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The sectioning technique and the half-life method of isotope discrimination were used to study the relative
rates of diffusion of Zn" and Zn", and of Cd'" and Cd"' in high-purity zinc single crystals. The isotope
effect, Es»= (1 D /Dt)/$1 ——(ms/m~)'"], was measured; D~/D~ and m~/m~ are the ratios of the diffusion
coeKcients and of the masses of the two isotopes o. and P, respectively. The average of the values of 869"at
411.6 and 382.8 C for diffusion of zinc isotopes in zinc, parallel to the hexagonal axis, is 0.669~0.024, whereas
the corresponding value perpendicular to the hexagonal axis is 0.687+0.022. These results are consistent with
diffusion by vacancy (basal and nonbasai) mechanisms and appear to ruie out the interstitial, ring, inter-
stitialcy, and crowdion as the dominant mechanism. The observed isotope effect, both for parallel and per-
pendicular diffusions, is thus about 13/& less than the value predicted on the basis of the inverse-square-root
mass dependence of the atomic jump frequency, i.e., the correlation factor for self-diffusion. This deviation
is apparently due to many-body aspects of diffusion, and on these considerations it is conc.uded that a small
fraction (about 13%%uq) of the translational kinetic energy of the activated state is possessed by atoms other
than the jumping atom. At 410.1'C, the values of 811;"'for diffusion of cadmium isotopes in zinc, parallel
and perpendicular to the hexagonal axis, are 0.507&0.034 and 0.317&0.032, respectively. These values
indicate an attractive interaction between the cadmium impurity and the vacancy, the interaction being
larger when both of them are in the same basal plane. Under the assumption that the many-body considera-
tion is essentially the same as for self-diffusion, and by making some reasonable simplifying approximations
as to how the presence of the impurity influences the vacancy jump, the enhancement of cadmium diffusion
over zinc diffusion is examined. It is found that the rapid interchange of the cadmium impurity with the
vacancy and the greater density of the vacancies next to the cadmium impurity are both responsible for the
enhancement in the diffusivity of cadmium in zinc.

I. INTRODUCTION

HE atomistic approach to the problem of diffusion,
based on a variety of postulated mechanisms, has

in general yielded a deep insight into the exact processes
involved. Basic to the understanding and the interpre-
tation of the diGusion data, therefore, is the atomic
mechanism of diffusion which must be assumed or
established. The diffusion coeKcient D in an isotropic
material can be written as

D=sosG f,
where ~ is the atomic jump frequency, a the root-mean-
square jump distance, and f the Bardeen-Herring' corre-

*This paper is based on a thesis submitted to the Physics De-
partment at Rensselaer Polytechnic Institute in partial ful6llment
of the requirements for the degree of Doctor of Philosophy.

t' Work supported by the U. S. Atomic Energy Commission.
f Present address: Department of Physics, University of North
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lation factor. The possible values of f lie between zero
and unity for mechanisms where the jump of the diffus-
ing atom is correlated with the direction of its preceding
jump (as in the vacancy and interstitialcy mechanisms)
and it equals unity for the cases where its motion is com-
pletely random (as in the interstitial and ring mechan-
isms). Since the work of Bardeen and Herring, ' there
have been many calculations of the correlation factor
for different lattice structures, both isotropic' ' and
anisotropic, ~' particularly for the vacancy-diffusion
mechanism. All these calculations express the results as
functions of various vacancy or interstitial jump fre-

2 A. B.Lidiard, Phil. Mag. 46, 1218 (1955); A. D. LeClaire and
A. B. Lidiard, ibid. 1, 518 (1956); K. Compaan and Y. Haven,
Trans. Faraday Soc. 52, 786 (1956); 54, 1498 (1958); J. R. Man-
ning, Phys. Rev. 128, 2169 (1962).' J. R. Manning, Phys. Rev. 116, 819 (1959).

4 J. G. Mullen, Phys. Rev. 124, 1723 (1961).' H. B.Huntington and P. B. Ghate, Phys. Rev. Letters 8, 421
(1962).

s J. G. Muiien, Phys. Rev. Letters 9, 383 (1962).
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quencies assumed in the model. Only in the case of self-
diffusion, however, have the correlation factors been
evaluated exactly. Information regarding the mecha-
nisms of diffusion can thus be obtained from an experi-
mental determination of the correlation factor, particu-
larly the one (or ones) pertaining to self-diffusion.

An approach to determine experimentally the correla-
tion factor and hence the mechanisms of diffusion, par-
ticularly in metals, was 6rst suggested by Schoen. ' He
pointed out that the correlation factor, both for self-
diffusion and impurity diffusion, can be obtained by
studying the relative rates of diffusion of two isotopes
of the diffusing element. As a matter of fact, at present,
the variation of diffusivity with isotopic mass seems to
provide the best means of measuring the impurity cor-
relation factors. During the last few years, measure-
ments on the isotope effect in di6usions " in face-
centered cubic (fcc) and body-centered cubic (bcc) ma-
terials have been reported in the literature.

The mass dependence in the diffusion coefficient
enters mainly through the jump frequency of the diffus-

ing atom and to a small extent through the frequencies
pertaining to the jumps of the defect in the neighbor-
hood of the solute. Applying Eyring's reaction-rate
theory" Wert" and Zener'4 treated the problem of
atom jump frequency in interstitial diffusion on a one-
body model by means of classical statistical mechanics.
Wert" showed that the average jump frequency co is
given by

rd=nv exp( —AG/kT),

where m is the number of equivalent paths of diffusion
from a given site, v the frequency of small oscillations
of the diffusing atom in the direction of the saddle point,
~G the free energy required to carry the defect from an
initial equilibrium position to a saddle point, k the
Boltzmann constant, and T the absolute temperature.
The mass dependence of the average jump frequency co

enters through the vibrational frequency v of the diffus-

ing atom which varies as (tts) 'is, its being the mass of
the jumping atom. Lidiard" pointed out that these

~ A. H. Schoen, Phys. Rev. Letters 1, 138 (1958).
8 A. J. Bosman, P. E. Brommer, and G. W. Rathman, J.Phys.

Radium 20, 241 (1959); G. M. McCraken and H, M. Love, Phys.
Rev. Letters 5, 201 (1960); E. M. Pell, Phys. Rev. 119, 1014
(1960); A. N, Naumov and G. Ya. Ryskin, Fiz. Tverd. Tela 7, 695
(1965i LEnglish transL: Soviet Phys. —Solid State 7, 558 (1965)j.' J. G. Mullen, Phys. Rev. 121, 1649 (1961).

«0 N. L. Peterson, Phys. Rev. 136, A568 (1964)," L. W. Barr and
A. D. LeClaire, Proc. Brit. Ceram. Soc. 1, 109 (1964); P. Suptitz,
Phys. Status Solidi 12, 555 (1965);Th. Heumann and W. Reerink,
Acta Met. 14, 201 (1966);S.J.Rothman and N. L. Peterson, Phys.
Rev. 154, 552 (1967); N. L. Peterson and S. J. Rothman, ibid.
154, 558 (1967)."J.N. Mundy, L. W. Barr, and P. A. Smith, Phil. Mag. 14,
785 (1966)."H. Eyrmg, J. Chem. Phys. 3, 107 (1935)."C.A. Wert, Phys. Rev. 79, 601 (1950).

~4 C. Zener, in JmPerfec&ogs ie E'early Perject Cryst gls, edited
by W. Shockley (John Wiley R Sons, Inc. , Nevr York, 1952), p.
295.

"A. B. Lidiard, in Hundblch der Physik, edited by S. Flugge
(Springer-Verlag, Berlin, 1957), Vol. 20, p. 275.

results are also applicable to diffusion by the vacancy
and the interstitialcy mechanisms.

