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Recent data on self-diffusion and the isotope effect in sodium indicate clearly the existence of at
least two operating defect mechanisms. This paper investigates the possibility of vacancy, divacancy, and

interstitial mechanisms by calculating the diffusion energetics for the vacancy-type defects and estimating

the same for interstitials based on other calculations. The aim is to search for a combined mechanism

which can be used to interpret the available data on defect studies. The validity of choosing

pseudopotentials for defect calculations is tested by using three potentials with different exchange and

correlation corrections in the dielectric function of the conduction electrons. There is about a 15%
variation in the results for vacancy and divacancy. Our energetic results indicate that a combined

vacancy and divacancy mechanism can be used to account for most of the data obtained in diffusion,

isotope effect, and dilatometric measurements. The available theoretical and experimental results do not

seem to favor, but cannot completely rule out, the interstitial mechanism. It is suggested that the

question is not likely to be resolved by further energetic calculations due to the lack of reliable

interatomic potentials at close ranges; instead, experiments designed for detecting interstitials and

dynamical calculations of hIt. are needed.

I. INTRODUCTION

Currently there is considerable interest in study-
ing diffusion and defect energetics in sodium. The
primary objective of these investigations is to gain
a basic understanding of the diffusion mechanisms
operative in bcc metals by studying a typical sim-
ple metal, such as sodium. The experimental
studies cover a variety of techniques, such as dif-

fusion measurements, ' isotope effects, ' dila-
tometric measurement, 3 NMR, cold-work anneal-
ing, ' defect-resistivity measurement, and defect-
specific-heat measurement. ~ Some of these ex-
periments have been carried out over extensive
ranges of pressure and temperature. In Table I,
the results of most of these experiments are sum-
marized. The following characteristics, which are
important to the study of diffusion mechanisms in
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TABLE I. Summary of experimental results of defect
studies in Na.

(A) Diffusion studies

T('C)

(1) Temperature

D0 (cm2/sec)

measurements

Q(eV) Remarks

0 to 97

-78.5 to 97

14.8 to 117.1

0. 145
0, 72
0. 0057

8
0. 144
0. 009
0.085

0.44
0.51
0.37
0, 62
0.48
0.38
0.49

Ref. 2

Bef. 1 (two-exponential
fit)
(three-exponential fit)

Ref. 1 (at 7000 atm)

(2) Pressure measurements

Percent of
T( C) p~ (Qp) contribution

14.8 0.70 7
0, 76 29
0.33 64

91.3 0.68 28
0.68 36
0.27 41

Ref. 1. (pressure from 1
to 9500 atm)

T~('I&)/T ('K)

(3) Isotope effect

1.043
1.073
1.548

0, 329
0.351
0.394

Bef. 1 (more data were
presented than given
here. )

(B) Other measurements on vacancy properties

Formation
energy (eV)

0.42 (Ref. 3)
0.40 (Ref. 6)
0.36 (Ref. 7)

Formation
volume (QO)

0.41 (Bef. 4)

Migration
energy (eV)

0. 03 (Ref. 5)

sodium, are observed.
(1) The Arrhenius diffusion plot for sodium ex-

hibits very pronounced curvature at high tempera-
tures. Analysis of the temperature and pressure
data reveals that the high-temperature process has
about twice the activation energy and volume for
diffusion in comparison to the low-temperature
process. The former contributes about 33/p to
diffusion at 15'C and increases to 60/g at SO C.

(2) The dilatometric data clearly indicate the
dominant defect to be of vacancy type even though
the presence of interstitials cannot be completely
ruled out. The formation energy of the dominant

itype of defect was found to be only a few hundredths
of an eV smaller than the activation energy for dif-
fusion, so these defects should have low migration
energy.

(3) The parameter f6', measured by isotope-
effect experiments, is not constant as a function
of temperature, but decreases quite sharply near
the melting point. The general downward trend of
fr K is steeper at 7000 atm than at 1 atm.

