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The diffusion of Rb+ ion in AgBr has been measured in the temperature range 184 —421 'C by a tracer and serial-

sectioning technique. The temperature dependence of the diffusivity follows a linear Arrhenius law with parameters

Dp = (1.04 ~0.30) )& 10' cm'/sec and H = 1.33 +0.02 eV. When one assumes no Coulombic binding between the
monovalent solute and vacancy, the activation enthalpy for the migration of an Rb+ ion by a vacancy mechanism,

H, is estimated to be 0.75 eV. The curvature in the Arrhenius plot, expected on the basis of a temperature-
dependent defect-formation energy, is not observed, perhaps owing to a temperature-dependent elastic binding

energy between the oversized Rb+ ion and neighboring vacancy. An important trend relating a variation in H„, to
the mismatch between the sizes of the solute and host ion for all the reported impurity-diffusion studies in AgBr has
been observed and discussed.

I. INTRODUCTION

A high-temperature anomaly in many of the phys-
ical properties of both AgBr and AgCl. has been
observed for years. Early recognition of these
anomalies include elastic constants, "thermal
expansion, "dielectric coefficient, ' heat capaci-
ty,"electrical conductivity" and the cation self-
diffusion. "'" As the melting point is approached,
these crystals exhibit further anomalies": loss
of mechanical hardness, decrease in velocity of
sound, and a greatly enhanced thermal diffuse
scattering of x rays. It becomes apparent that,
although the silver halides are a "simple", well-
characterized ionic system with Frenkel disorder,
the defect properties deviate significantly from the
predictions based on Lidiard's excellent theory of
ionic crystals. " To explore and understand the
nature of this anomaly a major thrust of experi-
mental and theoretical investigations has been
focused towards the study of charge and mass
transport in silver halides with more and more re-
fined and sophisticated techniques. Friauf's"
critical review and analysis of the excellent data
acquired by a number of investigators over the
last thirty years indicates the remarkable and in-
teresting defect properties in this system.

Specifically, the electrical conductivity of AgBr
and AgCl anomalously increases by more than
200% near the melting po'int with a corresponding
increase of the self-diffusion of the cations.
Four factors have been invoked to explain this and
other anomalies: (1) the onset of additional de-
fects species, (2) the effect of defect interactions
on defect concentrations, (3) the possibility of
alternate migration mechanisms becoming opera-
tive as the temperature increases, and finally (4)
the temperature dependence of the thermodynamic

parameters characterizing the Frenkel defect
formation and migration. The possibility of the
presence of Schottky defects (in addition to usual
Frenkel defects) that had been invoked in the early
explanation of thermal expansion, ""the lattice
expansion by x-ray diffraction, ' and the thermal
capacity" can lead to the enhanced conductivity
at high temperature. Berry, "measuring the lat-
tice parameter of AgBr in the temperature range
350-420 'C, concluded that the disorder was pre-
dominantly Frenkel type but because of the magni-
tude of the experimental uncertainties, the exis-
tence of a very small number of Schottky defects
cannot be ruled out. Similar results were ob-
tained by Lawn, ' Fouchaux and Simmons, ' and
Nicklow and Young, " i.e. , the dominant disorder
is Frenkel type with the possible existence of a
small amount of "mixed" disorder near the melt-
ing point. In his study of the defect-formation
volume, determined by measuring the conductivity
of AgBr under high pressure, Kurnick' was led to
a similar conclusion. It is believed, though, that
the small fraction of Schottky defects that would
be expected cannot explain the major part of the
anomalous behavior of the silver halides.

The second factor, that is, the defect-defect in-
teraction due to long-range Coulombic effects, is
described by the Lidiard-Debye-Huckel (LDH)
theory" and is found at least "partly" responsible
for this anomaly. However, the major part of the
high-temperature anomaly still remained, even
with the cluster-expansion extensions of LDH
theory proposed by Allnatt and Cohen" and Seve-
nich and Kliewer. '

The standard transport model for the silver
halides consists of migration via the cation vacan-
cy and the collinear and noncollinear interstitialcy
mechanisms. Attempts have been made to explain
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the high-temperature-conductivity anomaly by
postulating the onset of an additional migration
mechanism, for example, the back sidewards in-
terstitialcy mechanism of Lansiart. "

