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Separate measurements were made at 150'C of the simultaneous diffusion of sodium isotopes (2'Na and' Na) and silver isotopes (' Ag and " Ag) in lithium. The strength of the isotope effect fhE for sodium
is 0.19+0.01 and for silver 0.26 + 0.01. These values do not correlate well with recent calculations of hE
determined for impurity diffusion on the basis of the dynamical theory of diffusion. Measurement of the
diffusion of silver in lithium is 45% greater than earlier data, and a possible explanation for this discrepancy
Is given.

I. INTRODUCTION

Many measurements of the isotope effect'in dif-
fusion have been made in the past ten years be-
cause of the information they provide on the basic
mechanism of diffusion in crystals. The interpre-
tation of these measurements has not always been
unambiguous, and clarification has been sought us-
ing two distinct theories. However, both the reac-
tion-rate theory~ 3 and the dynamical theory~6 re-
sult in an equation fox the isotope effect of the
same general form. The equation is given by

a -
m, ~~~~-i=f~ —~ —i'.

Dp ~ m~

where D, m, B&, and mz refer to the diffusion
coefficient and mass of a and P isotope, respec-
tively. f is the correlation factor and ddt is
interpreted in reaction-rate theory as that fraction
of the total translational kinetic energy associated
with the decomposition of the saddle-point config-
uration possessed by the migrating atom.

For self-diffusion in cubic metals, f is a geo-
metric factor dependent only on the crystal struc-
ture and the atomic-lump process. Measurements
of D, /D~yieldtheproductfbE; thus, if dais close to
unity, the experimental results yieM an unambiguous
value of f, which serves to identify the diffusion
mechanism. Measurements of the isotope effect
in metals with a close-packed structure~ ~5 have
shown that diffusion occurs primarily by means of
vacancies. Measurements of the isotope effect in
body-centered-cubic (bcc) metals~4 ~8 have yielded
such low values of the isotope effect that it was
impossible to identify, unambiguously, the mecha-
nism of diffusion. However, experimental evidence
does indicate, from measurements of the macro-
scopic change of length and the x-ray latt1ce pa.-'

rameter as a function temperature, that in lith-

ium and also in sodium above room tempera-
ture, vacancies are the predominant defect. The
measurements of the enhancement of sodium self-
diffusion by additions of potassium~1 also suggest
a vacancy mechanism of diffusion.

The low values of the isotope effect were found
in self-diffusion experiments in which f is a geo-
metric factor, and so a theoretical ~justification
was sought for a low value of ~. Calculations of
4K based on both reaction-rate theory 3'33 and dy-
namicai theoryl gave values ot ddt within 2 Pg ot
unity. This similarity was unexpected because in
the calculation of hK the differ~aces in the the-
ories should show most clearly. 3~ In seeking to
detex mine the relative merits of each theory,
Achar 4 has developed, from the dynamical theory,
the effect of resonance and local modes on ~.
The theory is based on the fact that an impurity
with mass much greater than that of the lattice
atoms will give rise to resonance modes, whereas
impurities of mass similar to the lattice atoms
mill give rise to localized modes. The effect of
these modes on ddC has shown that ~ has a marked
dependence on the mass tactor M'/M, where M' is
the impurity mass and M is the mass of a host
atom. The extent to which ~will change is, of
course, governed experimentally by the relative
magnitudes of M' and M. Achar has calculated
values of ddC for three host lattices: lithium, sodi-
um, and aluminum.

The effect ot impurity mass on the value ot ~
has also been determined from the dynamical the-
ory in a recent paper by Feit. ~l In Feit's ap-
proach, the resonance modes are not treated ex-
plicity, and the variation of dK is determined rei-
ative to ~,. reit used experimental values of
LQCo and suggested that the greatest differences in
ddt/rhK~ would be seen where A%0 is low, as in so-
dium.
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To ascertain the value of the dynamical theory in
ihe analysis of isotope-effect data, we chose to
measure the isotope effect for impurities of widely
differing mass, namely, silver and sodium. As a
host lattice, lithium was chosen because Achar's
theory predicts the largest change in ddC for this
lattice. The calculated values of ~/bXo are Q. V2

for sodium and 0. 145 for silver. The values cal-
culated for Feit's theory depend on the value chosen
for ~0. If one assumes a value for ~0 similar
to that found for sodium self-diffusion (~o= 0. 5),
the values of ddt/AKo are 0.22 for sodium and 0.06
for silver. Thus, the choice of silver and sodium
diffusion in lithium should serve not only to test the
validity of the theories but also compare their rel-
ative merits.