These results clearly indicate that more than
one type of point defect contributes to diffusion.
It is, therefore, not sufficient, in the study of dif-
fusion mechanisms, to consider only one kind of

point defect, but rather it is necessary to include
two, or even three, kinds of defects. It is also
important that the pressure data be taken into ac-
count in addition to the temperature data. The
proposed mechanism(s) must be capable of ac-
counting for the defect behavior under varying
temperature as well as pressure.

Most of the previous calculations defectener-
getics were published before Mundy reported his
recent results, ' so the emphasis has been focused
on one of two types of defects, either vacancy or
interstitial. Except for the classical work by
Fumi on the vacancy formation energy and some
early calculations on the vacancy configuration,
most of the recent calculations use effective inter-
ionic potentials constructed according to pseudo-
potential theory. These include calculations of
diffusion energetics for the vacancy and intersti-
tial, ' '" the vacancy formation energy and vol-
ume, the migration configuration energy, and,
most recently, the diffusion energetics for the di-
vacancy. Calculation of hK has been carried
out by Achar, Brown pt a). ,

"and Huntington
et a/. for the vacancy, all using the reaction-rate
theory formulated by Vineyard.

There has been considerable argument on the
question of whether an interstitial or vacancy
should be the most likely mechanism for diffusion.
Brown et al. argued that the vacancy is not likely
since their calculated migration energy (about 0. 2
eV) and nK (very close to unity) are too high com-
pared to the experimental values, about 0. 03 eV
and 0. 5, respectively. They proposed the inter-
stitial mechanism of the (ill) crowdion via inter-
mediate (110) split configurations. The reasoning
of this proposal is questionable. First, there are
other calculations, based on different interatomic
potentials, which give a vacancy formation energy
of 0. 35 eV (Ref. 12) and a migration energy of
0. OV eV, the sum of which is close to the mea-
sured activation energy. Secondly, Feit' recently
showed that the large bK is a characteristic fea-
ture of the reaction-rate theory, but not for the
dynamical theory of diffusion. Huntington et al. '
have applied the reaction-rate theory quite exten-
sively to calculate b,K for bcc crystals. They
found that regardless of whether a Born-Mayer
potential or a pseudopotential is used, the value of
hK is always very close to unity, about 0. S5. The
result is independent of the exact relaxation around
the saddle point. Based on the dynamical theory
of diffusion, Feit subsequently estimated hK for
the vacancy in sodium and obtained a low value of
0. 5. It is clear that a vacancy mechanism cannot
be ruled out especially when the dilatometric mea-
surement indicates dominant vacancy-type defects.
Feit'7 suggested a combined vacancy and divacancy
mechanism but with interstitials operating at low



temperatures.
In light of Mundy's recent data, it appears to be

very useful to carry out calculations as complete
as possible for ihe diffusion energetics of different
defects in sodium. The goal is to find a diffusion
mechanism which is consistent with the available
temperature and pressure data. This is one of the
objectives of this paper. The defects studied are
the vacancy, divacancy, and interstitial. Another
objective is to assess the reliability of such the-
oretical calculations based on different interatomic
potentials. Such evaluation of theory is probably
overdue for sodium, particularly in view of the re-
cent advance in the theory on the dielectric function
for simple metals. ' For this purpose, we have
used potentials constructed by the same bare-ion
pseudopotential but screened by three different di-
electric functions.

II. CALCULATION OF DEFECT ENERGETICS

The method of calculating defect energetics is
formulated within the framework of the psebdopo-
tential theory. Except for the migration of a va-
cancy, the procedures for calculating the energet-
ics for vacancy formation' and divacancy diffu-
sion' have been described previously, so the meth-
ods will not be described in detail here.