Even though only one atom jumps in the elementary
process, the problem of diffusion is essentially a many-

body one since the jumping atom is surrounded by other
atoms with which it interacts. Vineyard ' re-examined
the diffusion process on the basis of the classical rate
theory, emphasizing its many-body character. The va-

cancy jump was treated as a normal-mode problem in
the mass-weighted con6gurational space of the crystal.
The jump frequency, according to this theory, is the
ratio of the product of X normal frequencies v; of the
entire system at the starting point of the transition
(with the diffusing atom at its original site and the va-
cancy at its adjoining site) to the product of (X—1)
normal frequencies v of the system constrained in the
saddle-point con6guration. It is found that the jump
frequency varies as (m*) ti', where no* is an effective
mass which is bounded by the smallest and the largest
atomic masses in the entire system. In the con6guration
with the diffusing atom at the saddle point, one of the
E normal frequencies, say v~', is imaginary and corre-
sponds to an unstable mode. The excitation of this mode
results in the migration of the diffusing atom at the
saddle point to a new lattice site. This frequency as well

as other normal frequencies of the system are, in general,
modified on using a tracer of different mass. It is shown

that the mass dependence of the effective jump fre-

quency results, however, entirely from the mass de-

pcndcncc of thc mode P] .
If several atoms are cooperatively involved in jump-

ing to new sites, the jump frequency is dependent upon
both the solvent atoms that jump and the diffusing
atom. For example, in the ring mechanism, where a
symmetrical ring of e atoms rotates collectively, it is
shown~6 that the jump frequency cv varies approximately
as Ltm+ (I—1)ns'] '~', nz' being the average mass of the
solvent atoms.

Rice et at."have given an alternative approach to the
many-body aspect of diffusion in terms of a dynamical
theory based on thc Rctual vlblatlonRl modes of thc
atoms. It avoids the requirement that the activated
complex be in thermal equilibrium with the lattice. It is
assumed in the theory that the elastic waves occasion-
ally superimpose to give proper displacements to the
migrating atom and the atoms surrounding the saddle
point to permit the jump. It seems difficult to draw any
quantitative conclusions about the mass dependence of
the jump frequency.

Measurements of the isotope effect for diffusion of
zinc and cadmium in single crystals of zinc are reported
here. The choice of zinc as the host metal was made,
since no work of this nature in an anisotropic medium

'6 G. H. Vineyard, J. Phys. Chem. Solids 3, 121 (1957).
'7 S. A. Rice, Phys. Rev. 112, 804 (1958); S. A. Rice and N. H.

Nachtrieb, J. Chem. Phys. 31, 139 (1959); A. W. Larson, S. A.
Rice, and R. D. Corneluissen, ibid. 32, 447 (1960);S. A. Rice and
H. L. Frisch, ibid. 32, 1026 (1960).
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has thus far been reported in the literature, and self-"
and impurity-diffusion'~" data in zinc are already
avRllRblC.

0 vacancy
0 impurity atom
.o solvent atom

II. THEORY

A. Isotope E8'ect

The magnitude of the isotope CBect Ep was de6ned
by Schoen' as

i

b
~c

where D /D~ and m /@AS are the ratios of the diffusion
coefficients and of the masses of the two isotopes 0. and
P, respectively.

If the only mass-dependence of the diffusion coeS-
cient lies in the factor (m) '~', then Ep can only have
the value unity. This is indeed the case for interstitial
diffusion. However, in mechanisms involving correla-
tion, for example the vacancy mechanism, a deviation
from the inverse-square-root mass dependence exists. ~"
This is due to the increased probability of reversing the
solute-vacancy jump for the lighter atom which results in
lowering its diffusion coefIicient and hence in lowering
the magnitude of the isotope CGect.

B. Correlation Factor's for Vacancy Di8usion in Zinc

For diffusion by vacancy mechanisms in a hexagonal
lattice, such as that of zinc, two different jump lengths
are involved, depending upon the initial orientation of
the vacancy relative to the tracer. The diffusing atom
moves through a distance X~ for the nonbasal jump and
)~ for the basal jump; the lattice parameters a and t,.
are, respectively, Xn and 2(X~'—-'sXn') 'I'. Huntington and
Ghate' have calculated the pertinent. correlation factors
for an impurity which is associated with a neighboring
vacancy. With the vacancy and the impurity on ad-
jacent sites in the same basal plane, they defined four
different frequencies for the exchange of the vacancy (i)
with the impurity, as oin, (ii) with either of the two
solvent atoms in the same basal plane which are also
nearest neighbors of both the vacancy and the impurity,
as oib, (iii) with either of the two solvent atoms in the
adjoining basal planes which are also the nearest neigh-
bors of both the vacancy and the impurity, as co; and
(iv) with any of the seven solvent atoms (three in the
same basal plane and four in the adjoining basal planes)
that are nearest neighbors of the vacancy but not of the
impurity, as ~,. Figure 1 illustrates these jump fre-
quencies and also those mentioned below.

Four more frequencies are dedned for the vacancy
when the impurity happens to be its nearest neighbor in

8 Q A Sh E S g7a)da d H B Hunt ngton Acta Me
1, 513 (1953)."J.H. Rosolowski, Phys. Rev. 124, 1828 (1961)."P.B. Ghate, Phys. Rev. 131, 174 (1963)."A. P. Batra and H. B. Huntington, Phys. Rev. 145, 542
(1966); 154, 569 (1967); A. J. Mortlock and P. M. Ewens, ibM
156, 814 (1967).

Fio. 1. Frequencies of vacancy-impurity and vacancy-solvent
exchanges defined by Huntington and Ghate (Ref. 4) for diiiusion
in a hexagonal lattice; the vacancy and the impurity atom are on
adjacent sites (a) in the same basal plane and (b) in the adjoining
basal planes.

an adjoining basal plane: (i) nil refers to its exchange
with the impurity; (ii) ois to its exchange with either of
the two solvent atoms in the same basal plane as the
vacancy which are also nearest neighbors of the im-
purity; (iii) coo to its exchange with either of the two
solvent atoms in the same basal plane as the impurity
which are also the nearest neighbors of the impurity;
and (iv) oi.' to its exchange with any of the seven solvent
atoms (four in the same basal plane as the vacancy and
three in the adjoining basal plane) that are nearest
neighbors of the vacancy and not of the impurity.

The model for impurity di6usion in a hexagonal lat-
tice thus employs eight different frequency parameters.
Expressions obtained by Huntington' and Ghate' "
for the impurity correlation factors are reproduced
below.

(2.2)
2oia +2t0a+ ~azoic

Xn(fn, 1)(2(0 +oi s—+7Poi +2oin)

E2ni, '+3(0&'+ "/Foi, '+2oi& —oi oi
'

X (2ois+3&s+ Rid.+nil) j (2 4)

The nonbasal jumps contribute to diffusion both
parallel and perpendicular to the hexagonal axis, the
corresponding impurity correlation factors being f~
and f~, s, respectively; fn, , is the correlation factor for
diffusion which results from the basal jumps; )~, t, is the
projection of X~ on the basal plane; Ii is the numerical
fRctoi whlcl1 cquRls thc cffcctlvc frRctlon of the dissoci-
ated vacancies that do not return once they part com-
pany with the diffusing atom. The value of F(=0.736),
taken from the calculation' of the correlation factor in
the fcc lattice, seems reasonable since the coordination

~' P. B. Ghate, Phys. Rev. DB, A11Q' (1964).
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number for both the fcc and hexagonal close-packed

(hcp) lattices is the same.
Since co,~,'(2~,+3+&+7Foi,+coo) ' is small compared

with (2oi, '+3oib'+7Fco. '+2oi~) Lthe former is about
1% of the latter for self-diffusion], Eq. (2.4) can be ap-
proximated by

