the contribution of
vacancy pairs to the diffusion of the sodium ion in sodium
chloride (~10%) from measurements of D¢ in NaCl samples
containing small amounts of bivalent cation impurities. The
addition of bivalent cations is known to lower the concentra-
tion of single anion vacancies, and therefore at sufficiently
high concentrations of M?* the anions should migrate almost
exclusively along vacancy pairs. However, these workers®’
based their calculations on the assumed equivalence®® of cation
and anion diffusion by the divacancy mechanism. By combin-
ing this (to say the least) arguable assumption with their
e:cvperimental results on D¢y, Dyg. and o they obtained®’
V=1

Rothman and coworkers?® studied the isotope effect in the
self-diffusion of Na in NaCl. Measurements of E22 in NaCl
had been carried out even earlier!®, but the effect of temper-
ature on this parameter had not been observed, and it had
been concluded®’ that correlation is absent in the diffusion of
Na in NaCl (i.e. f =1). Rothman?® observed a change in E3%
in NaCl: from 0.484 at 796.6 °C to 0.624 at 589,3°C. By
ascribing the lack of constancy of the isotope effect to an
increasing contribution from divacancies to the diffusion pro-
cess they evaluated?® this contribution at different tempera-
tures. This calculation is more complex for an ionic crystal
than for a metal, since f becomes a function of the ratio of
the jump frequencies of the anion (uwy) and of the cation (ue)
into the divacancy, and it can vary from zero to 0.782. The
value of AK?V for divacancy diffusion is also unknown.

Rothman and coworkers?®® define two limiting cases for the
participation of divacancies in the transport process: 1) assum-
ing that E?Y = 0 at the melting point, and noting that E*V =
0,624, they estimate the minimum contribution from vacancy
pairs at the melting point to be 22%; 2) assuming that at
796.6 °C the diffusion is wholly along divacancies they find
E?V =0.484. Then, if AK, <0.8, we have f?V 0.6 and wg/uc <
0.5. Using these values they obtain?® the maximum value of
D,/(D, +D,) = 53% at 589°C. A more critical analysis of the
experimental results suggests that the most reasonable of all
the possible values of E?V is <0.2: in this case f?V £0.25 and
wg/we £0.1. Adopting these values we find that the differ-
ence in activation energy between the two diffusion mechan-
isms is 4Q = Q*V—-Q'V = 0.82-0.9 eV, and the contribution of
vacancy pairs to diffusion near the melting point is 30~45%,

Using the ratio wy/we £0.1 to interpret the results of
Beniere and coworkers®’ we find that the contribution of
vacancy pairs at 800 °C is 50%, i.e. not very different from
Rothman's value?®, Also, with this value of D,/(D, +D,)
Beniere's results®’ give an fi4 value nearer to 0,78 than to 1,
in good agreement with Nelson and Friauf's value®®,

Self-diffusion isotope effects have been studied also in
single crystals of LiF °° and CsI,®® In both cases the migra-
tion mechanism was found to be by single vacancies.

2, Self-diffusion Istope Effect in Systems with Frenkel'
Defects

In all the systems discussed so far the predominant defects
are vacancies. As an example of the application of the iso-
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tope effect to structures containing Frenkel' defects we shall
consider the diffusion of °%*!'Ag in AgCl,*

Studies®! ~%? of ionic conduction in AgCl and AgBr single
crystals (both pure and doped with divalent cations) have
shown that most of the Ag ions migrate by the direct intersti-
tial mechanism in pure AgCl and AgBr, The variation of the
quantity ¢ = uj/uy with temperature and pressure (where u;
and u4 are the mobilities of the interstitial ions and of the
vacancies) has also been studied®":*?, Self-diffusion can take
place by indirect interstitial mechanisms involving collinear
(frequency v;) or non-collinear jumps. Non-collinear jumps
of two types are possible (frequencies v, and v;), Peterson
and coworkers®® consider only the v, and v, jumps, pointing
out that the v; jump is energetically unfavourable, and they
arrive at the following expression for the effect of mass on
self-diffusion in silver halides:

where ADy, /Dy, and AD;{/Dj are the relative differences between
the self-diffusion coefficients of the two isotopes for the
vacancy and the interstitial mechanism, and ADtot/Dtot is the
experimentally observed mass effect.