In the pseudopotential theory, the total lattice
potential can be separated into volume -dependent
and structure-dependent energies. The latter can
be expressed as a sum of the two-body interionic
potentials. Its magnitude depends on the detailed
atomic arrangement of the lattice. The two-body
potential, being called the effective interionic po-
tential, consists of the direct Coulombic potential
plus the indirect ion-ion interaction due to the
screening by the conduction electrons. This effec-
tive potential is of the central-force type for a lo-
cal pseudopotential. However, due to the presence
of the volume-dependent energy, the Cauehy rela-
tion does not have to be satisfied, nor does the
equilibrium of the lattice have to be maintained
solely by the interionic potentials.

The general procedure for defect calculation
consists of three steps. First, the defect config-
uration is set up by removing an interior atom at
lattice site to the surface for formation calcula-
tion. For forming a divancy, two interior atoms
have to be removed. The energy required for re-
arranging atoms is called the configuration energy;
it is the change in the structural energy due to a
different configuration. The second step is to cal-
culate the relaxed configuration around the defect.
A modified lattice-statics method is used; it is
formulated within the framework of pseudopoten-
tial theory. This method obtains a minimum en-
ergy configuration by relaxing all atoms simulta-
neously, but the displacements and the relaxation

energy are calculated only to the harmonic order.
Finally the whole defect-lattice complex is relaxed
uniformly to an equilibrium configuration. In the
last step, the defect volume can be calculated.
The sum of the energy contributions from each of
these steps gives the defect energy. In the first
and the final steps, there are contributions from
the volume-dependent energy due to changes in
electronic density and atomic volume. This ener-
gy is important in determining the defect volume
and should be carefully treated.

To illustrate the procedures, the calculation of
the migration energy is briefly described. The
configuration during migration can be expressed
via the following structure factor:

8+1 V ~ A

where r' desi. gnates the position of the moving atom
which migrates from the origin to the vacant site
r", and r' is the lattice vector. Substituting S'(q)
into the structure-dependent energy and calculating
the energy difference from the lattice containing one
vacancy, one obtains the configuration energy for
vacancy migration, E,". Since the structure energy
is usually written as a lattice sum in the recipro-
cal lattice space, E," can be expressed as a sum
and an integral in the q space, a procedure used
in a previous calculation [see EcIs. (3.4) and (3. 5)
in Ref. 13]. However, if one carries out the inte-
gration, the following simplified expression can be
derived after some manipulation:

E",=Q [V(l r' —r'I ) —V(l r' —r"
I )j,

l

where V(r) is the effective interionic potential and

the prime over the summation indicates that the
terms when l= 0 and v are excluded. By calculating
E," for r' from the origin to r", one can map out the
unrelaxed potential barrier for vacancy migration.
The migration energy calculation is completed by
using the lattice-statics method to calculate the re-
laxation energy and displacements at the saddle
point. The relaxation at the saddle point cannot be
neglected, as done in Ref. 13, since, when in-
cluded, it reduces significantly the migration ener-
gy. The relaxation contribution is the difference in
the relaxation energies of the saddle point and an
isolated vacancy. For Na, it is about half of E",.
The displacements of the atoms on the two bottle-
neck triangles turn out to be as high as V% of the
radial distance. With such a large relaxation, the
anharmonic correction to both the displacement and
energy should be more important than for vacancy
formation. The correction due to the third-order
terms usually reduces the numerical results ob-
tained in the harmonic approximation. The correc-
tion can be crudely estimated based on the ratio of
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the measured second- and third-order elastic con-
stants. We found the correction to be about 15%.
Howevers lt ls expected thRt lf the fourth-order
terms are included, this 15% correction would be
reduced. In the present investigation, none of
these anharmonic corrections was included.

Once the relaxed configuration of the saddle point
is determined, the migration volume can be calcu-
1Rted by 1Ylinimizing the total 1Rttlce 8Qergy of the
saddle-point lattice with respect to a uniform dila-
tation. The volume-dependent energy is important
in determining the amount of dilatation, and so the
migration volume, but it does not contribute to the
migration energy to the first order of lattice dila-
tation since the starting configuration for migra-
tion, the relaxed vacancy, is already at equilib-
1lum.