H. IMPURITY DIFFUSION IN LITHIUM

Measurements of the isotope effect in diffusion
obtain values only of fde and not of hK. In the
case of self-diffusion f is a geometric factor, but
for impurity diffusion fwill be a complex function
of the jump frequencies of impurity and solvent
atoms. It is clear that if one wishes to compare
values of bX for different impurity isotopes diffus-
ing in a host lattice, then, of necessity, impurities
with approximately the same value of f must be
chosen. As it is not possible to determine f inde-
pendent of aK, the best method to ensure that f is
approximately the same is to choose impurities
which have similar values of the preexponential
factor Do and similar activation energy Q. A num-
ber of host lattices with impurity diffusion fit this
pattern. Lithium was chosen as the host lattice be-
cause the large changes in AC predicted by the the-
ories should minimize any small variations that
may exist in the values of f for each impurity.

Impurity diffusion in lithium has been measured
for 13 impurities. M 33 Three impurities, sodium,
zinc, and silver, appear to fit the above require-
ments of similar values of Do and Q. It is difficult
to separate the values within the experimental er-
ror. All of these impurities have suitable isotopes
for measurements of the isotope effect, and the
techniques for the separation of the isotope pairs

Na av e2n/es2n u and ioeAggzo Agv have
been well established at Argonne National Labora-
tory. The present work examines the sodium and
silver isotope pairs diffusing in lithium.

Previous interpretations of impurity diffusion in
lithium have been summarized by Ott. 33 The par-
ticular impurities of sodium, zinc, and silver are
of interest in this work. Sodium is interpreted as
diffusing by a vacancy mechanism. Silver is in-
terpreted as dissolving mainly substitutionally, but
the largest contribution to diffusion was thought to
be by means of interstitials. Zinc was also thought to
diffuse interstitially. If these interpretations were

correct, the choice of the two impurities of zinc
and silver would be poor for a test of the theories
of Achar and Feit, which are based on a vacancy
mechanism of diffusion. Our choice of these im-
purities was based on a firm conviction that they
diffused by means of a vacancy mechanism.

Part of the basis for the interpretation of inter-
stitial diffusion in the Zn- Li and Ag- Li systems is
the argument first used by Dyson et al. 3~ to explain
the fast diffusion of noble metals in lead. In these
systems, the octahedral site bebveen the ion cores~
of lead is sufficiently large to accommodate, with
little or no distortion, the atomic size of the noble-
metal atoms. This criterion appears to be appli-
cable to the diffusion of noble metals in other me-
tals with a close-packed structure. However, the
more open structure of bcc metals does not neces-
sarily result in larger interstitial "holes. " As
noted by Dariel et al. and Barr, 3 effects other
than ion size must play an important role in the
determination of whether noble metals are "fast"
diffusers in a host lattice.

The difficulty of establishing a criterion on the
basis of ion size, electronegativity, and valence
prompted a close look at the experimental proper-
ties of those systems in which fast diffusion was
clearly established. An interstitial mechanism of
diffusion has been used to interpret the extremely
fast diffusion of noble metals in lead, tin, thal-
lium, indium, cerium, praseodymium, and lan-
thanum. 34'35'3~ 44 The experimental features com-
mon to all fast impurity diffusion are as follows.

(a) The ratio of the impurity diffusion coeffi-
cient D~ to the self-diffusion coefficient D, at the

melting temperature is greater than 10~.

(b) The ratio of the activation energy for impur-
ity diffusion Q~ to the activation energy for self-
diffusion g, is much less than unity.

(c) The values of the preexponential Do for the
noble-metal impurities are, in the majority of
cases, at least an order of magnitude less than the
values of Do for self-diffusion.