Introducing the functions F,(x) and F,(x), relating the
frequencies of the collinear and the non-collinear jump
(X = v1/v;), Peterson and coworkers obtain®®

15)
AD, /D = AK + a0 AK, +a,AK,, ¢
where
o= [1—(Ma/M;) "1 F, (%) [I’NDv/Dtot]’
ar=[1(Mo/My) "1 Fy () [1—D0/D . ],
au=[l—(Ma/Mﬂ)v']va"/Dtot’
and Mg = [my + (n—1)m,], Mg =[mg +(n—1)m,] for n =2, The

ratio Dy /Dtot can be obtained from the expression

D, _ Ty
Dy (D4 /D) (1= )

where fy is the correlation factor for the vacancy mechanism,
Thus, by using Eqn.(15), the quantities o, a,, and o, can
be calculated for different temperatures,

In order to determine AKy Peterson and coworkers®® mea-
sured the isotope effect for the self-diffusion of **'™Ag in
AgBr doped with CdBr,, because diffusion in this system is
entirely (100%) by the vacancy mechanism., The best agree-
ment between experiment and calculation was obtained by put-
ting AK, = 1 and AK, = 0,1 (note that AKy is constant in
very case, AKv = 0,66), This result suggests that the inter-
action between the migrating atom and the lattice is weak dur-
ing a collinear jump, whereas during a non-collinear jump the
interaction is substantial. This conclusion is confirmed by
other experimental results, showing that the activation energy
is much lower for the collinear than for the non-collinear jump
(@1 =10.058 eV, @, =0.274 eV). The difference between the
pre-exponential factors is even more striking (Dy, = 6.1 cm?
87!, Do, = 1090 cm? s71), indicating a large entropy of activa-
tion for the v, jumps (due to the large number of particles
taking part in this process).
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3. The Isotope Effect in Hetero-diffusion

Tosi and Doyama®* calculated the energy of formation (Hf)
and the energy of migration (Hm) of cation vacancxes in NaCl
KCl, and RbCl, the energy of migration of Na*, K*, and Rb*
impurities in these chlorides, and the impurity—vacancy bond
energy (Hp) for these impurities. They obtained®* a very
small value for the energy of migration of Na in RbCl1(0.22eV)
in comparison with the Hp value for the migration of Rb*.

The activation energy for the hetero-diffusion in the
"intrinsic" (high-temperature) region is given by the expres-
sion

1
Q intr =S HitHn— -+ Hp.

k (a In /o TL)

intr

In the "extrinsic" (low-temperature) region, in which no new
defects are formed and therefore the term %Hf can be ignored,
we have

+ Hs.

extr

Qexts = Hn—k (a Inf/a )

Experimental measurements of the temperature dependence
of f in both regions give %Hf and (Hm +Hp), which can be
compared with the calculated values®*., Peterson and Roth-
man®® measured the diffusion coefficients of Na in RbCI and
the diffusion isotope effect of ??2?*Na at different tempera-
tures. Plots for evaluating theratio [3 In f/3 (1/T)]exty are
shown in Fig.2. The experimental results give Qintr = 2.06 £
0.02 eV, Qextr=0.59%0.01eV, [3Inf/3(1/T)ljntr = -0.19%
0.02 eV, [3]n f/a(llT)]extr 0.05+0.03 eV, They also
obtained®® (Hpy +Hp) = 0,65 eV, and $Hf =1.22 eV. Accord-
ing to Tosi and Doyama's calculatlonss“ the interaction energy
of the Na* ion with a vacancy in RbCl is 0,1 eV, Taking
Hp = 0.1 eV, we find Hp = 0.55 eV, in contrast to the calcu-
lated value®* H,, = 0.22 eV, As expected from the theory,
the energy of migration of the Na* ion is experimentally found
to be higher than the energy of migration of the native rubid~
ium ions, The experimental value 3Hf = 1,22 eV also differs
significantly from the calculated values (1,05 eV;®* 1,12 eV),%®
but the migration energy calculated by the conventional ionic
model is usually lower than the experimental value in all the
alkali metal halidecrystals. This discrepancy can be ascribed®®
to an excessive allowance for the polarisation energy of the
ions surrounding the vacancy.