The CRlculRtloQ of the diffusion enex'getlcs fox' dl-
vacancy is complicated by the existence of several
stable divacancy configurations in sodium and the
peculiar jumping geometry in a bcc lattice. These
stRble configurations differ ln blndlng eQergy only
of the order of k7.', the thermal energy at diffusion
temperatures. The jumping geometry in bcc lat-
tice is such that a nearest-neighbor jump always
dissociates a first-neighbor divacancy to other con-
figurations. As a result, the calculation has to be
extended beyond the nearest-neighbor divacancy,
and energetically favorable paths have to be sought
among jumps connecting various configurations.
For details, see Ref, 14. In the present study,
calculation for each potential has been extended to
include the first five-neighbor divacancies.

The principles of calculation of diffusion energet-
ics for interstitials are quite similar to those of
vacancies. Fox sodium, Torrens and Gerl have
calculated the migration energy for an interstitial by
using the potential with the IIubbard-Sham dielectric
screening, being called the HS potential bere. They
found a minimum migration energy of 0. 005 eV for
the octahedral interstitial. Based on a different
potential, Brown et al. ~~ found the (111) crowdion
to be most stabl, and its migration requires an
energy of 0. 0065 8V. It is significant in these re-
sults that the migration energies are very small,
so interstitials are highly mobile at the diffusion
temperatures. The factor deciding which intersti-
tial actually migrates then depends on the relative
magnitude of the formation energy. It is at this
point that the reliability of the calculation becomes
questionable. The difficulty is mainly due to the
unreliable nature of the close-range interatomic
potentials. There the potential is very large com-
pared to that at the atomic positions and not well
known, but it is extremely important in determining
the formation energy. Unfortunately, the difficulty
is quite intrinsic since the potential in the close
range is not accessible by measuring the properties
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I IG. 3.. Comparison of interatomic potentials used
for defect energetic calculations in sodium. The poten-
tials used in the present study are designated the HB,
STLS, and GT potentials and are constructed according
to different dielectric functions. The PR potential was
used by Brown et ul. in their calculation,

IG. SELECTION OF THE POTENTIAL

In our previous defect calculations, ' we have
used a pseudopotential with model parameters de-
termined by fitting to the elastic constants. ~~ The
bare-ion potential is of the local Heine-Abarenkov
type and the dielectric function is corrected ap-
proximately for electron exchange and correlation
effects according to the Hubbard-Sham scheme.
This effective interionic potential was also adopted
by Torrens and Gerl in their calculation. It will
be used again in this study as a basis for compar-
ing the energetic results calculated fx'om two other
potentials.

Recently, considerable progress has been made
in applying self-consistent schemes to calculating
the correlation and exchange effects in the dielec-
tric fu. ~ction. Several authors investigated the
effects of these many-body cox'rections in predict-
ing the properties of the perfect crystal. They
found the effects to be important and indicated that
these corrections must be properly taken into ac-
count to ensure good results. We have, therefore,
also chosen in our calculation the two recent di-
electric functions developed by Singwi et aE.
(STLS) and Geldart and Taylor (GT). These two
versions have improved the HS treatment by using
different self-consistent schemes to include the
Coulomb correlation effects. For convenience of
compaxison, we shall not change the bare-ion po-

of a perfect lattice. In view of such a difficulty, we
have not carried out detailed energetic calculations
for interstitials. Our attempt to assess the im-
portance of the interstitial contribution to diffusion
is based on the results of Torxens and Gerllo and
Brown et al.



TABLE II. Comparison of the results of vacancy dif-
fusion energetics.