~&&e (fe,. 1)~—a' 2'A~—
, a~~

=Kg, b(fg g
—1)(2oi,'+3ois'+7Foi, '+2oi~). (2.5)

C. Vacancy Correlation Factors and the Isotope EBect

When the mass of the tracer atom is changed, the
normal frequency of the v&' mode, which if excited leads
to the passage of the diffusing atom from the saddle

point to the new lattice site, is altered. This subse-
quently affects the jump rates of all atoms sharing the
motion in this mode. In general, therefore, the frequen-
cies of exchange of the impurity and the neighboring
solvent atoms with the vacancy are altered by a change
in the mass of the tracer atom. The fractional change in
the diffusion coeS.cient resulting from isotopic substitu-
tion has been investigated by Schoen, ~ by Tharma-
lingam and Lidiard, "and by LeClaire. '4

1. Diffusion Parallel to the IIexagonal Axis

Only nonbasal vacancy jumps contribute to diffusion
parallel to the hexagonal axis. Let 8' be the binding free
energy between the impurity and the adjacent vacancy
in the next basal plane. From the atomistic point of
view, the diffusion coeS.cient4 D&l can be expressed as

D„=(c'/16) oig f~,,P exp(B'/k T), (2.6)

where f~, is given by Eq. (2.2) and p is the probability
that a solvent atom has a vacancy at an adjacent site,
either in the basal plane or along the c axis, in an im-

purity-free region. For self-diffusion, this expression
reduces to

If co ~ m 't' as predicted by one-body rate theory,
then the isotope effect E„from Eq. (2.1) equals

E),——(D„"/D„e—1)/I (me/m~) 't' —1]= f~, ,~. (2.11)

This expression was hrst given by Schoen' and later
derived rigorously by Tharmalingam and Lidiard. "

a' ( P a'
Di oiofe,——p—expl — — + oizfz ip—expl — I; (2.12)

8 kkT 24 kkT)

fe,, and f~, q can be obtained from Eqs. (2.3) and (2.5).
For self-diffusion, D&„ is

g2 e'
D'J. , a &B,sfB,x:ap+ &A. , efA, b:Bp ~

8 24
(2.13)

In one-body rate theory, the corresponding isotope
effect E& is

Since (cu —a&e) is small for a small change in the mass
of the diffusing atom,

1 BD, BDi)
+~o

Di BMg it&de)

Z. Dijjusion PerpenChcutar to the Hexagonal Axis

Both basal and nonbasal vacancy jumps contribute
to diffusion perpendicular to the hexagonal axis. Let 8
be the binding free energy between the impurity and the
adjacent vacancy in the same basal plane. The diffusion
coefficient4 D& is

C2

P&,s= oiAsfA, g:sp y,
16

(2.7)
1 a' itfe, 8f~,,)=—~& f&,+co& ,+to& Ip exp(B/kT)

Di —8 cjoy 8Mo 1

oi.'+7Foi, '= u, (2.8)

where the subscript s refers to the quantities pertaining
to self-diffusion. Letting

t' itf~, ~ ~f~, ~)+—M~l f~, t+~~ +~o Ip exp(&'/kT)
24 4

'

a~, a~e &

(2.15)
it can be shown'4 that for two isotopes o. and P of the From Eqs. (2.3) and (2.5), we find

same diffusing element

Dii lDi(' 1=~~ f~,:/~~'f—~,' 1—
= (~~ /~~' —1)I f~,."+(1—f~,:)

&& (u /ue —1)(cu„~/(u~e —1) ']. (2.9)

A, b'

=2rf~ ~(j~, ~
—1)

&& [&3roi,(jg g 1)—2o~o]G i, (2.16—)

If the only frequency affected by isotopic substitution
is that of marked atom-vacancy exchange, then u"=u&,
and

Dii /Dii —1=fg, , (oi~ /&ag —1). (2.10)

"K. Tharmalingam and A. B.I,idiard, Phil. Mag. 4, 899 (1959).
'4 A. D. LeClaire, Phil. Mag. 14, 1271 (1966).

~fA, 's

=2V3(v.'fo, (jg t, 1)(fo, 1)G—'&—
~ a, ~

=2v3r'co. f~ g(fg, g 1)(fa,,—1)G ',—

(2.17)

(2.18)
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~ a, ~ = 2f~, *(f~,* 1)—

X [v38d, '(fpp, , 1)——2rid~]G ', (2.19)

r= Xg, g/Xo (2.20)

= 2&3[r'M, rag(f~, q
—1)+a&,'a&o(fs, —1)]

—4r(ops)e. (2.21)

(2.22)

where

and

Further, it is evident that

co,/pd, '= exp[—(B B')/k —T].
Using Eqs. (2.16) to (2.22), Eq. (2.15) reduces to

2 a2
Ep =— oPppf~, 'P—exP(B/kT)

Dj. 8

+ (ug f~, t—,'p exp(B'/kT) . (2.23)
24

Thus the isotope effect for diffusion perpendicular to
the hexagonal axis is the average of the two correlation
factors fJ8, and f~ 8, weighted by the contribution to
the total diffusion from basal and nonbasal jumps,
respectively.

D(0) =D«cos'0+Dp. sin'8 (2.24)

tpc a ) (B
cos'ttf& *+ »n'ttf~, t, l"~—p expl

kkT

a' B)+—sin'8fpp &oeP exP l
. (2.25)

8 kT)

3. Diggsiort irt an Arbitrary Directiort

The diffusion coeKcient D(e) in a direction making an
angle 0 with the hexagonal axis can be written as

Ftp~ f t8 K——. (2.28)

The effect of a change in the jump frequencies of the
solvent atoms participating in the diffusional jump
(DK(1), as a result of a change in the mass of the dif-

fusing atom, on the isotope effect has also been con-
sidered by LeClaire. '4 It is assumed that the isotopic
substitution is more likely to change particularly the
jump frequencies of the solvent atoms (co„&o,',&o&,a»')
which are nearest neighbors of both the vacancy and the
diffusing atom whereas its effect on the dissociative
jump frequencies (op„&o,p) is probably negligible. If the
diffusion occurs by a single monovacancy mechanism in
contrast to two monovacancy mechanisms, as is the
case for diffusion parallel to the hexagonal axis, it is
shown that

1t1 q 1
Pcc f 8K 1+—

i

—i
i

———i)Nkf ) hK

7 or'
Xi -~, 2»

where S is the number of nonmigrating barrier atoms
which participate in the diffusional jump. For self-
diffusion, Etp" differs from f Xti K by about 0.5%%uo.

the validity of the relation

(co~/(ve —1)/[(ppte/rpt~) ' —1]= ti.E, (2.27)

where AK represents the fraction of the total kinetic
energy in the normal mode of frequency v~' that the
diffusing atom possesses. This result was first derived

by Mullen' by extending the analysis of Vineyard" us-

ing the relation between the displacements along the
normal coordinates in the mass-weighted configuration
space and the atomic displacements in the ordinary con-
figuration space. The coupling coeS.cients between the
two displacements were taken to be independent of the
mass of the diffusing atom which, as LeClaire'4 has
pointed out, is questionable.

It is seen from Eqs. (2.1), (2.10), and (2.27) that the
isotope effect Ep is

It can easily be shown that the isotope effect E(8)
is given by

C2 a2
F(8)=

coc'pj's,

.'+—sin pj's—, )„8','
D(8) 16 24

g2 B)
Xexp +—sin'0fe, ,'id pip exp

l
. (2.26)

uZ' 8

4. Mapty Body Q"ects-
Treating the vacancy jump as a normal coordinate

problem in the ordinary configurational space of the
crystal, LeClaire24 has recently discussed and reaffirmed

III. EXPEMMENTAL

The procedure employed for sample preparation was
similar to that described elsewhere. " Single crystals,
about —,'in. in diameter, were grown by the Bridgman
method from 99.999%%uo pure zinc obtained from the
American Smelting and Refining Company. After one
end of a ~-in. -long specimen cut from the crystalline rod
was polished and etched, it was annealed in vacuum at
380 C for at least 30 h to remove any lattice strain re-
maining from the polishing process.