FAK
0.35
0.30
0.25

0.201~

0.15 =
-0.05 eV

0.10 1 1 | 1 1 L
1.0 1.2 1.4 16
1097 [K]

Figure 2. Isotope effect for the diffusion of Na in RbCl in
(1) the intrinsic region and (2) the impurity region®®
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In order to determine }Hf Peterson and coworkers®®
assumed that (Hpy +Hp) is the same in the intrinsic and the
extrinsic state, i.e. that the energy needed to exchange a
Na* jon with a vacancy and the bond energy are independent
of whether the vacancy is free or attached to a multivalent
impurity. This assumption was not tested experimentally.

The changed sign of [3 In f/3 (1/T)] observed on going
from the intrinsic to the extrinsic region has been explained
qualitatively as follows®® In the intrinsic region the Na*
ion can exchange places with a vacancy very much faster than
any of the neighbouring Rb* ions, At 575°C the rate of the
Na‘*—vacancy exchange (w,) is 10 times greater than the rate
of the Rb*—vacancy exchange (w,) if all the other jump fre-
quencies are assumed to be equal. On raising the temper-
ature w, increases more slowly than w,, i.e. Hm(Na ) <Hm(Rb*).
This leads to low values of the correlation factor for the dif-
fusion of the impurity, increasing with temperature. On the
other hand, in the extrinsic region some of the vacancies may
be bound to multivalent impurity ions. If theseionsexchange
places with vacancies more seldom than sodium ions the corre-
lation factor should be much lower than in the intrinsic region.
On the other hand, if Hpy for the multivalent ion is interme-
diate in value between Hm(Na') and Hm(Rb™) the correlation
factor will be independent of temperature, or it may even
increase as the temperature falls. This behaviour is con-
sistent with both the temperature dependence and the low
value of E observed experimentally in the extrinsic region.

VI. DIFFUSION IN TRANSITION METAL OXIDES

Unlike the majority of ionic compounds, many transition
metal oxides can exist in non-stoichiometric compositions,
These oxides contain non-stoichiometric defects whose con-
centration depends on temperature and on the oxygen partial
pressure. We shall discuss only the oxides NiO, CoO, and
FeO, all of which have the NaCl structure and can be described
by the general formula M;_,O (in which cation vacancies are
assumed to be the main non-stoichiometric defect). In order
to preserve the electrical neutrality of the crystal an equal
number of electron holes must be produced. At high temper-
atures the localised electron holes can migrate from one cation
site to the next, giving rise to p-type semiconductivity.

In the absence of defect association the formation of cation
vacancies in M;_,0 can be described by the expression

‘l—oz-i-OLM“—*Oz‘-l—V‘?’—I—OLM“,

where VO‘ is a cation vacancy (negatively charged with respect
to the lattlce), M2* and 0% are a metal cation and an oxygen
anion in their respective lattice sites, and M** is a cation
bearing a localised hole. Obviously, the concentration of
cation vacancies and of holes will be proportional to pcl)/;n at a

given temperature, where pg, is the equilibrium partial pres-

sure of oxygen and n = 2(a+1), Thus, if the electrical con-
ductivity and the self-diffusion of cations are determined
exclusively by electron holes and cation vacancies we expect
both the cation self-diffusion coefficients and the electrical
conductivity to be a function of pQ,.

1. Self-diffusion in NiO and CoO

The effect of oxygen partial pressure on the self—diffusion
of cations in NiO and CoO was studied by Volpe and Reddy’*
who found values of n (in the expression Dcpl/n) of 2.9, 3.3,

and 3.6 for CoO at 1000, 1150, and 1350 °C respectlvely, and
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6.25 and 5.0 for NiO at 1245 and 1380 °C respectively. The
deviation of the n value from 4 (or 6) shows that the single
defect model is incapable of interpreting the experimental
results adequately. Non-integral values of n can be explained
by postulating more than one type of ionised cation vacancy.
Since electron holes are more mobile than cation vacancies,
the ionised state of a cation vacancy can change many thou-
sands of times during the life time of the vacancy. Hence,
if more than one type of ionised eation vacancy is contributing
to the equilibrium, a migrating vacancy can have an effective
negative charge o which is not necessarily an integer., If we
adopt this approach we must introduce a distinction between
the mobilities of neutral, singly charged, and doubly charged
vacancies in these materials,