(A) Formation energetics

Dielectric
function used

HS

STLS
GT

Relaxation
energy
E„' (ev)

—o. o5
—0. 04
—0, 03

Formation
energy
zf" (ev)

0.35
0.30
0.27

Formation
volume

V~ (00)

0.60
0.65
0. 71

(B) Migration energetics

Dielectric
function used

FIS

STLS
GT

Configuration
energy
z," (ev)

0. 12
0. 14
0, 14

Saddle-point
relaxation
energy
E„(ev)

—0.12
—0.09
—0. 07

Migration
energy
E' (ev)

0. 05
0. 09
0.10

Migration energy E~=E~+E„-E„".

tential throughout the calculation.
In Fig. 1 we compare the effective intt, rionic po-

tentials used in our calculations. These potentials
are very similar in the over-all form compared
to that based on Ashcroft's empty core pseudopo-
tential. ' All three potentials reproduce very well
the phonon dispersion curves, elastic constants,
and cohesive energy for the perfect lattice. The
shape of the potential minimum is quite different
for different dielectric functions. This implies
that the relaxation energies for vacancy-type de-
fects can vary considerably when calculated ac-
cording to these potentials. Homever, since these
potential wells are quite shallow, about 0. 02 to
0. 03 eV, the variation in defect energetics cannot
be too large. All these potentials have similar
long-range oscillations beyond the fifth-neighbor
position and the magnitude of these oscillations is
less than 0. 001 eV. This shows that the long-
range defect displacement fields should be quite
similar but insignificant in contributing to defect
energetics. The above observations based on the
generalform of thepotential have indeedbeen borne
out in the results for vacancy-type defects. The
situation is different for interstitial energetics.
At half the lattice parameter, the HS potential ex-
ceeds the GT potential by 0. 1 eV, which is about
the difference in the interaction energy between the
interstitial and a nearest atom. Therefore, de-
pending on the number of nearest atoms, the inter-
stitial energetics if calculated mould have been very
different.

For completeness, we have included in Fig. 1 the
LRO-2 potential used by Brown et al. in their cal-
culation. This potential was determined earlier
by Paskin and Hahmana~ (PR) based on a radial den-
sity function in liquid sodium measured by neutron
diffraction techniques. Compared to the pseudopo-
tentials, this potential has a softer core repulsion,

much larger long-range oscillations, and closer
interatomic distance for the first minimum, All
these factors turn out to have substantial effects on
the results of defect energetics, as is evident from
the difference between their results and ours. The
PR potential was determined by fitting a Born-
Mayer potential originally used by Fuchs ' in an
elastic-constant calculation to an asymptotic ex-
pression of the Friedel oscillation. The magnitude
and phase of the oscillating potential were used as
adjustable parameters.

IV. RESULTS

Using the potentials in Fig. 1, we have calculated
the energy, volume, and displacement field for the
formation and migration of the vacancy and divacan-
cy. Here we report the results of the defect energy
and volume. Detailed comparison of the displace-
ment field and energetics and their dependence on
the potential will be deferred to a forthcoming pa-
per.

The results of the energetics of vacancy diffusion
are compiled in Table II. Among the three poten-
tials, the HS potential gives highest formation and
relaxation energies and lowest configuration energy
for migration, as compared tc the STLS potential
and QT potential in the order of magnitude. The
formation energy varies from 0. 35 to 0. 2V eV and
the activation energy from 0, 41 to 0. 37 eV for the
vacancy; the range of the variation is about 20% for
the formation energy and 10~/(I for the activation en-
ergy. In all cases, the vacancy was found to mi-
grate by jumping directly to the nearest-neighbor
position with the saddle point at the middle of the
jump. We have calculated the migration volume ac-
cording to the HS potential and obtained a. value of
0. 08 00.