An additional feature that has been observed for
all the noble metals in lead is their low solubil-
ity. '~'4'46 Examples are listed in Table I for both
fcc' '~' '4 and bcc systems 7'~ for which data are
available for aO the above features. For compar-
ison, two alkali-metal systems, potassium in so-
dium and sodium in potassium, ~ have been in-
cluded as examples of substitutional diffusion. It
is clear from the table that the silver in lithium
and the zinc in lithium systems do not show the
features that one can expect for fast diffusion, but
rather fo11ow much more closely those features to
be expected for substitutional diffusion. The sodi-
um in lithium system is not shown in the table be-
cause the solubility information is unknown. The
other three features are in close agreement with
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TABLE I. Comparison of "fast" and "slow" impurity diffusion.

System

Cu in Pb
Ag in Pb
Au in Pb
Au in Na
Auin K

Kin Na
Nain K

Ag in Li
Zn in Li

Structure

fcc
fcc
fcc
bcc
bcc

bcc
bcc

bcc
bcc

(Dl/D&),

2 x10
5 x102
4 x10s
1x102
8 x10

6. 1
5.6

2.5
3 ~ 3

0, 32
0.58
0.38
0.22
0.33

0. 84
0.76

1.00
1,01

(WI~(Dds

2 x10"2
1x10-'
9x10"3 .

2 x10"3
4x10 s

5 x10"~
2 x10"~

Hef.

34
34
37
47
48

51
51

Maximum
solubility

(at. %)

2x10 2

1x10"2
-2x10 3

-2 x10 s

-1x10 2

3.1
4.1

9.0
4.5

Ref.

45
46
37
47
48

49
49

50
50

Remarks

fast
fast
fast
fast
fast

slow
slow

slow
slow

those found for silver and zinc diffusion in lithium.

HI. EXPERIMENTAL METHODS

The method used to obtain diffusion profiles mas
to observe the diffusion of a thin surface layer of
radioactive impurity by sectioning. Most of the
experimental details have been described in ear-
lier papers iv, so However some important differ-
ences are evident in the techniques, and these will
be discussed. In particular, the differences in the
preparation of the thin surface layer of sodium or
silver on lithium will be examined in detail. The
method used for preparing thin surface layers of
sodium is not equally applicable to all other im-
purities and may have resulted in some unreliable
data for impurity diffusion in lithium.

A. Materials

The lithium, with a purity of 99.98% was ob-
tained from the Foote Mineral Co. The radioac-
tive isotopes ~~Na and ~~~Ag were obtained in the
chloride and nitrate form, respectively, from the
International Chemical and Nuclear Corp. The
~4Na isotope was prepared by irradiation of high-
purity NaCl in the Argonne CP-5 reactor, and ~Agmas
prepared by the reaction ~osRh(a, 2n) ~osAg and
subsequent chemical separation. A Ge(Li) spec-
trometer was used to check all the isotopes, and
they were found to be free of other radioactive
impurities.

8. Surface-Layer Preparation

The active sodium metal was prepared in a tan-
talum evaporator boat under a helium atmosphere
by ion exchange of molten lithium with active NaCl,
The evaporator system was evacuated to a pres-
sure of 2 x 10 Torr, the surface of the lithium
sample was cleaned by a razor cut, and then the
active sodium was evaporated. The temperature
of the evaporator boat is adjusted empirically to
ensure a reasonable efficiency of active sodium
evaporation in a period of a fem minutes. In the

case of the sodium isotopes, the temperature was
between 500 and 550'C, so that both active sodium
and inactive lithium were evaporated at the same
time. The lower vapor pressure of NaC1 should
ensure that the radioactive atoms were deposited
in metal form on the surface of the lithium. In the
earlier investigations on sodium diffusion, this ex-
pectation was confirmed by using neutron-irra-.
diated NaC1. When the NaCl was used soon after
irradiation, the radioactive decay curve had tmo
components: s Na (half-life 24 h) and sC1 (half-
life 38. 5 min), but the decay curve obtained from
material evaporated in the above manner showed
no chlorine component. The degree to which a
radioactive isotope is evaporated in the metal or
salt form mill be a function of the evaporation tem-
perature and the relative vapor pressures of the
metal and its salt.