Recent work on isotope effects in the self-diffusion of
cations has helped to identify the diffusion mechanisms in CoO
and NiO crystals. Measurements’?of the diffusion of *#°Coin
CoO gave E33 =0.58 +0.01 (independent of temperature between
1081 and 1411°C). The temperature-independence of the iso-
tope effect is evidence that the self-diffusion of Co in CoO
involves only one mechanism, and the observed value of EZj
suggests a single vacancy mechanism with AK = 0,75, Volpe
and coworkers’® also studied the isotope effect for the self-
diffusion of 3»®®Ni in NiO crystals, and obtained the value
EZ7 = 0.61£0.02, independent of temperature in the range
1201-1678°C.  In an earlier paper’* the same workers had
suggested that a temperature-dependent (interstitial) mech-
anism may be needed, in addition to the vacancy mechanism,
to account for the diffusion of cations in nickel oxide. How-
ever, their measurement of the isotope effect clearly shows
that in NiO (as in CoO) cation transport occurs exclusively
by the single vacancy mechanism, with AK = 0,78,

2. Self-diffusion in Fe;-,0

The wustite lattice always contains an apparent excess of
oxygen (at 1400 °C the range of compositions is Fe;.q50—
Fey.5,0). The non-stoichiometric excess of oxygen is shown
(by X-ray diffraction) to be due to a large number of cation
vacancies’*. At these high concentrations of defects we can
no longer use the simple model of individual vacancies, and
we must allow for the formation of defect associations (or
clusters). Extended defects may give rise to whole regions
having the spinel {Fe;O,) structure in wustite, Thus, clus-
ter formation perturbs the direct relationship between the
diffusion coefficient and the departure from stoichiometry (x).
Not surprisingly, early studies of this relationship gave
inconsistent results. For example, a study of diffusion in
Fe,_,O with radioactive indicators gave D values increasing
with the extent of non-stoichiometry’®, whereas the D values
calculated from chemical diffusion coefficients decrease as x
increases.

A detailed study of the mechanism of diffusion of cations
in wustite and of the formation of clusters in this material
(and its effect on diffusion) was based on measurements’® of
the diffusion coefficients and of the diffusion isotope effect of
5%,5%Fe in Fe,_,O. The results indicate a non-linear rela-
tionship between D and x. At high temperatures (1200°C)
and compositions in the range 0.05 s x £ 0.10 the D values
increase by 20% as x increases, but at 800 °C they fall by 40%,
and at 1000 °C they are almost independent of x, The mea-
surements of the jsotope effect are summarised in Fig.3, which
shows a plot of E = f(x) for different temperatures.

As was pointed out above, the numerical values of E for
NiO and CoO are consistent with the single-vacancy mechan-
ism (f = 0,78 and AK = 0,78 and 0,75 respectively), and are
independent of temperature and composition, In wistite of

®
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a given composition E is independent of temperature, but it
decreases as the deviation from stoichiometry increases, This
effect can be asqgribed to changes in the correlation factor if
we assume AK to be constant for wistite and for NiO and CoO
(a plausible assumption, since all three oxides have the same
crystal structure). The fact that the E values are lower in
FeO than in NiO and CoO suggests a contribution to the dif-
fusion process from divacancies and even higher-order asso-
ciations. The experimental results show that the iron cations
diffuse by exchanging places with mobile vacancies, with a
single mechanism operating over the whole range of composi-
tion (as shown by the constancy of the isotope effect parame-
ters at different temperatures but constant x),’®

0.10

x, mole fraction

Figure 3. Isotope effect for the self-diffusion of ’¥'°°Fe in
Fe;-xO as a function of x 7® at different temperatures:
1) 1200, 2) 1000, 3) 807°C.