The results of the divacancy energetics are sum-
marized in Tables III and IV. Only the formation
energies for the stable divacancies are given in Ta-
ble III. The second-nearest-neighbor (2NN) diva-
cancy turns out to be the most stable configuration
with a formation energy that varies from 0. 67 eV
for the HS potential to 0. 52 eV for the GT potential.
The migration of this divacancy is found. to be via
a direct nearest-neighbor (NN) jump into a NN di-
vacancy. To continue the migration process, the
NN will return to a 2NN configuration via a near-
est-neighbor jump. Another cyclic jump of 2NN
-4NN- 2NN is also found to be energetically fav-
orable, with a migration energy only about 0. 02
eV higher than that between NN and 2NN divacan-
cies. In either one of these jumping cycles, the
forward and the reverse jumps were found to have
identical saddle-point configuration, so they have
the same activation energy and volume, hence not
separable by diffusion measurements. In Table DI
results of the divacancy migration energetics are
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Vacancy
position
1 1 1222
100
3 1 1222

Binding
energy
E, (eV)

0.006
0. 04
0. 007

Relaxation
energy
E "(eV)

—0. 093
—0. 11
—0. 11

Formation
energy
E»( v)

0.70
0.67
0.70

Formation
volume
vg (Qp)

1.3
1.2
1, 2

TABLE III. Comparison of results of divacancy forma-
tion energetics.

(A) HS potential
(A) HS potential

1NN 2NN 2NN 1NN 4NN 2NN 2NN 4NN

E» (eV)

E " (eV)

0. 09

0. 04

0.11

0. 07

0.11

0.06

0. 13

0, 09

(B) STLS potential

TABLE IV. Comparison of results of divacancy migra-
tion energetics.

1 1 1222
100
3 1 1222

0, 006
0.03
0.006

(B) STLS potential

—0. 07
—0. 085
-0.084

0. 60
0.58
0.60

1.3
1.3
1,3

E» (eV)

E'" (eV)

0, 11

0. 08

0. 12

0. 10

0. 12

0. 09

(C) GT potential

0. 13

0. 11

1 1 1
2 2 2

100
3 1 1222

0.006
0.017
0, 006

(C) GT potential

—0, 055
—0. 064
—0. 066

0, 53
0.52
0.53

1.4
1,4
1.4

E2v (eV)

E2v (eV)

0. 12

0. 09

0. 13

0. 11.

0. 13

0.10

0. 14

0.11

This is the position of one of the vacancies; the other
is at the origin.

0(

Ef (T) = 0.6geV

E~(T) =0.005eV

Tetrahedral and Octahedral Interstitials

Ef = 0.55eV

E~ = 0.0005eV

& I I I & Activated Crowdion

FIG. 2. Results of diffusion energetics for interstitials
in sodium. The results of the tetrahedral and octahedral
interstitials were obtained by Torrens and Gerl based
on the HS potential. The results for the (111)activated
crowdion were obtained by Brown et al. according to the
PR potential.

given for the three potentials studied. It is inter-
esting to note that the migration energy for the di-
vacancy is path dependent and not necessarily small-
er than that of a vacancy. The diffusion activation
energies for these divacancies can be obtained by
summing the formation and migration energies.

The results on the interstitial energetics are
shown in Fig. 2. The formation energy for the tet-
rahedral interstitial is obtained by combining Tor-

rens and Gerl's value of formation energy for a
Frenkel pair, 1.03 eV, and our E& calculated ac-
cording to the HS potential, 0.35 eV. According to
these authors, among the three possible migration
paths shown, the energetically favorable path is the
migration of the tetrahedral interstitial through the
shaded atomic triangle, and the energy required is
0. 005 eV. The results of the (111) crowdion were
obtained by Brown et al. ,

' who found this inter-
stitial to be more stable than the (110) as well as
the (111) split interstitials. However, the forma-
tion energies for these interstitials are found to be
very close, with difference less than 0. 01 eV.
Their results indicate that at the diffusion tempera-
tures, there is probably no dominant type of inter-
stitial, and several configurations of interstitials
can contribute to diffusion. In fact, it was pro-
posed that the diffusion of the crowdion mill occur
frequently via an intermediate (110) split intersti-
tial configuration. The migration energy for the
(111) crowdion was found to be only 0. 0005 eV,
even smaller than that of the tetrahedral intersti-
tial. All the interstitial results quoted here were
calculated by using the LRO-2 potential rather than
the LRO-1 potential. According to Paskin and Rah-
man, 26 the former gives better fit to the radial dis-
tribution function and diffusion coefficient in liquid
sodium.

