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The diffusion of a set of consecutive divalent transition-metal ions has been measured
in AgC1. Their high-temperature activation energies are found to span the range from 1
to 2 eV and to exhibit a systematic dependence on the number of electrons in the d shell.
The relative migration energies can be quantitatively accounted for in terms of the elec-
tronic contributions to the energies of the ions, in the normal and activated positions, re-
sulting from crystal-field splittings.

An understanding of the properties of impurity
ions in ion crystals, such as the silver halides,
requires a consideration of the effect of the crys-
talline field on the electronic states of these ions.
In this Letter, this effect is shown to be reflect-
ed in the activation energies for the substitutional
migration of the first-row transition elements in
silver chloride. Although these notions have been
previously used in interpreting the partitioning of
transition elements in duplex scales on oxidized
alloys, ' the present results are believed to dem-
onstrate clearly, for the first time, a quantita-
tive correlation between an ion transport phenom-
enon and the effects of the crystal field at the var-
ious sites in a simple halide salt.

The activation energies for diffusion in AgC1
of Vs+ Cr" Fe", Co" and Ni" (all 3d" iona)

have been determined from the temperature de-
pendence of the diffusion coefficient as measured
by the conventional tracer-sectioning technique. '
(The details of the measurements will be given
elsewhere. ) These energies, along with those
previously reported for the diffusion of divalent
manganese' and zinc, ~ are presented in Table I.
Only the values derived from least-squares fits
to the high-temperature data are shown since the
values in that range may be taken to be insensi-
tive to the codiffusion of polyvalent impurities in
the tracer solution and to residual impurities in
the host crystal, and thus are deemed as quite
accurate for the purpose of comparison. It may
be noted that the temperature range for the Ni

measurements is small; this is due to the less-
sensitive surface counting method required by the

TABLE I. Diffusion of first-row transition-metal ions in AgCl.

Configuration

Temperature
range
{.c)
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energy
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1.25
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1.39
1.88
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0.07

0
0.08
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0.69
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0.88
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0
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0.27
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0

0.96
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0.17
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0
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weak P emission, coupled with the relatively
chemically impure tracer solution supplied by the
manufacturer.

The diffusion activation energy for any divalent
ion includes contributions due to the formation of
a cation vacancy, from the activation energy of
solute-vacancy interchange, and from impurity-
vacancy binding (the temperature dependence of
correlation effects may be neglected here since
the jump frequency for the divalent solute-vacan-
cy exchange may be assumed to be small in com-
parison with other pertinent vacancy frequencies).
Impurity-vacancy binding energies have been ob-
tained from ionic conductivity measurements.
The measured values of 0.245 eV,' or 0.266 eV,'
for Mn" and 0.236 eV' for Ni" differ by only a
few hundredths of an electron volt. Recent mea-
surements give a tentatively similar value' for
Fe'+ and Co'+. Thus it seems reasonable to as-
sume that the 3d" ion-vacancy binding energies
in AgCl are all approximately the same. The on-
ly exception is for Zn" where values of 0.5 to
0.6 eV have been observed+' (this anomaly is also
observed in NaCl').

Given these considerations, the solute migra-
tion energies (H '"""),relative to that for Mn'"
(fJ ""),have been obtained from their diffu-
sion-activation-energy differences and the values
are also given in Table I. We now show that
these values agree rather mell with those calcu-
lated on the assumption that differences in the
migration barriers among the set of 3d" divalent
ions are purely due to the effects of crystal-field
splittings on the electronic contribution to the en-
ergies of the ions in the normal (substitutional)
and activated (assumed to be the interstitial) po-
sitions.

The calculations use the strength of the crys-
tal field, with the impurity at the substitutional
position, obtained from analyses of the optical
absorption spectra due to the impurities in AgC1.
Such analyses have assumed an octahedral sym-
metry, ignoring explicit perturbations due to a
nearest cation vacancy. For our purposes the
vacancy must exist since it occupies the position
to which the impurity ion will jump At the t.em-
peratures at which the optical spectra were car-
ried out, the impurities and vacancies are large-
ly associated. However perturbations to the crys-
tal field due to the vacancy are expected to be
small (2% ln the point-ion approximation) and are
implicit in the values obtained from analyses of
optical data.

With the impurity in the activated position the

crystal field is not known and there is the added
complication of two cation vacancies (the original
and final positions of the diffusing ion). There-
fore instead of the one known parameter (octa-
hedral case) there are several unknown parame-
ters for the crystal field in this case. In order
to minimize parametrization of the problem, the
crystal field, in this case, has been taken to be
the one appropriate to point ions for the crystal
with two vacancies, multiplied overall by a sin-
gle unknown parameter characterized by y, which
is defined as follows:

(1 ) |. t't
(1 c ) Ub t r. tlo

where V,' is part of the interaction potential with
angular variation given by the Legendre polyno-
mial of order four, and the factor 2/v 8 comes
from the ratio of the distances to the closest ions
in the normal and interstitial positions. If the
host crystal were made up by point ions y would
equal 1 with the two vacancies present and zero
if there were no vacancies. Note, therefore, that
results with y = 0 represent relative stabilizatien
energies among the impurity ions for the substi-
tutional position.

Since Mn'+ and Zn'+ have ground S states there
wiH, be no crystal-field splitting; hence migra-
tion energy barriers for other 3d" ions, relative
to Mn" or Zn", are obtained directly from the
crystal-field-splitting calculations. Mixing of F
and I' terms, where appropriate, has been taken
into account but spin-orbit effects have been ne-
glected since they are estimated to be a few hun-
dredths of an electron volt at maximum.

The results of the calculations are presented in
Fig. I which shows the energy barriers relative
to that of Mn'+ or Zn'+ versus the parameter y,
in the range 0 to 0.6. This figure results from
the approximation, for ease of presenting the re-
sults, that the crystal-field parameter Dq (for
the octahedral case) is the same for all ions and
has the average value 680 cm ' (see Sliker' and
Koswig, Retter, and Ulrici") and F Pterm ener--
gy differences are a111.52 eV (see Ref. 9 and Con-
don and Shortley") Ab. est fit to the measured re-
sults is obtained for y=0.43 and the correspond-
ing values of the migration-energy differences
are listed in Table I under "average calculation. "
A similar calculation mhich takes into account the
variations among the ions of the parameters Dq,"
(r'), (~~),"and F-P energy difference'" will be
shown in detail elsemhere. It gives best-fit re-
sults for y = 0.5 which are also listed in Table I.
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