Finally, the possible temperature dependence of
the defect parameters must be considered. Mul-
ler ' and Schmalzried2 attributed the anomaly to a
"loosening of the lattice" which caused a reduction
in the defect formation energy. They treated the
anomalous thermal expansion as equivalent to the
application of a negative pressure which was then
thermodynamically related to the defect-forma-
tion energy. Aboayge and Friauf" determined the
defect parameters for AgC1 and AgBr by fitting
their conductivity data in an intermediate range
of temperature where the LDH theory is expected
to provide an adequate correction for defect in-
teractions. With these parameters, they deter-
mined the increase of observed conductivity over
the extrapolated values. 'They argued that this
excess conductivity could be explained by assum-
ing a nonlinear temperature-dependent Gibbs free
energy of formation for a cationic Frenkel defect.

A striking, quantitative confirmation of this
temperature-dependent formational-free-ener gy
proposal was reported by Batra and Slifkin based
on their study of the diffusion of Na' in AgC1
(Ref. 24) and AgBr (Ref. 25). In both cases, they
found a continuous positive curvature in the high-
temperature region of the Arrhenius plots. For
AgCl they found that by normalizing their diffusi-
vities by the defect concentrations, as determined
from the conductivity experiment of Aboayge and
Friauf, the curvature was eliminated. However,
using the same procedure for AgBr they found the
elimination of curvature to be not as complete.
Even with Kao's" more refined determination of
the ionic conductivity of AgBr, linearity of the
Arrhenius plot is not restored at the two highest-
temperature points.

It should be pointed out that a nonlinear de-
crease in the Gibbs free energy with increasing
temperature, as deduced from the conductivity
studies, may be the result of changes in either
the formation or migration energies of the Frenkel
defects. On the other, the diffusion results of
Batra and Slifkin indicate that it is only the forma-
tion energy which is responsible for the high-
temperature anomaly. A support for this proposal
comes from a calculation of the heat capacity
based on this temperature-dependent formational-
energy model. " The calculation agrees qualita-
tively with the anomalous heat capacity observed
experimentally. " A quantitative agreement is
precluded due to the possible role of anharmonicity
at higher temperatures.

To account for this anomalous temperature de-

pendence in the defect formation energy various
theoretical approaches have been presented.
Friauf" utilized a simplified form of a mean-field-
theory approach in which he assumed the decrease
in formational energy is proportional to the defect
concentration. He was able to reproduce the
rapid decrease in the Gibbs energy as the melting
point was approached and the behavior was quali-
tatively similar to that deduced experimentally,
although for AgBr the comparison was less satis-
factory. Bauer and Leutz, "using a refined,
classical continuum model. traced the high temp-
erature anomaly to an exceptional temperature
dependence of the elastic properties of the perfect
crystal. For AgBr, they report a good qualitative
agreement with the observed conductivity anomaly.
Varotsos and Alexopoulos, "accounting for both
the thermal expansivity and the thermal variations
of the elastic constants, proposed a model for the
Gibbs energy which could successfully account for
curvature in the Arrhenius plots of many sys-
tems, including the silver halides. However, the
above approaches provide no detailed theoretical
explanations, in that no attempts were made to
specify the exact form of the interionic potentials
involved. After all, it is this potential which de-
termines the nature of the physical properties,
e.g. , elastic properties, "anomalous" conductivi-
ty, etc. Along this line, Catlow, Corish, and
Jacobs" developed an interionic potential based
on a quasiharmonic model. This model, charac-
terized by large values for both the cation-cation
and cation-anion attractive coefficients, was suc-
cessful in reproducing the conductivity and Na'
diffusion results in AgC1. Further, by consider-
ing the deformation of the Ag' ion as it passes
through the saddle-point configuration, these
same authors" were able to predict not only the
temperature dependence of the cation Frenkel de-
fect formation energy but were also able to simu-
late the relatively high mobility of the silver ion.
The success of these calculations lend good sup-
port to the idea that it is the temperature depen-
dence of the Frenkel formation energy that is re-
sponsible for the anomalous behavior in both
AgBr and AgC1.