At high concentrations of vacancies clusters are formed:
different models of the cluster are discussed in Ref.77,
These defect associations are less mobile than single vacan-
cies, and they show a higher degree of correlation, leading
to lower £ values at high x. Macroscopic diffusion along
free vacancies tends to decrease as the deviation from stoi-
chiometry increases. At a well defined temperature D is
independent of x, since the increase in the concentration of
free vacancies is balanced by the decrease in mobility and by
the increased correlation effect (i.e. by the decrease in f).
Lastly, if the temperature isincreased still further the higher-
order clusters begin to break down, causing D to increase
with x.

3. Diffusion of Co in NiO

In order to throw light on the detailed features of impurity
diffusion processes, and also to explain the influence of the
interaction between impurity cations and defects on the self-
diffusion of cations in oxides, Chen and Peterson’® studied
the isotope effect for the diffusion of Co in NiO, and also the
simultaneous diffusion of Co and Ni in (Ni,.,Co.)O crystals,
The experimental values of (fAK)g, in NiO increase from
0.45+0.01 and 1179°C to 0.61+0,01 at 1649°C, Using the
value AK = 0.78 obtained for the self-diffusion of Ni in NiO
the authors’® evaluated fco for the given temperature range
(see Fig.4). These values of fco were then used to calcu-
late the ratio of the jump frequencies of the impurity ions and
the solvent ions, from which was finally obtained the ratio of
the diffusion coefficients of Co and Ni (D¢o/Dyy) in pure NiO.
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The Dco/DNi values calculated from the diffusion isotope
effect agree well with the values obtained directly from experi-
ments on the simultaneous diffusion of Co and Ni in NiO,
This agreement between calculation and experiment confirms
the validity of the assumptions made in the calculation (includ-
ing a low value of the energy Hp for the interaction between
an impurity cation and a vacancy, i.e. Hp << kT),

fo
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Figure 4. [, against 1/T for the diffusion of Co in Ni0.”®

VIl. OTHER APPLICATIONS OF THE DIFFUSION ISOTOPE
EFFECT

All the examples considered so far are typical of the prac-
tical application of the diffusion isotope effect in detailed
studies of migration processes in metals and in ionic crystals.
However, the possibilities of the isotopic method are not lim-
ited to these systems: the method can be used also to study
van-der-Waals and molecular crystals.

Parker and coworkers’® studied the diffusion of the kryp-
ton isotopes ’*®®Kr in solid argon, and found E;f = 0.48¢
0.25. This result suggests that the diffusion of Kr in solid
Ar involves either a divacancy mechanism or a single vacancy
mechanism with f = 0.78 and AK = 0.6, The low value of AK
is not surprising, since it can be shown that heavy impurity
atoms have very small values of AK, Barton®® calculated the
isotope effect for this system theoretically, and obtained
AK = 0.75-0.85 (a value at the upper limit of experimental
results ). The calculated value of E]¢ for the divacancy mech-
anism is also not too different from the experimental value’®.
However, within the limitations of the model used it is not
possible to select the preferred mechanism,

Fox and Sherwood®® used the mass effect to identify the
diffusion mechanism in solid benzene single crystals. The
molecules '*C!%C¢H, and 2C¢*H;°H were used as tracers
because their molar volumes are similar (and their spectral
characteristics almost identical) to those of ordinary benzene.
The authors therefore treated the labelled molecules as "iso-
topes” of benzene. The measured value E = 0.8 suggests
mass transport by a single vacancy mechanism, with f=0.78
and AK =1, Similar measurements were carried out on single
crystals of naphthalene®?, The equations for the diffusion
isotope effect in solids have been used®® to interpret data on
the isotope effect in liquids, The diffusion of perdeutero-
benzene and of ordinary benzene has been studied in chloro-
benzene, n-octane, and cyclohexane, The results, which

Russian Chemical Reviews, 49 (10), 1980

show a negligibly amall "isotope effect" for the diffusion of
benzene, made the authors conclude®® that diffusion in these
systems is controlled primarily by the viscosity of the sol-
vent.