Radioisotopes Zn" and Zn" were obtained in the
chemical form. ZnC12 from Isoserve, Inc. The radio-
chemical purity for both isotopes was claimed to be
greater than 99%%uo. Radioisotopes Cd"' and Cd"" in the
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chemical form Cd (NO3)2 were obtained, respectively,
from New England Nuclear Corporation, and Nuclear
Science and Engineering Corporation, the respective
radiochemical purity claimed being greater than 99.9%
and 98%.The appropriate pair of tracers was deposited
on the polished face of the specimen (layer thickness
=0.1 tt) by electroplating" with a platinum anode from
a high-specific-activity solution containing the two
radioisotopes of the same element.

Two plated diRusion specimens, one of parallel and
the other of perpendicular orientation, were sealed in an
evacuated Pyrex container. A Pyrex Rat was placed be-
tween their active faces to help reduce the evaporation.
of the radioisotopes from the surface. The sealed speci-
mens were then placed in a Nichrome-wound furnace for
the diffusion anneal. The temperature was controlled to
within %0.2 C and was measured by a Chromel-Alumel

thermocouple which was placed immediately adjacent
to the diRusion capsule at a height corresponding to the
active faces of the specimens. This monitoring thermo-

couple was calibrated immediately after the anneal

against a platinum —platinum-rhodium thermocouple
standardized by the U. S, National Bureau of Standards.
The temperature gradient in the furnace was suKciently
small that any temperature difference seen by the op-

posing active faces of the two crystals would produce a
negligible eRect in the diRusion coefIicients. Warm-up

corrections were applied in computing the time of the
diRusioIl RnneRl.

The diRused specimen was mounted on a precision
lathe and a circumferential layer [)6(Dt)'t'$ was re-

moved to eliminate eRects of surface diRusion. About 15
to 20 sections were then turned. oR from the sample and

the lathe turnings from each cut were carefuHy collected
and. transferred to preweighed. glass counting vials. The
sections were weighed. on a Mettler balance with a pre-
cision of 0.02 mg, and each of them was then dissolved

by adding to it 4 ml of 30% HCl.
The counting assembly consisted of a Baird-Atomic

all-solid-state spectrometer (model 530), well scintilla-

tion detector (model 810C), and. a readout printer. The
spectrometer consisted of a fast and stable single-

channel analyzer, amplifier, sealer, timer, and high-volt-

age power supply with a stability of 0.03% per day. The
detector was 1ae-in. -diam&& 2-in. -thick NaI(Tl) well

crystal integrally assembled with a photomultiplier
tube. This was completely surrounded by a lead shield,

approximately 2g lIl. ln thickness) fol the purpose of I'e-

ducing the background counting rate. The photomulti-

plier had a mu metal shield to reduce magnetic field

eRects.
The counting was done in an air-cond. itioned labora-

tory and the counter was kept in continuous operation
for the entire experiment. These factors help assure the
stabihzation of the many temperature-dependent com-

"Modera L'/ectroptatt'Ng, edited by F.A. Lowenheim (John Wiley
R Sons, Inc. , New York, 1963).

ponents. The instrument was checked frequently with

standard sources to ensure its stabihty.
Assay of specimens prepared with variable activities

but constant isotopic ratio verihed that the counting
technique gave a ratio independent of the counting rate.

The counting vials fitted snugly into the weH, thereby
making it possible to recount them with reproducible
geometry. In a preliminary experiment, 20 counting
vials were picked at random and were examined for re-

producibility by putting the same amount of radio-
active solution in each of them. The counting rates from
these vials overlapped within the counting statistics.

A. Counting Zinc Isotopes

Zn" decays with a half-hfe of 245 days '6 eInitting

y rays of energy 0.511 and 1.11 MeV; Zn69™decays with

a half-life of 13.79 h" and with the emission of y rays
of energy 0.438 MeV to the 55-min ground level of ZD.'9,

from which only a P spectrum is emitted. Because of

widely dissimilar half-lives of the two isotopes, the half-

life method of isotope discrimination was employed to
determine their relative concentration. The counting
was started at least 10 h after the end of the diRusion

anneal, during which Zn" —Zn" equilibrium was

established.
The activity of the sections was measured three times

for each specimen at an interval of about 14 h by count-

ing integraHy the y rays emitted by both isotopes. In
case of three specimens, the bias discriminator was set
at 320 keV and for the fourth at 160 keV. The first five

or six sections were "hot" and a known fraction of each

of these sections was, therefore, counted to reduce the

large coincidence losses v hich would have been encoun-

tered otherwise. This, of course, did. not aRect the iso-

topic ratio and the pipetting couM be performed ac-

curately enough to obtain a good. value of the speci6c
activity of Zn" . The counting time for each specimen

was about 2 h.
About 2 weeks were allowed to elapse in order to aHow

the activity of Zn" to decay to negligible proportions

(by a factor of 10'). Recounting was done twice for each

section at an interval of about 15 days to obtain Zn'~

activity. The counting usuaHy required about five hours.

At least 300000 counts were collected for most of the
sections and for each of the isotopes, giving a statistical
uncertainty of 0.18%%uo.

The counting rates were corrected for the dead-time

losses. The dead-time was found to depend on the setting
of the discriminator level as well as the spectrum being

measured; that is, on the relative abundance of the two

isotopes in the mixture. Therefore, it was found essen-

tial to measure the dead time of the counting assembly

before and after each sample was counted, using the

"Nuclear Data Sheets, compiled by K. %ay et al. «'National Aca-
demy of Sciences —National Research Council, Washington, D. C.,
1963)."S.J. Rothman (private communication).
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sections being measured. For example, the dead-time
for integral counting from 320 keV was found to be
2.00+0.16 ysec, and from 160 keV, (1.69+0.17) @sec for
the pure Zn" isotope. With higher proportions of Zn",
higher values for the dead time were obtained. During
the very 6rst counting, it was measured to be 2.7 p,sec
and 2.1 p,sec, respectively, for the two different discrimi-
nator levels.

To obtain the Zn" activity, each count of Zn" was
combined with the corresponding count of Zn" plus
Zn" . Using the equation

N =N" exp( —X"t)+N" exp( —X"t), (3.1)

where N is the measured activity at time t and X" and
X" are the decay constants for Zn" and Zn", respec-
tively, the isotopic contributions N'" and N were
calculated.

The data were also corrected for background and the
decay of Zn" during the counting time. For the last
group of sections, the latter correction was about 6%.
All the sections were normalized to the starting time of
counting.

B. Counting Cadmium Isotopes

Cd"' decays with a half-life of 470 days" to 41-sec
Ag'" . The emitted radiation consists of 22-keV x rays
and 88-keV p rays. The 2.33-day half-life Cd'" isotope"
decays to 4.5-h In'" isotope. Besides x rays and P rays,
a number of p rays (lowest energy: 0.335 MeV) are
emitted during the decay of Cd'". The isotope Cd'"
was obtained by neutron bombardment LCd'"(m, y)-
Cd"') of Cd'" and in the process, a small quantity of
43-day half-life Cd'" isotope (about 1 to 2%) was also
produced.

The half-life method of isotope discrimination was
used to determine the concentrations of Cd"' and Cd'".
The counting was started about two days after the end
of the diffusion anneal during which the radioactive
equilibrium was established to within 0.1%.