The above review, then, points to the general
consensus that the formation energy of the Frenkel
defect in AgCl and AgBr is temperature dependent.
One must bear in mind, however, that in most of
the comparisons (that is, conductivity with Na'
diffusion, experimental results with various
theories) the case of AgC1 is excellent, whereas
the case of AgB1 ls not so satisfactory. At this
point, it would be worthy to mention the work of
Corish and Jacobs. ' In order to investigate the
possible contributions due to alternate jump
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mechanisms, the presence of Schottky defects,
and temperature-dependent defect energies, these
authors subjected their earlier conductivity data"
to an analysis based on five different models.
However, because several of their models led to
an equally satisfactory fitting of the experimental
data, they were unable to distinguish between
three of their models, for example, a tempera-
ture-dependent defect parameter model yielded as
good a fit to the experimental data as the model
allowing for both collinear and noncollinear inter-
stitialcy mechanisms. Thus they found no compel-
ling evidence to favor a temperature-dependent
formation energy.

The present investigation was undertaken to gen-
erate further independent evidence on which to
support the proposal of a temperature-dependent
Frenkel formation energy. 'The choice of a mono-
valent diffusant was necessitated by the fact that
its presence would not disturb the intrinsic con-
centration of thermally generated defects. Also,
the use of a substitutional monovalent cationic im-
purity like Rb', which has no net charge on the
AgBr lattice, would minimize the possibility of an
impurity-vacancy association.

II. EXPERIMENTAL

The diffusion of Rb' in AgBr was performed us-
ing a standard serial-sectioning technique. " The
single crystals of AgBr were obtained from C.
Childs of the University of North Carolina —Chapel
Hill Crystal Growth Facility with a stated impurity
level of less than 1 ppm. Samples of approximate-
ly 1-cm' a.rea and 1 cm in, height were hand pol-
lished on fine-grit silicon carbide polishing paper
and etched in a KCN solution. The top surface was
prepared by microtoming off several 1-p.m thin
sections. The samples were annealed in an ultra-

i

pure-helium atmosphere at approximately 410 'C

for 10 h and slowly cooled at a. rate of about 9 'C/
h. After annealing, approximately 1 pCi of "Rb
in the form of RbC1 (obtained from New England
Nuclear with a specific activity of approximately
10 Ci/g) dissolved in pure HC1 was deposited on
the microtomed surface. After drying, the sam-
ples were encapsulated in a low-pressure helium
atmosphere to insure quick thermal equilibrium
and placed in the controlled diffusion furnace. A
continuous record of the initial time-temperature
warm-up was kept-and the usual anneal time cor-
rections were applied. Due to the high diffusivity
of Rb' in AgBr these corrections were important,
especially for the high-temperature runs where
anneal times as low as one hour were used. Be-
cause the warm-up corrections were of the order
of 6-9 min, the continuous time-temperature

III. RESULTS

The penetration profiles for each temperature
run were constructed by plotting the natural log-
arithm of the specific activity against the square
of the penetration depth. 'The resulting linearity
of these plots was evidence that the experimental
conditions were consistent with the one-dimen-
sional volume diffusion from a thin source. The
values of the diffusion coefficients were extracted
from the slope of each profile by a least-squares
fit. The diffusion coefficients along with their
corresponding annealing time and temperature
over the temperature range 184-421'C are shown
in Table I.

Figure 1 displays the penetration profiles for
several anneal temperatures. All these profiles
exhibit a slight up-turn near the surface followed

TABLE I. Diffusion of Rb' in pure AgBr.

Temperature Diffusion time Diffusion coefficient
(c) . (sec) (cm /sec)

184.0
221.5
235.1
250.5
262.8
274.3
303.3.
323.6
349.7
362.0
379.9
396.8
420.8

1.46 x 106

3.29 x 10
1.01x 10'
2.5p x 1p4

3.09 x 10
7.07x 10
6.22 x 10
7.86 x 10
7.40 x 1p
4.29 x 10
8.30 x 10
5.44 x 10
3.87 x 10

2.06x 10 ~i

3.58 x 10
6.92 x 10
1.18 x 10
3.03 x 10-'
5.55 x 10
1.95 x 10-8
5.77 x 10-8
2.02 x 10
3.00 x 10 7

4.99 x 10
9.85 x 1p
2.55 x 10

record was found essential for a, meaningful esti-
mate of the corrections. Prior to sectioning,
a thickness larger than 4(Dt)~' was usually re-
moved from each of the four sides to eliminate
the effect of surface diffusion. The samples were
then microtomed on a rotary microtome. Fol-
lowing the mass measurements, which were used
to determine the thickness of the sections, the
sections were dissolved in a sodium thiosulfate
solution and the tracer activity was assayed with
a conventional Geiger-Muller counter. All opera. -
tions prior to the counting of the sections were
carried out under safelight conditions.