V. DISCUSSION

Based on the present results of defect energetics,
it appears that the data of self-diffusion and other
defect studies in sodium can be most consistently
interpreted in terms of a combined vacancy and
divacancy mechanism. The best supporting evi-
dence lies in the agreement between the measured
and the calculated energies for diffusion. The cal-
culated activation energies for diffusion range from
0. 37 to 0.40 eV for the vacancy and from 0. 62 to
0. 74 eV for the divacancy. These values are in
good agreement mith Mundy's temperature data.
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For the activation volume, if the migration vol-
umes of these defects were taken to be both less
than 0. 1QO, the diffusion volume of the divacancy
is found to be about twice that of the vacancy. This
is consistent with the pressure measurement on
diffusion. The theoretical value of the formation
volume exceeds the measured values by about 75%.
The discrepancy is not understood at present.

Another piece of supporting evidence is the
agreement between the dilatometric data and the
calculated defect formation energies. Feder and
Charbnau3 have analyzed their dilatometric data
according to the presence of both the vacancies and
the divacancies. They found that an excellent fit
to the data can be obtained by taking a vacancy for-
mation energy of 0. 40 eV and a divacancy binding
energy of 0. 04 eV, and formation entropies of
5. 5k& and 11.Ok~, respectively. Our theoretical
results are in good agreement with the measured
energies, Even though the choice of the defect en-
ergies in such analysis is by no means unique, the
fitting exercise has nevertheless shown that the
dilatometric data can be consistent with vacancy-
and divacancy-type defects.

We have analyzed the temperature variation of
fnK based on vacancy and divacancy diffusion
mechanisms. For the correlation factors, we took
0. 727 for the vacancy, and used a formula obtained
by Mehrer et a/. to calculate the temperature
variation of f for divacancy jumps between NN and
2NN configurations. Using a least-squares analy-
sis, we found that except for the highest-tempera-
ture point, the temperature variation of fddC can
be fitted well within the experimental error by tak-
ing ~ to be 0. 59 for vacancy and 0. 58 for diva-
cancy. Both these ~K values appear to be reason-
able for vacancy-type defects judging from Feit's
estimate based on the dynamical theory of diffu-
sion. "

One reason put forth by Brown et a/, for sup-
porting interstitial mechanism is in the magnitude
of the migration energy, Their calculated vacancy
migration energy, 0. 19 eV based on the LRO-2 po-
tential, is several times higher than the measured
value, estimated to be 0. 03 eV according to Qug-
an or from the difference between the diffusion
activation energy and the formation energy, Since
the calculated migration energy for the interstitial
is very low, it was suggested that the formation en-
ergy of the interstitial should be equal to the mea-
sured diffusion activation energy and the intersti-
tial is the operating mechanism in diffusion. This
proposal is difficult to justify for two reasons.
First, the migration energy calculated does not
have to be as high as that of Brown et a/. Based on
different interatomic potentials, our migration en-
ergy varies from 0. 05 to 0. 10 eV, depending on the
dielectric function used. These values are consid-

erably higher than the measured migration energy,
but the discrepancy is within the experimental er-
ror limits. In any case, the agreement is not
worse than the migration energy obtained by Brown
et a/, for interstitials. Secondly, it was empha-
sized that the dilatometric data can be interpreted
in terms of a vacancy and interstitial model, but
according to the energies and entropies assumed
by Brown et a/. , the interstitial concentration
would be less than 1% of the vacancy. Ba,sed on
these conditions, we estimate that compared to
vacancies, the interstitials cannot dominate diffu-
sion at room temperature, even with a vacancy mi-
gration energy as high as 0. 10 eV.