In counting Cd'" plus Cd'" activity in each section,
base-line discrimination was employed to suppress all
radiation of energy less than 250 keV; p rays of energy
greater than 250 keV were counted. The counting time
for each sample was about 6 h. In this energy range,
there was no contribution from Cd"'. About a month
was allowed to elapse in order to let the activity of Cd'"
decrease by a factor of 10'. By counting these sections
once again, the residual activity due to Cd'" was de-
termined and then subtracted from the Cd'" plus Cd'"
counts to obtain the Cd'" activity.

The Cd"' plus Cd'" activity in each section was de-
termined by counting differentially p rays in the energy
range 50—120 keV. The counting time for each sample
was about 12 h. By finding the relative activity in vari-
ous energy ranges from a pure Cd'" source, small
corrections were applied to the measured Cd"' plus
Cd'" counts to obtain Cd"' activity.

About 100000 counts from each slice and for each
isotope were taken giving a statistical uncertainty of
0.32%.

The counting rates were corrected for dead-time
losses, background, and the decay of Cd'" during the
time of counting.

IV. RESULTS

Since the two radioisotopes of the same diffusing ele-
ment were co-deposited in the form of a thin layer on the
end face of the crystal, the concentration N of the
tracer atoms of the isotope n at a perpendicular distance
x from the active layer is given by"

1V =[No /(mD t)' 'j exp( —x'/4D f) (4.1)

where I, is the time of the diffusion anneal, D the di6u-
sion coefficient, and No the concentration of the tracer
o. originally present in the radioactive layer. The diffu-
sion coefficient can thus be determined from the slope of
the straight line resulting from the plot of lnN versus
x'. The diffusion coefficients parallel and perpendicular
to the hexagonal axis, D&l and D&, can then be calculated
from Eq. (2.24) by measuring D(8) for two different
orientations.

Considering both isotopes n and P and using Eq. (4.1),
one finds

ln(1P/N ) =constant —(D /Ds 1)(x'/4D —t)
= (constant)'+ (D /D~ —1) lnN~. (4.2)

If in(Ns/N ) is plotted versus lnN for different pene-
tration depths and a straight line is drawn through
the resulting points, the slope of the line will give
(D /D' —1)

A. Diffusion of Zinc Isotopes

The isotope effect in the self-diffusion of zinc was
measured in four single crystals, two of which were of
parallel orientations (angle between the specimen axis
and hexagonal axis being 12') and the other two of per-
pendicular orientations (angle between the specimen
and the hexagonal axes being 86 ).Two samples, one of
parallel and the other of perpendicular orientation,
were annealed at 411.6 C and the other two at 382.8 C.

The plots of ln (specific activity) versus (penetration
distance from the origin)' are shown in Fig. 2. In all the
diffusion profiles, there was no indication of evaporation
from the sample surface; there was, however, an evi-
dence of negligibly small amount of excess activity left
on the surface of the specimen during the diffusion
anneal, since the 6rst point usually lies slightly above
the line drawn through the points far removed from the
sample surface. The diffusion coefFicients were also
measured in four more single crystals. Their values and
the corresponding annealing temperatures are listed in

"J.Crank, Mathematics of Dig@sion (Clarendon Press, Oxford,
England, 1956).
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TABLE I. Diffusion of Zn. e and Cd' in zinc.

Zn"

Cd109

Diffusion
temperature

('c)
411.6
404.8
382.8
352.2
410.1
343.7

Dlr
(cm'/sec)

1.33&10 '
1.13&10 '
6,10&10 '
2.89' 10-9
3.12&10 8

6.11'10-9

Dg
(cm'/sec)

7.90&10 9

6.91&&10 '
3.69&(10-'
1.90&&10 9

3.39' 10-9
6.71'10-9

D
3-
K
K
L
CO

K

} I

4 8 12 16 20 24
SQUARE OF PENETRAT1ON(10 cm )

2S

FIG. 2. Penetration pro6les for diffusion of Zn65 in zinc.

Table I. The present data and the earlier measure-
ments'8 on the self-diffusion in zinc are shown in Fig. 3.
The present results for diffusion paral1el to the hexa-
gonal axis are about 10% lower than those from earlier
measurements. It seems, however, that the activation
energy for parallel diffusion can be trusted. For diffusion
perpendicular to th.c hexagonal axis) thc value 0'f dlffu-

sion coefficient is lower by as much as 20% at 410'C
and 7% at 355 C. These values seem to indicate that
the activation energy for perpendicular diffusion is less
than thRt lcpoltcd earlier.

Figures 4 and 5 show the computer-6tted plots of
1n(¹'/¹')versus in¹' for diffusion of zinc in two of
the four single crystals. A and 8 refer to the two orien-
tations, parallel and perpendicular, respectively. The
first number refers to the 6rst or second count of Zn65

and the second to the erst or second or third count of
Zn69 . The scale for in(¹5/¹9)is the same for all the
curves; only the zero position has been shifted for each
of them. The fractional change in the diffusion coefIi-
cient, (1—D"/D"), and the isotope eRect, E69"', to-
gether with their hast-squares standard deviations are
listed in Table II for each of the four specimens.

3. DlffQS1011 of CRdm1QIQ ISotoges

The isotope effect for the diffusion of cadmium in
single crystals of zinc was measured at 410.j. and
343.7'C.

Thc concentration-depth cuI'vcs RI'e shown ln Fig. 6.

1O-8—

0.08

1O'- 0.00

3 0.04

~ 0.00
—0.04

0,00

1
0-l I t

1.4 1.5 1.6 1.7 1.8 1,9 2.0
IOOG
T( K)

FIG. 3. Lno versus 1000/T plotted for self-diffusion in zinc.

000 1.0 2.0 5,0
in X"

FIG. 4. Diffusion of Zn'5 and Zn69~ in zinc;
orientation: parallel.
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0.08

0.04

0.00

0.00

0.04

— lA

~ 0.00'
~ 0.04

l3

0.00

0.04

2.0 5.0
ln X69

FIG. 5. Diftusion of Zn" and Zn69~ in zinc;
orientation: perpendicular.

i I I

8 l2 l6 20 24

SQUARE OF PENETRATION (IO crn )

Fro. 6. Penetration profiles for diffusion of Gd'" in zinc.

TABLE lI. Diffusion of Zn" and Zn" in zinc.

Tempera-
ture
('c) Orientation

Zn65 Zn69to
Count Count (1 -069/De~)

Some activity was left on the specimen surface during
the diffusion anneal, particularly at the lovr tempera-
ture. This is probably due to the fact that cadmium has
a lour solubility in zinc. The values of the diffusion co-
eKcients are given in Table I. These are in very good

agreement (within 3%) with the earlier measurements"
on anlsotI'oplc dlGuslon of cadmluI11 ln zinc.

The linear curves obtained by plotting 1n(EM'/E'i5)
versus lnX"' for cadmium-di6usion are shovrn in Fig.
7. A least-squares 6t to the data allowed the fractional
change in the diffusion coefFicient, (1—D"'/D'") to be
measured directly. The results of the individual samples
are summarized in Table III.