The problem of radioactive-salt evaporation
was discovered when the ion- exchange', method mas
applied to the silver isotopes. Diffusion profiles
obtained from experiments with ~~0AgC1 showed
small, but definite curvature when followed over
a drop of three orders of magnitude in the specific
activity. These curved profiles yielded values for
the diffusion that were in approximate agreement
with earlier measurements. ~~ The curved profiles
could have resulted from the higher evaporation
temperature. This temperature was not measured,
but the radiant heat from the boat did not disturb
the surface of the lithium samples in any observ-
able manner. The curved profiles mould appear to
result from the evaporation of AgC1. The exchange
of silver ions in AgC1 with lithium ions in the sur-
face layer could be the rate-controlling step. The
effect of a slower kinetic process in the surface
layer could result in the observed concentration
profiles and, in turn, result in low values of the
measured diffuSion coefficient. It should be em-
phasized that the curvature is not large and may
not be observable unless the penetration is followed
for a dropinthespecific activity of more thantwo or-
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ders of magnitude. If the problem found in the pres-
ent work on silver diffusion in lithium results be-
cause the impurity metal has a lower vapor pres-
sure than its salt, then the data obtained on the dif-
fusion of gold, tin, copper, and antimony may not
be correct. '3 '3 The present work suggests that
the ion-exchange method is suitable for alkali-met-
al salts but is unsuitable for many other metal
salts.

C. Silver Electropolating

To prevent'problems of silver-salt evaporation,
the silver was plated onto a platinum evaporator
boat prior to evaporation. Plating efficiency was
dependent on the silver-ion concentration in the
plating solution. At the temperature of the diffu-
sion anneal (150'C), the solubility of silver in lith-
ium is approximately 9/0. However, to correctly
measure a tracer-diffusion coefficient, the addi-
tions of inactive silver to the plating solution must
be kept to a minimum. This objective was
achievedbyforming a small cup in the platinum evap-
orator boat and using this cup as both a cathode and
electrolyte container. The concentration of silver
nitrate was approximately 2 g/liter and sodiumcy-
anide was added to bring the pH to 11.5. Using an
open voltage of 4 V and a current density of 5-10
mA/cm~, plating efficiencies of 70-80% were
achieved.

D. Diffusion Measurements

When using radioactive tracers, which are not
carrier-free, for measurements of impurity diffu-
sion coefficients, care must be taken to ensure that
the impurity levels necessary for measurement do
not exceed the solubility limit. The higher count
rates required for accurate determination of iso-
tope effects in diffusion necessitate higher impurity
levels than those for simple diffusion measure-
ments. Solubility is seldom a problem when the
radioactive tracer can be obtained carrier-free,
as j,s the case for Na and Ag. The isotopes

Na and Ag were made from neutron irradia-
tions and contained, after preparation, a ratio of
approximately 1:106 active to inactive atoms.

Diffusion measurements were made at 150 C for
both sodium and silver in lithium using impurity-
metal concentrations appropriate to those to be
used in the isotope-effect measurements. Straight
penetration profiles were found over three orders-
of-magnitude drop in the specific activity, which
indicated no measurable solubility problems.

Determination of the section thickness of lithium
proved to be prone to error. Two methods were
used for each experiment, and a comparison of the
average thicknesses obtained by each method was
used as a measure of the reliability of either meth-
od. The first method was to weight and section

the lithium under a dry-air atmosphere. Unfor-
tunately, if the atmosphere is too dry, the lithium
welds to the razor and weight losses ensue. This
can be prevented with an atmosphere of 10-50 ppm
H&O, but the film of oxide and hydroxide formed
causes the slice to gain weight. These gains are
particularly significant in lithium because of the
low density and atomic weight of the element rel-
ative to that of lithium compounds.

The other method used was to allow the lithium
to oxidize and dissolve in either dilute hydrochlo-
ric acid (sodium experiments) or dilute nitric acid
(silver experiments). These acids were chosen
because of the high solubility of the remaining
salts in the acid. After the completion of the ra-
dioactive counting of all sections, the solutions
were dried, and the resultant salt was weighed.

The average thickness obtained for each of eight
experiments differed by over 1% from one method
to the other, although none were consistently
greater or smaller than the other. The compari-
son showed that it was not possible to measure the
lithium sections to better than 1 or 2%.

E. Isotope-Effect Measurements

The counting procedures used to differentiate
between the isotopes in each section have been de-
scribed in earlier papers. ' ' The ratio of the
concentration of 23Na to ~4Na was determined by a
half-lif e separation. ' Two completely separate
measurements were made using different samples
of lithium and separate diffusion anneals; both an-
neals were at 150 'C. The series of sections from
each measurement were counted on separate
counting systems.