The diffusion isotope effect has been studied also in glasses
(systems in which the structural units have no long-range
order). Le Claire®* observed a small isotope effect for the
diffusion of sodium in a sodium silicate glass (E3} = 0,24) and
concluded that mass transport in this system is by a relay
mechanism.  Similar measurements were made in other labor-
atories with the aim of determining the correlation factor or
of identifying the mechanism of diffusion in glass®® ®,

A typical application of the diffusion isotope effect to the
study of transport processes in disordered crystals was
described by Robinson and Peterson®’, who measured the iso-
tope effect for the diffusion of silver along the grain bound-
aries of metallic silver. The experimental value AK = 0,48
can be used to select a series of f and AK values compatible
with both experiment and theory®. The closest agreement
between experiment and calculation was obtained for AK =
0.70-0.76 and a correlation factor corresponding to the follow-
ing vacancy-dislocation bond energles: 0.2 eV (vacancy at
the centre of the dislocation), and 0.15 eV (vacancy at one
interatomic distance from the centre of the dislocation). A
measurement®’ of the isotope effect for the diffusion of silver
in polycrystalline copper gave much lower values (E = 0,16),
showing that the diffusion of silver impurity in copper has a
high correlation, i.e. that the differences in the vacancy—
dislocation bond energy are large. As a result, the silver
tends to accumulate along the dislocations.

The separation of isotopes by diffusion hes been studied
also in geochemistry, because it ylelds information on the
physicochemical conditions of natural processes and on their
time scale. The isotopic variations of Mg, Ca, K, and Li in
minerals have been examined in detail®®, and the migration
parameters obtained have been used to reconstruct the ther-
mal history of the minerals and to determine the temperature
and time of their formation,

VIll. METHODS OF MEASURING THE DIFFUSION ISOTOPE
EFFECT

According to Eqn.(8) the measurement of the diffusion
isotope effect in practice reduces to determining the relative
difference between the diffusion coefficients of the migrating
isotopes. In order to obtain the E value with a precision of
5% the ratio AD/Dg must be measured with an error not exceed-
ing 0.1%. In most experiments the parameters Dy and Dg
cannot be measured to better than *(1-2)$%, and since the
difference between the diffusion coefficients is usually between
2 and 3% this difference lies within the experimental uncer-
tainty and is therefore not experimentally detectable,

The problem can be overcome by monitoring the diffusion
of the two isotopes simultaneously., Since the diffusion con-
ditions are identical, errors in the measurement of the diffu-
sion temperature and time do not influence the ratio AD/Dg.
In an experiment of this type the precision of the measure-
ment of AD/Dg is determined by the precision with which the
isotope concentrations ¢y and cg are known. The ratic cq/cg
can be determined by radio-isotope and mass-spectroscopic
techniques to better than 0.1%. The most convenient (and
therefore most often used) method is the radioactive indicator
methods, which we shall examine in detail.
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Mass-spectroscopic methods have been used in geochemi-
cal studies to measure the natural abundance ratios of stable
isotopes®®. The methods can be used also to study isotope
effects in the diffusion of elements lacking convenient radio-
active isotopes. Thus, E$ for the diffusion of ®’Li in Na,®°
AfCl, 7% and TiO, ** has been measured mass-spectrocopi-
cally. In this method of analysis the diffusion isotope effect
can be calculated by the procedure proposed by Naumov and
Ptashnik’®%2. In the interpretation of mass-spectrometric
data on the diffusion isotope effect it is very important to
allow for the isotope fractionation which takes place in the ion
source during the measurement. Neglect of this factor can
lead to spuriously high (ten-fold, or even hundred-fold)
results.

By using the radiometric method the concentration of the
migrating isotopes can be determined in three ways.

1. If the difference between the half-lives TJ, and Tl%z is
fairly large the ratio cy/cg can be determined by analysing
the time dependence of the total activity.

€ 1ot =="Ca XP (—Aat) + cpexp (—hst),

where ctot is the measured total activity, Ay and Ag are the
decay constants, and t is time (measured from the beginning
of the experiment).