411.6 Parallel

411.6 Perpendicular

382.8 Parallel

382.8 Perpendicular

1
1 2
1 3
2 1
2 2
2 3
Averagea
1 1
1 2
1 3
2 1
2 2
2 3
Average
1 1
1 2
1 3
2
2 2
2 3
Average
1

2
1 3
2 1
2 2
2 3
Average

0.0208 +0.0006
0.0198+0.0006
0.0190+0.0008
0.0214&0.0005
0.0207 &0.0008
0.0203 +0.0008
0.0203 +0.0007
O.O198+0.0003
0.0207 &0.0005
0.0186+0.0005
0.0197+0.0003
0.02Q6 +0.0005
0.0185&0.0005
0.0196&0.0004
0.0200 +0.0005
0.0186+0.0006
0.0178&0.0007
0.0203 &0.0007
0.0191&0.0009
0.0182+0.0012
0.0190+0.0008
0.0221 &0.0006
0.0216+0.0006
0.0204 +0.0009
0.0211%0.0009
0.0205 +0.0009
0.0191%0.0012
0.0208 &0.0009

0.705 +0.019
0.673 &0.021
0.646 +0.029
O.V28 +0.016
0.703 &0.027
0.689 +0.029
0.691+0.023
0.672 +0.010
0.702 &0.017
0.632 +0.015
0.669 &0.012
0.699+0.016
0.628 +0.017
0.667 +0.015
0.680+0.016
0.634+0.019
0.606&0.023
0.689+0.024
0.648 &0.030
0.619+0.041
0.646 +0.025
0.750 &0.022
0.733 &0.021
0.694 +0.031
0.717+0.031
0.695 +0.031
0.651 +0.042
O.VOV ~0.029

0.04

0,02

0.02
R

0.00
& 0,04-

0.02

0.00

0.02

0.00
I.O 2,0 5,0

In N"

Dif fusion
tion anneal

temp, 'C

el BIO.I

dlcular BIO.I
c.Parallel M3.7
d. Perpendicular 343.7

40

& Average ZiI, i and Zg, & are 0.669&0.024 and 0.687 &0.022, respectively. FgG. g. Diffusion of Cd and Gd' 5 in zinc.
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TABLE III. DiA'usion of Cd" and Cd'" in zinc.

DiAusion
temperature

('C) Orientation (1 f7115/D109) I 115

410.1
410.1
343.7
343.7

Parallel
Perpendicular
Parallel
Perpendicular

0.0134+0.0009
0.0084&0.0008
0.0119&0.0006
0.0072&0.0009

0.507+0.034
0.317&0.032
0.449&0.023
0,273~0.034

D. Errors in the Isotope Effect

It is evident from Eq. (4.2) that the determination
of (D /De 1) and henc—e the isotope effect involves only
the weighing and counting of each section cut from the
sample. Since both isotopes were diRused simultaneously
in the same crystal, all errors resulting from variation
of specimen history, time and temperature of diffusion
anneal were eliminated. The error in weighing each sec-
tion is estimated to be less than 0.5%, which would cor-
respond to even a smaller error in the isotope eRect.
The statistical errors as a result of a finite number of
counts is 0.18/o for diffusion of zinc isotopes and 0.32/o
for diffusion of cadmium isotopes. For a counting rate
of 10' counts/min, the error resulting from the uncer-
tainty in the dead time of the counting assembly is
estimated to be less than 0.5%.For slices of lower activ-
ity, this error is still smaller and is much less for Xe/ltd .

The maximum correction for the decay of short half-
life radioisotope during counting was about 10%.A 1/o
error in its half-life would result in a maximum error of
0.1% in the ratio 1V~/E .

The standard deviation in the slope (D /D~ 1),as-
a result of scatter in the data, is typically 3.5% for diffu-
sion of zinc isotopes and 10% for diffusion of cadmium
isotopes. This seems to exceed the errors we assign to
the measurements. There may, therefore, be some other
causes for error which produce scatter in the data as
we go from one section to another. The possible causes,
in case of cadmium diRusion, could be absorption of
low-energy p rays in the counting of Cd"' and the cor-
rection applied to the data because of the presence of a

C. Errors in the Diffusion CoeRcient

The temperature of the diffusion anneal could be
specified to within +0.4'C. This would introduce an
error of &1% in D at 400'C. The error in the penetra-
tion depth which is a cumulative result of errors in the
measurements of the area of the sample face, mass of the
section, uncertain thickness of the first cut, and mis-
alignment of the sample during sectioning is estimated
to be +1.5/o. It is seen from Eq. (4.1) that this would
contribute an error of +3% in D. The error introduced
in D due to warm-up correction, air-quenching of the
sample after the diffusion anneal, and counting is prob-
ably no more than &0.5%. Considering all these errors
together, it is believed that the uncertainty in the meas-
urement of D(T) from random causes is typically &4%.

small quantity of (."d"' in the isotopic mixture of
1adlo-cadmium.

The presence of very small amounts of radioactive
impurities which diffuse at a rate diRerent from that of
the tracer seems to be a likely source of systematic error.
In fact, for diffusion of zinc isotopes, a decrease in the
isotope eRect is generally observed for common Zn"
counts and successively different Zn" counts. The
Zn" activity was observed to decay by a factor of 4 to
5 during this time. This seems to indicate that a fast
diRusing impurity was counted with Zn" . This source
of error appears to be quite significant and might have
decreased the average value of the isotope eRect by as
much as 4%.

V. DISCUSSION

A. Diffusion of Zinc Isotoyes

1. Self Digusio-n Dala

From the earlier measurements" on the self-diRusion
in zinc, where the activation energies for diRusion paral-
lel and perpendicular to the hexagonal axis were found
to be 21.8 and 24.3 kcal/mole, respectively, it was con-
cluded that a nonbasal vacancy plus a basal vacancy
(or a, basal 3-ring) diffusion mechanism could explain
the experimental data. The analysis consisted in com-
paring the experimentally observed diffusion anisotropy
with that calculated for diferent diRusioli mechanisms.
It should be pointed out that a unique speci6cation of
diffusion mechanisms is possible only to within sets of
mechanisms which have different jump vectors.

Figure 3, which includes the present work and the
earlier measurements' as well, indicates disagreement
near the high-temperature end of the Arrhenius plot of
D versus 1/T. The plots of D~~ and D, are probably less
inclined to each other, and the corresponding activation
energies seem closer to the one for diffusion parallel to
the hexagonal axis. Since the penetration data for the
present work show almost no scatter over the entire
diffusion length, it seems reasonable to conclude that
there is probably much smaller dependence of the diRu-
sion anisotropy on temperature. Under these circum-
stances, some of the mechanisms disproved earlier (non-
basal vacancy with either interstitialcy or 4-ring, etc.)
would also be able to explain the data, and the task of
resolving experimentally the diffusion mechanisms from
the self-diRusion data would become difficult. More
measurements, however, are needed to confirm this. It
may be mentioned that the impurity-diffusion data
in zinc has always been satisfactorily interpreted
and explained in terms of basal and nonbasal vacancy
mechanisms.

The correlation factors for self-diRusion, assuming a
vacancy mechanism, depend upon the ratio of the basal
and nonbasal jump frequencies. The present data indi-
cate this ratio, coo„/co~„, to be about 0.73. The correla-
tion factors, f~„„f~ q, „and fe,, „ turn out to be



0.761, 0.753, Rnd 0.805, I'cspcctlvcly; tile corresponding
values" from earlier measurements's are 0.777, 0.775,
and 0.784, respectively, at 393.4 C.

TwnLE IV. Theoretical values of (i—LI@/D") for
dlhion of zinc in zinc.

Diffusion mechanism (i—co69/o&")

It is evident from Table II, which lists the average of
six independent values of (1—D"/D") and Zsss', that
the observed isotope CGect for both parallel and perpen-
dicular di6usions ls the sMDc Within the cxpcrlmentRl
errors.

If a single mechanism is responsible for diffusion, then
from Eq. (2.10)

1—D /Ds= f (I—ol /oIS). (5.1)

Interstitial
Vacancy

(basal and nonbasal)
Vacancy —basal—nonbasal
Exchange
Interstitialcy
3-I'ing

(basai and nonbasai)
4-l.lng

Reference 22.
b Present work.

0.0294

0.0294
0.0294
0.0294
0.0150
0.0150

0.0IOI
0.00/6

0.78.
0.7|lb
0.Bb

0.0294

0.0229
0.0223
0.0232
0.0150

~0.0120

0.010I
0.0076

It is assumed here that the isotopic substitution alters
only the jump frequency of the tracer atom. Since f is
knowQ for vRI'10Us IncchRQlsIDs of dlGuslon, the value of
(1—D"/D") for each one of them can be calculated
from Eq. (5.1), assuming inverse-square-root mass
dependence for the jump frequency. These values are
Hsted in TaMe IV.