The ratio of the concentration of ~0'Ag to '~OAg

was determined by an energy separation method
described in detail by Rothman, Peterson, and
Robinson. 7 As the method followed carefully the
previous work~ on silver self-diffusion, only the
additional precautions will be described. As with
the sodium in lithium experiments, two separate
experiments were performed with silver isotope
diffusion into lithium, both anneals again at 150 C.
Each experiment was counted three times on one
particular counting system, and then once on the
system used for the second experiment. The lat-
ter was to confirm that the resultant isotope effect
was not a function of small differences in the dis-
criminator level settings. In one experiment, the
ratio of activities "Ag/" Ag was approximately
1.3 and in the other approximately 2.0. The high-
er ratio should lessen the over-all error in the
isotope-effect measurement, although, in practice,
no improvement was observable.

The lithium sections for the sodium impurity ex-
periments were oxidized and then dissolved in 2 ml
of 3N HCl. This technique was not satisfactory for
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-x~/4DtCoe (2)

where c„ is the specific activity of the tracer a
distance x from the surface, and t is the time of
anneal. The penetration profiles obtained in this
work were linear over three orders of magnitude
in concentration (see Fig. 1).

For the sodium diffusion in lithium three ex-
periments were made, all at (150+0.1) C. The
profiles for the. two isotope-effect diffusion runs
are shown in Fig. 1. The values of the diffusion
coefficient obtained by computer fit from a least-
sguares fit of the data were (1.22 + 0.01), (l. 13

(hI-
Z

fL

Kl-
Ql

I-

O
U

LLJ
Q.
(0

IO 20
X2 (10 ~cm2)

30 40

FlG. 1. Concentration profiles for the isotope-effect
runs for diffusion of both sodium and silver in lithium.

the silver impurity experiments because the AgC1
precipitates out of solution, and the ratio of the
~O~Ag/~~0"Ag count rates becomes a function of
time. Dissolution of the lithium in 2 ml of 9N ni-
tric acid ensured the formation of the soluble com-
pound silver nitrate. Previous experience with
small concentrations of silver nitrate in solution
showed that the ratio of the count rates could
change with time. This phenomenon may result
from the ability of silver ions to exchange with
sodium ions in the walls of the glass counting bot-
tles and thus change the counting geometry. To
prevent recurrence of this phenomenon, the 2 ml
of nitric acid used to dissolve the lithium oxide
contained approximately 100 p,g of silver nitrate.
Measurements of standard bottles and the null ef-
fect also followed exactly the method used by
Rothman, Peterson, and Robinson.

IV. EXPERIMENTAL RESULTS

A. Diffusion Measurements

The solution of the diffusion equation for the ex-
perimental conditions used in this work is

a 0.01), and (1.12+ 0.01)x 10 ~ cma sec ~. The lat-
ter bvo measurements were from the isotope-effect
experiments. The errors quoted are the sum of
the errors in the measurement of the slope of the
penetration profile and the anneal time and do not
contain errors due to uncertainties in the weight
of the lithium sections. Thus, the over- all error is
probablyon theorder of 5%. This magnitude of error
appears to be confirmed when compared with the
average deviation of experimental points from the
Arrhenius lines found for impurity diffusion in lith-
ium. ~~33 The mean value of the three measured
diffusion coefficients is 8%% lower than the value
calculated from the Arrhenius line of earlier mea-
surements, ~~ but this difference could be accounted
for by different weighing procedures.

For the silver diffusion in lithium, five mea-
surements were made. The values obtained are
listed in Table II, and the penetration profiles for
the two isotope-effect runs are shown in Fig. 1.
The mean value of D at 150.0 C is 45/0 higher than
that calculated from the Arrhenius line of earlier
measurements. ~~ This is a considerably greater
difference than could be expected experimentally.
As noted in Sec. III, evaporation of a silver salt
instead of a silver metal could result in the appar-
ent measurement of a lower diffusion coefficient.
As the present work relies on the similarity of the
impurity diffusion coefficients of silver and sodium
in lithium, measurements of silver impurity diffu-
sion were also made at 100 and 50'C. In Fig. 2,
the present silver impurity diffusion data are com-
pared with the earlier sodium impurity diffusion~
and the lithium self-diffusion data. 53 A least-
sguares fit of the silver impurity data to the Ar-
rhenius relation D=Doe " gave Do= 0. 54+ 0.05
cm sec ~ and @=12.&3+0.10 kcal/mole. A close
similarity exisis between the diffusion character-
istics of the bvo impurities and, within the experi-
mental errors inherent in the present methods, the
Arrhenius lines are indistinguishable.