There are difficulties in using only vacancy and
divacancy mechanisms to interpret all of the diffu-
sion data, particularly in explaining the pressure
data of the isotope effect. Using similar proce-
dures as in the analysis of the temperature data of
the isotope effect, the values of ~ obtained by an-
alyzing data at 7000 atm were not consistent with
the values at 1 atm. In fact, a ~K of —0. 6 was ob-
tained for the divacancy (0. 59 for vacancy) in a
least-squares analysis of the data compiled in Ta-
ble VI of Mundy's paper. A negative hK value ap-
pears to be unphysical. The problem probably lies
in the vacancy-divacancy model or in the difficulty
of obtaining accurate isotope-effect data under
pressure. At present, we have no satisfactory ex-
planation for the discrepancy.

The other difficulty is in explaining the origin of
a possible thi."d mechanism at an intermediate tem-
perature range as indicated in Mundy's data anal-
ysis. As mentioned, Feit" suggested that it is due
to a single vacancy. The major difficulty with this
proposal is that the activation volume measured for
the intermediate temperature range is almost ex-
actly the same as the high-temperature divacancy
mechanism. This evif.'.,ence casts serious doubt on
the validity of the assigned vacancy mechanism.
In addition, the energetic results for vacancy diffu-
sion as obtained in the present investigation are in
better agreement with the low-temperature process
than that at intermediate temperatures. The alter-
native would be to assign the intermediate-temper-
ature process to the interstitial. The advantage
would be the association of the interstitial with an
activation volume about twice that of the vacancy
and also with a higher activation energy, which
presumably can be due to the higher formation en-
ergy for interstitials. There would not be much
difficulty in explaining the low values of fddC since~ for interstitials is thought to be close to —,'.

Before investigating this proposed mechanism,
one must first question the reliability of using
least-squares analysis to predict the existence of
three independent diffusion processes. Mundy
mentioned that his three-exponential fit to the tem-
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perature data was not as satisfactory as the two-
exponential fit. The six parameters in the fit can
be varied over a wide range without change in the
goodness of the fit. It appears that the existence
of the intermediate mechanism is questionable.
In any case, any attempt to establish an interstitial
mechanism by energetic calculations is seriously
hindered by the difficulty of obtaining reliable
close-range interatomic potentials.

Considering the interstitial formation energies
quoted here, the value obtained by Brown et al. is
about 20/& less than that obtained by Torrens and
Gerl. This discrepancy can be understood because
the PR potential at short ranges is considerably
softer than the HS potential (Fig. 1}. However,
reliability of the short-range portion of the PB po-
tential is more uncertain. It is the same Born-
Mayer potential determined by Fuchs in an early
calculation of elastic constants. ~' It can be seen
from Fuchs's results that the contributions from
the Born-Mayer potential to elastic constants are
very small, so the close-range potential cannot be
accurately determined under these circumstances.
It appears reasonable to believe that the formation
energy of interstitial is closer to 0. 68 eV than to
0. 55 eV. This makes it difficult to assign the in-
ter mediate -temperature mechanism to inter stitials.

In conclusion, we feel that by comparing the

measured and the calculated defect energetics, the
vacancy-divacancy model is the most satisfactory
mechanism for diffusion in sodium. Circumstances
do not completely rule out the interstitial mecha-
nism. However, further efforts in calculating in-
terstitial energetics do not seem to be fruitful, be-
cause of the limitation on the knowledge of the
short-range interatomic potentials. Instead, ex-
periments specifically designed to measure inter-
stitial contribution in diffusion, such as the NMR
experiment originally suggested by Mundy, ' or pos-
sibly internal friction measurements, are needed
to resolve the interstitial question. More work is
also required in applying the dynamical theory of
diffusion to calculate ~K factor for vacancy as well
as interstitial type defects in sodium.
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