It ls possibtc to 1Dfcr the (Mfusion DlcchRDlsIDs by
comparing the experimental values of (I—D"/D") with
thc corresponding values calculated theorctically. It cRQ

be seen from Tables II and IV, that exchange, inter-
stltlalcy, 3-11Dg, Rnd 4-1.1Qg IIMchanlsms pI'cdlct vRhlcs
which Rlc too low& Rnd interstitial mechanism 0Dc which
is too high for (1—D"/D") to be compatible with the
experimental results. Any of these mechanisms cannot,
therefore, be responsible for self-diffusion in zinc. The
mechanisms where many atoms jurnp simultaneously
(crowdion, relaxion) are also ruled out because they pre-
dict cvcll smaHcr vahlcs fol' (I—D /D ).Tile observed
values„however, are stightty tower than, but come
closest to, the values calculated for the vacancy (basal
Rlld nonbasal) lllccllalllsIIls. Tllc cxplR11Rtloll 0'f 't}lls

discrepancy is abDost certainly based on the many-
body aspects of di6usion which lowers the value of
(1—D"/D"). It is, therefore, concluded that the experi-
mental results are consistent with diffusion by the basal
and nonbasal vacancy mechanisms and appear to rule
out substantial contribution from other mechanisms.

It may be pointed out in passing that the theoretical
approach of Prigogine and Bak, 29 which predicts m 2

dependence for the jump frequency and which has been
repudiated by RH of the few measurements reported in
thc titcraturc so fal ls ln dlRstlc disagreement with thc
present work a,s mell.

LCClairc'4 has recently made a primary contribution
ln thc Understanding of thc isotope effect 1D diGusion RQd

we apply his ideas in the interpretation of the data.
Equation (2.28) llldlcRtcs tllRt wllcll tile surrounding
host atoms participate in the motion during the diGU-

Slollal jump Of tllC llllgl'Rtlllg Rtonl (AK(1), tllC Isotope
CBect should be less than tha, t predicted on one-body

&' I. Prigogine and T. A. Sak, J. Chem. Phys. 31, I368 I'1959).

IDodcl. LK has bccn lntcx'plctcd Rs the fI'action of the
tunetic energy associated with the v~' mode which the
dlBuslng atom posscsscs. Ttlc RtoIDs around R VR{:RQcy
Rlc relaxed RQd {II'RwQ lnwRnis. DU11Qg the va,cancy-
tracer exchange, the neighboring atoms continuously
rearrange themselves and after the exchange is com-
ptcted, they tRkc Up Ilcw relaxed posltloQs around thc
sltc vacated by the diffusing RtoID. In ordcI' to Rccom-
plish this, kinetic energy is supplied by the p1 mode,
excitation of which teads to the passage of the diffusing
atom to the new lattice site and the movement of the
neighboring host RtoIDs to their new I'ctRxc{I positions.
Therefore, in the vacancy mechanism, the total kinetic
energy of the vj' mode is shared between the diffusing
atom and the neighboring host atoms, particularly the
barrlcl RtoIDs, RDd DK4 j..

OD R onc-body model) thc isotope cGcct parRHcl to thc
hexagonal axis should equal fg, , as shown in Eq. (2.1$)
and that perpendicular to the hexagonal axis for sctf-
diffusion (call it fb„„1;,) can bc calculated from Kq.
(2.23) with 8=8'=0. The values of f~..,. and fb„,1.,
from the present work are 0.76 and 0.79, respectively,
the corresponding values for AE from Eq. (2.28) and
thc RvcI'Rgc values of thc Obsclvcd lsotopc cgcct a,re
0.88+0.03 and. 0.87+0.03, respectively; f~,.:, and
fb~881 ~, oil tllc basis of tllc cal'llcl" mcasurellMntsl 011 tllc
self-diGusion, both equal 0.78'2 and DE turns out to be
0.86~0.03 RDd 0.88&0.03~ I'cspectlvcly. Thc correct].on
term in the isotope effect due to a change in the associa-
tive jump frequency on isotopic substitution from Kq.
(2.28) is negligible. From. the numbers for d K Inentioned
above it seems, therefore, tha, t there is no anisotropy in
QE. However, lt IDRy bc IDcntloncd thRt 1Q R hcxagonat
structure with close-packing (c/a= 1.63), one would ex-
pect same hE for diHusion both parallel and perpendicu-
lar to the hexagonal axis since both vacancy jumps
(basal and nonbasal) have similar environments. How-
cvcl, 111 R z1nc lattlcc (c/0= 1.86) 'fol R basal jump wltll
no relaxation around a vaca, ncy„ four atoms form a kite-
like figure around the saddle point and the jump direc-
tion is orthogonal to the ptane of the barrier atoms; for
R DonbRsRt vRCRncy jumpq thc four Rtoms Rlc sltURted
at the corners of a rectangle Rnd the jump direction
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Inakes an angle of about 6 with the normal to the plane
containing thc barrlcl atoms. Thc dissimilarity lIl thc
environments of the two jumps might result in a small
anisotropy in AK, since both basal and nonbasal va-
cancy jumps contribute to the perpendicular diffusion,
whereas only the nonbasal jumps are responsible for
parallel diffusion.

Recently an empirical relation has been found to exist
4ctwccn AE RDd thc folmRtlon volUQM of thc dcfcct
no experimental data on the latter are available to con-
firm lt foi zinc.

B. DifFusion of Cadmium Isotopes

1. Isotope @'ect -Data

In Table V, the theoretical values for (1—D"'/D"')
calculated from Eq. (5.1) are given for various diffusion
mechanisms. These values, as in other impurity isotope-
c6ect studies, are single valued for uncorrelated mecha-
nisms (interstitial, ring). For correlated mechanisms

(vacancy, interstitialcy), only an upper limit can be set
for these values since the correlation factor can take on

Rny VR1Uc between zclo and unity. Comparison of thc
experimental values for (1—D"'/D"') listed in Tab1e
III with thc corrcspoQdlng valUcs foI' valloUs dlBuslon
mechanisms given in Table V, makes it evident that an
unambiguous ldentl6catlon of mechanisms fol dlRuslon

cannot be made. It appears, therefore, that the isotope-
effect studies for cadmium diffusion are rather incon-
clusive in so far as their inferences about the operating
mechanisms Rx'c concclncd. HowcvcI', thc pI'cscDt studlcs
of isotope CRect in self-di6usion and the convincing
interpretation of tlM impurity-dlBUslon dRta lcDd

con6dence to the assumption that the basal and non-

basal vacancy mechanisms are operating and are
responsible for di6usion of cadmium in zinc. The
cadmium isotope-CGect data are not in coQQict with this
assumption.

g. Cadml grl Im psI&&ty Iaealey ~~r-ldI" 8 +N'e"g3'

The binding energy of a vacancy to an impurity atom
is defined as the diGerence between the energy of forma-

tion of thc vRCRDcy in thc pure solvent Rnd thRt sRQM

energy when the solvent atom removed is a nearest

neighbor to the impurity atom. There are two important

contributions to the binding energy, namely, the change
in the strain energy around the impurity and the elec-
trostatic interaction between the vacancy and the im-
purity. In this work on diffusion of cadmium in zinc, the
size of the cadmium atom is larger than that of the host
atom" and the strain introduced due to this mismatch
can be relieved lf a vacancy happens to be at a site ad-
jacent to the cadmium atom. Thus the vacancy is likely
to 4c 4OUDd to thc cadmium atom which ls 40Und sub-
stitutionally in zinc matrix. It is possible to calculate
the contribution due to the electrostatic bonding of the
vacancy to the impurity if the potential around the im-
purity atom is known.