B. Isotope-Effect Measurements

Simultaneous diffusion of ~Na and ~Na into lith-
ium and ~~~Ag and ~+Ag into lithium was mea-
sured. The ratio of the specific -activities of the
two isotopes (c /c~) as a function of penetration
c has been shown53 to be

C (D
ln ~ = (const. ) —inc

~

—'- 1
cg

'
(D~

The experimental plots of ln(c /c~) versus inc are
shown for sodium diffusion in Fig. 3 and for silver
diffusion in Fig;. 4.

In the sodium isotope-effect experiment, each
section for each run was counted at least ten times
over a 4-day interval. The ratio of activities



4368 J. N. MUNDY AND W. D. Mc FALL

TABLE II. Diffusivity of silver into lithium as a function
of temperature.

Diffusion
coefficient

(cm /sec)

(1,20+0. 01) x10"~
(1.29+0.01) xl0 7

(1.28+0.01) x10 7

(1.64 + 0.10) x 10
(1.11+ 0.02) x10 9

~Isotope-effect experiments.
"Curved penetration profile.

Temperature
(oC)

150.0
150.0~

150, 0
100.0b

50. 0

Na/Li RU

Na/Li RUN a

I

Sn egg

x N1

Na/ 4Na was determined by fitting the counting
data to the time t elapsed since an arbitrary time
zero:

A=Azqe "~+A~e "~4' (4)

where Azz and A~ are the activities of ~awa and ~4Na

at time zero, and A2~ and A~4 are their decay con-
stants. The error bars in Fig. 3 are the standard
deviations obtained from the computer fit of the
counting data to Eq. (4).

The slopes of In(caii/c34) versus Inciiii obtained for
each run were 0.0085~ 0.0004 and 0.0084~ 0.0004.
The mass factor (24/22)~/3- 1 equals 0.04445 and
the mean value of (fnK)N, /Lq equals 0. 19+0.01 ~

FIG. 3. Diffusion of Na and Na in lithium at 150'C.
Each division on the ordinate is 0, 01. Each division on
the abscissa is 1.0.

The silver isotope-effect diffusion data were
counted three times on one counting system. Each
set of data was processed separately for each of
the bvo runs, and each point obtained for In(c»a/
c~a,) isplottedversus Inc»a in Fig. 4. A fourth count
of all sections was made on the alternate counting
system. No difference was found in the In(c»a/c~aa)
versus lnpggo slope. The null effect was counted
four times on each counter. Only one set of data
for the null effect is shown in Fig. 4, so that the
error bars on the individual points can be shown.
In the majority of cases, the spread in the values
obtained for the individual sections is similar to the

TL

NULL EFFECT

I~ lo-8
th

E
CP

O

a o
cp cF

lo-9—

I i I

2.4 2.8
IO /T ('K ')

5.2 I

~Il Ciio

FIG. 2, Comparison of impurity diffusion of sodium
and silver in lithium compared with lithium self-diffu-
sion as a function of temperature.

FIG. 4. Diffusion of ~Ag and 5Ag in lithium at
150'C. Each division on the ordinate is 0.01. Each
division on the abscissa is 1.0.
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error bars shown for the null-effect bottles. The
few points that scatter outside these limits are
probably the result of some small movement of the
contents of that particular bottles.

The slopes of in(c»o/cto, ) versus Inctto were ob-
tained by a least-squares fit to the combined data
of the three sets of counts. The two slopes ob-
tained were 0.0060+ 0.0003 and 0.0063+ 0.0003.
The mean slope of the null effect was 0.0001
a 0.0001. The mass factor (110/105)t s —1
equals 0.02343 and the mean value of (fd K)„,«t
equals 0.26+ 0.01.