At present this procedure is the most widely used. If the
half-life of one of the isotopes (T{},, say) is small enough, a
second measurement is made at time t 2 10T{"/2,when the short-
lived isotope has decayed almost completely and the measured
activity corresponds to the concentration of the long-lived
isotope cg. The concentration of the short-lived isotope is
then given by the difference cy = ctot—Cg-

2. If the isotopes used in the experiment are y-emitters
with their strongest spectral lines at sufficiently different
energies, and if the isotopes decay to a significant extent
during the measurement, the activity ratio of the isotopes can
be expressed as

co _ (hg/hg) (Ag/Ap) exp (b, — Ag) ][I — exp (—Ag)]
gk | — exp (— A,T) ’

where A, and Ag are the areas under the gamma peak (cor-
rected for background), t is the time elapsed from the begin-
ning of the measurement on a series of samples, and Tis the
time of the measurement of one particular sample.

3. If the chosen isotopes emit different radiations (one
B-emitter and one y-emitter, say) it is still possible to deter-
mine the concentrations of both isotopes simultaneously by
placing the sample between suitable detectors.

We have dealt only with the measurement of the activity
ratio of the migrating isotopes (cq/cg). We shall now show
that this is sufficient for determining EY. In this case of
diffusion from a thin layer the concentration of the isotope (c)
varies with the depth of penetration (x) and diffusion time
(t) according to the expression

c=c, exp(—x*/4Dt),

where D is the diffusion coefficient of the isotope. For two
isotopes we obtain the ratio

c, c, 2 2 C, 2 D
_a=ﬂexp{__f_+ x ]: oa exp[ * (_:‘__1)];
% 4D,¢ ' 4Dyt Cop Dt \ Dy
c, 2 D, D,
In —%- — const + —> [—’i—l]=const—[—°‘—l]lnca.
cg 4D,t, | Dy Dg

Thus the relative difference between the diffusion coeffi-
cients of the isotopes can be obtained by analysing plots of
In (cy/eg) = f(Incy). In this procedure the precision of the
determination of the quantity [D,/Dg—1] depends primarily on
the precision with which the relative activities of the isotopes
(cy/cg) can be measured.
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Because of the smallness of the diffusion isotope effect,
most workers carry out a blank experiment (in parallel with
the measurement of the concentration of the diffusing iso-
topes) in which the activity of an aliquot of the initial mixture
of isotopes is monitored. A zero slope of the In (cy/cg) =
f(Incy) plot for the blank experiment confirms that the
observed effect arises wholly from diffusion phenomena.

The greatest care is needed in carrying out the isotope
experiment. Not less than 10° counts should be used in the
measurements of activity (in order to minimise the statistical
error). In addition to In (cy/cp) = f(Incy) it is useful to plot
also the relationship Incy g = (x?), which should be a
straight line. The activity should change by at least three
orders of magnitude with depth of penetration, because devi-
ations from normal bulk diffusion, leading to distortions in
the linear plot, can only be detected at considerable depths.
The blank experiment is an essential part of the procedure.
The importance of adhering to all these precautions is well
illustrated by published measurements of the isotope effect
for the diffusion of Ag in Pb, Herzig and coworkers®® found
E}}; = 1, but a redetermination of the isotope effect in this
system®® gave E}}} = 0.25, The latter value of the diffusion
isotope effect satisfactorily explains the fast diffusion of Ag
in Pb., This very large discrepancy between experimentally
measured values of the isotope effect can be ascribed to the
failure by Herzig and coworkers®® to observe all the above
precautions.

Isotope diffusion hasbeen studied also in an electric field®®.
In this case the separation of the isotopes is more substan-
tial, and can be used in practice to produce enrichment of the
initial mixture with one of the isotopes. The precision of the mea-
surement of the diffusion isotope effect increases with the
extent of separation achieved. In these measurements the
relative difference between the diffusion coefficients of the
isotopes is replaced by its equivalent relative difference between
the mobilities of the isotopes (AD/Dg = Au/ug). Detailed dis-
cussions of the measurement of the diffusion isotope effect
with the help of an electric field, and of the advantages of
this method, are given in Refs.70 and 92.

---000---

In conclusion we note that the importance of the diffusion
isotope effect as a new method of gaining information on the
details of migration processes in solids is recognised by the
inclusion of special chapters on the advantages and applica-
tions of this method in all the recently published reviews and
monographs devoted to diffusion® ™%,
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