From the isotope-CGect measurements for dlBuslon of
cadmium in zinc, we have approximately estimated tlM
binding energy of the cadmium atom to a vacancy in
the zinc matrix. Ke shaB first examine the data for
diGusion parallel to the hexagonal axis which involves
only the nonbasal vacancy jumps.

Wc shall make the following simplifying approxima-
tions for the jump frequencies that enter the Kq. (2.2)
fol fg, II1 the plesellce of R cRdrllllllll Rtolll llext to the
vacancy, these being in adjacent basal planes: (1) The
exchange rate of the vacancy with the zinc atom when
both are the nearest neighbors of the cadmium atom is
unafI':ected by the presence of the cadmium impurity,
thRt. Is, oI =oI~,g. {2) The dlssoclRtlve fleqllellcy oIg

is altered and is written as

~. =oI~„expL—{1—q')8'/kT], (5.2)

where y' is a nuInber whose possible value lies between
zero and unity, In case of an attractive interaction be-
tween the vacancy and the impurity atom, the exchange
of the vacancy with a solvent atom becomes less fre-
quent lf ln dolQg so lt, cBccts R scpRlRtloD 4ctween thc
vacancy and the impurity atom. In other words, the
4RII'lcI" ovcI' which thc vacancy cllHl48 to cRcct RD in-
terchange with the solvent atom is increased by
(1—y')8' for a dissociative jump oI,'. (3) Ii, the factor
that accounts for the dissociated vacancies which effec-
tively do not return to the impurity atom after they
once leave it, is probably also changed. When the va-
cancy leaves the first coordination shell, the probability
for the reverse jump is relatively greater because of the
decrease in the barrier height by about y'8'. Thus the
corrcctloQ fRctor Qow 4ccoIQcs

TasLE V. Theoretical values of (f—D"'/D'") for
dif'fusion of cadmium in zinc.

~~'= 1—(1—F) exp(7'8'/k2') .

Interstitial
vacancy

(basal and nonbasal)

Exchange
Interstitialcy
3"ring

(basal and nonbasal)
4-ring

0.0264
0.0133
0.0133

Oto I
I

Oto 1

0.0089
0.0067

Diffusion ~«»»sin (j.—~'"/~10')

«& 0.0264
0.0133

&0.0j33

0.0089
0.0067

f (I jul 15')109)

1 0.0264

With these approximations, f~, from Fq (2 2)
4ccoQMs

1+3.5F~' expL —(1—y')8'/k2'1
f~,.= —.(5.4)

1+&x/re, ~+3.5J'x' expL —(1 y')8'/kTj—
L P'+"ir»e &&I« ~f @e Chess;Z ff,~,~ th, Z„, ,„„

of 3Alf,'f,iles and Crys/ass (Cornell University Press, Ithaca, Neap
York, 1960).



AN ISOTROP I C ISOTOPE EF F E CT

07~ = G)~ = Gag, g )

co,=coB, exp[—(1—p)8/k T],
co,'= coA, , exp[—(1—y')8'/kT],

FA' 1—(1—F) e——xp(y'8'/k T),
FB'= 1—(1—F) exp(y8/kT) .

(5.7)

We once again assume y=y'= &.
1

Under these approximations, the expressions for fB,,
and fA, & for cadmium impurity turn out to be

and

where

2/MB/MA, s+ 2MA/~A, 8

, =1+
3—

gQ

2 '9&A/~A, s+6~B/~A, s

, ~= 1+

(5.g)

(5.9)

Mg g CO~

~
—2+ +7jj' ~B Bf2k T+2—(5.10)

A, a A, s

COg, g Gdg

@=3+2 +7FA'e B'""r+2 (5.11)
A, a

Further combining Eqs. (2.12) and (2.13), one obtains

A, s

Mg
BB/kT+ f BB'(kT

A, a

3fB.
A, s

It follows from Eq. (5.4) that

u&A/~A, ,——(1+3.5FA' exp[—(1—7')8'/k T])
X(1 fA—,,)/fA„. (5.5)

Also from Eqs. (2.6) and (2.7), we have

~A/~A, .=DiifA, .:,B '"'—/Dii„fA, * (56)

fA, , , is known, and on the assumption that the
many-body consideration is essentially the same as for
self-diffusion, fA, , for cadmium diffusion can be calcu-
lated from Eq. (2.29) using the experimental values for
the isotope e6ect from Table III. One can then solve
graphically the Eqs. (5.5) and (5.6) for 8' and a&A/~A, ,
It seems reasonable to take y'=1/2. The values for 8'
and o&A/~A, , turn out to be 0.024 eV and 2.09, respec-
tively, at 410.1'C. The corresponding values at 343.7'C
are 0.018 eV and 2.84, respectively.

In the analysis for the binding energy from the isotope
effect perpendicular to the hexagonal axis, both basal
and nonbasal vacancy jumps are involved. The correla-
tion factors fA, q and fB,, can be obtained from Eqs.
(2.3) and (2.5). In the evaluation of these for the cad-
mium impurity we make simplifying approximations
similar and in addition to those made before, that is,

Equation (2.23), which gives the effective correlation
factor for perpendicular diffusion, together with Eqs.
(2.28), (5.8), and (5.9) can be solved for ~B/a», , as a
function of the binding energy 8 between the vacancy
and the cadmium atom, both being in the same basal
plane. 8' and ruA/&oA, , have already been calculated and
&oB,,/&oA, ,——0.73 from the present self-diffusion data.
Equation (5.12) also contains two unknowns, 8 and
ruB/coB, , It is thus possible to obtain graphically these
two quantities. At 410.1 C, 8 and ~B/o&B, , turn out to
be 0.085 eV and 3.71, respectively. The corresponding
values at 343.7 C are 0.082 eV and 4.40.

The numerical values for the binding energy indicate
an attractive interaction between the vacancy and the
cadmium impurity, the interaction being larger when
both of them are in the same basal plane. Thus the
enhancement in the diffusivity of cadmium in zinc over
that of zinc in zinc is partly due to the rapid interchange
of the cadmium impurity with the vacancy and partly
because of greater density of vacancies next to the cad-
mium impurity.

It was hoped that these studies might reveal some
information about the Friedel oscillations" in the po-
tential around the impurity. From the standpoint of
these oscillations in a divalent metal, an impurity (posi-
tive with respect to the metal) would repel a negative
point charge when they are nearest neighbors in the
lattice. " If the vacancy in zinc behaved as a point
charge, we would expect a repulsive interaction between
it and the cadmium impurity on an adjacent site. But
the vacancy cannot be considered as a point charge.
From our analysis, we get an appreciable attractive in-
teraction between the vacancy and the cadmium im-
purity. Our assumptions are based on a non-Friedel
type of potential. Nevertheless, we would be unable to
explain the observed enhancement in the perpendicular
diffusion of cadmium in zinc at a temperature below
350 C even in the extreme case when co'"~ ~, assum-
ing the same density of vacancies next to the cadmium
impurity as in the pure matrix; a repulsive interaction
will make the situation even worse.

ACK50WLEDGMENTS

The author is deeply indebted to Professor H. g.
Huntington for suggesting this problem and for his con
stant advice and encouragement throughout the course
of this work. He would also like to express his thanks to
C. j. Santoro for his kind assistance with the mea, sure-
ments, and to Professor L. Slifkin for several helpful sug-
gestions which resulted from his critical reading of the
manuscript.

GO~ g

3fB,*:. +fA
&A, s

"J.Friedel, Phil. Mag. 43, 153 (1952),
"A. &landin and J. L. Deplan&e, Metallic Sold Solgtjo~g (gr.

A Ben)amin Inc New York 1963) p &P-P