V. DISCUSSION

Values of fddt for both sodium [(fiK)„,] and sil-
ver [(fddt)«] diff'usion into lithium were obtained.
The value of f is unknown but can be given in a sim-
plified form as

5.33ao3

2'&+ 5.33m3

where ur3 is the vacancy jump frequency for ex-
change with the impurity and m, is the vacancy
jump frequency from a site neighboring on the im-
purity to a site not neighboring on the impurity. ~

The values of the diffusion coefficient for sodium
and for silver diffusion in lithium are about 3-,'
times greater than the self-diffusion coefficient of
lithium. If half this difference were to be ac-
counted for by a change in the ttts/tos frequency ra-
tio, then fwould decrease from 0. V2V to 0.6. If
one can assume 0. 6 as a value of f for both impu-
rities, then (rkK)N, =0.32 and (bK)„,=0.43.

The theory of Achar gives (tkK)„,=0. V2 and

(~)„a=0.14. Feit's theory indicates that, for va-
cancy diffusion, the factor AC should have an up-
per limit of 0. 5 in a bcc lattice. Both previous
and present experimental observations of the iso-
tope effect would appear to fit this prediction.
However, the theory further predicts that, in a
host matrix of light atoms, substitutional impuri-
ties would exhibit values of ~ significantly lower
than those found for self-diffusion. Calculation of
dKfor sodium and silver yields (~)„,=0.22 and

(~K)„,= 0.06.
Thus the theories fail to predict the magnitudes

of d E, and also fail to indicate that one might ex-
pect to find (hK)„, greater than (d,K)„,. The ratio
of the measured isotope effects

(fd K)„,/(f d.K)„,= 1.3V+ 0. 13 .
This suggests that unless f„,is at least 20@greater
than f„„the value of (AK)~ is measurably higher
than (hK) „,and not four or five times smaller, as
both theoretical treatments predict.

These results lead one to question either the ba-
sic assumptions made in the theories of Achar~~

and Feit~s or the assumption that both impurities
are diffusing substitutionally in lithium. Recent
NMR measurements55 in dilute alloys of lithium
give some evidence that all silver-solute atoms
occupy interstitial rather than substitutional posi-
tions in lithium. The possibility that silver occu-
pies both interstitial and substitutional sites has
also been considered. 33 In this model of dissocia-
tion diffusion, the silver ions in interstitial sites
are considered to be in lower concentration but
considerably more mobile than the silver in sub-
stitutional sites. However, the evidence presented
in Table I strongly indicates substitutional impuri-
ty diffusion for silver in lithium, and the dissocia-
tive mechanism would suggest possible curvature
in the Arrhenius line, which was not found experi-
mentally (Fig. 2).

VI. CONCLUSIONS

The present results should not be interpreted as
questioning the basic dynamical theory of diffusion
but rather the assumptions used in the application
of this theory to the mass dependence of the iso-
tope effect for impurity diffusion. It is possible
that the normal modes do not play a fundamental
physica1. role in determining the mass effect or
that the assumption that the reaction coordinate is
the same for both impurity and self-diffusion is in-
valid.
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The effect of local environment on the total and partial densities of states of a disordered

substitutional binary alloy is calculated within a Bethe-Peierls-type approximation. Compared to a
molecular-field approximation, this method yields more precise results on the shape and structure of the

alloy density of states.

In these last five years great effort has been de-
voted to the understanding of electronic properties
of disopdered systems. A major development of the
theory has been the introduction of the coherent-
potential approximation (CPA). ' The CPA was
derived at first in the framework of the multiple
scattering theory. It corresponds to the determina-
tion of an effective medium such that the average
scattering from a single atom is equal to zero.
Recently a number of attempts have been made
to improve this single-site approximation by con-
sidering pairs, triplets, etc. , embedded in a medi-
um which does not scatter pairs, triplets, etc. , on

average. In practice the implementation of these
theories seems to be a difficult analytical and nu-
merical task, On the other hand, it has been
emphasizeda that the CPA resembles the molecular-

field theory of magnetism. The effective potential
is determined self-consistently as the effective
field is determined self-consistently in a Curie-
Weiss or Bragg-Williams theory. The natural im-
provement of the molecular-field theory was pro-
posed a long time ago by Bethe. 8 The idea is to
take account of the local environment of each site,
to calculate exactly the effect of the first shell of
the nearest neighbors, and to use a self-consistent
field to describe the effect of other atoms on the
first shell. This theory yields qualitative improve-
ment and new features.

In this paper, we report a calculation of a substi-
tutional-binary-alloy density of states along this
line. This seems to be particularly appropriate
when short-range order has to be taken into ac-
count.