Very good sample alignment prior to sectioning
was achieved using a 20-m-long optical lever with

a laser source making the misalignment correc-
tion negligible. This, along with the fact that the
corrections due to initial warm-up were more
precisely determined using the recorder, led us
to estimate the overall error in the diffusivities
reported here to be within +Sgp.



DIF F U SION OF RU BI DIUM ION IN SILVER BROMIDE AND. . .

9
+
C

8

7
Xl

0

u 4

2

I I I I I I I I I I

by a long, linear penetration into the crystal.
This up-turn is believed to be due to "near-sur-
face" effects, particularly the low solubility of the
tracer. The solubility problem was very evident
when diffusion runs below 184 'C were attempted.
However, this up-turn should have no effect on
the diffusion coefficient determined from the pro-
file since the initial points were excluded from the
least-squares fit; only the long, linear portion of

0 I
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Depth Squared (lO 'cm*)

FIG. 1. Penetration profiles for the diffusion of Rb'
into AgBr. The temperature and full-scale abscissa
value for each line are (A) 323.6'C, 120x10 cm, (B)
379.9 'C, 600 x 10 4 cm~, (C) 262.8 'C, 20 x 10 4 cm~, and

(D) 221.5'C, 20x10 cm'.

each profile was used to determine the diffusivity.
Mitchell and Lazarus" showed that the effect of
polyvalent impurities co-diffusing with a mono-
valent tracer in NaCl is such as tocause the pene-
tration profiles to be non-Gaussian. Specifically,
the profiles, rather than being linear, are concave
toward the origin; the degree of curvature increas-
ing as the divalent-impurity concentration in-
creases. The lack of this negative curvature in
our profiles leads us to believe that the tracer
used in the experiment was not contaminated with
any divalent impurities, although the possible ex-
istence of mitigating effects (e.g. , grain boundary
diffusion) could camouflage the concavity expected
from a contaminated tracer.

The temperature dependence of the diffusion co-
efficients is displayed in Fig. 2. The datum shown

by an open circle in Fig. 2 corresponds to the dif-
fusivity at 250.5 'C for a specimen which was
found to have a grain boundary. The value of D
was extracted from the intermediate, linear sec-
tion of the non-Gaussian penetration profile. Thus
the estimated diffusivity at this temperature
could be somewhat uncertain. Because of the
linearity of Fig. 2, the temperature dependence
of the diffusion of Rb' in AgBr over the entire
temperature range of 184-421 'C can be charac-
terized by the normal Arrhenius relation

D =D, exp(-H jkT) .

Applying a least-squares fit to the data, excluding
the datum at 250.5 'C, leads to a pre-exponential
factor D, and diffusion activation enthalpy II of

Io'-

T('C)

400 350 300 250 200
I I I I I and

D = (1.04 + 0.30) x 10 cm~ jsec

H = 1.33+ 0.02 eV .
(2)

IO

IOl0—

I I I I I I I I I I I I

16 I8 20 22 24 26
I/kT (eV)

FIG. 2. Arrhenius graph for the diffusion of Rb+ into
AgBr. The solid circles refer to data characterizing in-
trinsic diffusion, the open circle refers to the diffusivity
at 250.5 C for a specimen with a grain boundary.

These parameters for the diffusion of Rb' in
AgBr are typical of a vacancy mechanism and are
comparable to the parameters for the vacancy
diffusion of Cd" (Ref. 37), Mn" (Ref. 38), Fe"
(Ref. 39), and Na' (Ref. 25) in AgBr. Assuming
no solute-vacancy association, the diffusion coef-
ficient for a monovalent ion in AgBr can be ex-
pressed as

D =4a'fv exp[(—,'S&+S )jk]exp[-(—,H&+H )AT], (3)

where g is the nearest cation-anion separation
distance, f is the correlation factor, v is the
attempt frequency of the diffusant, H and S are
the enthalpy and entropy, respectively, and the
subscripts f and m refer to the formation of a
Frenkel pair and migration of a vacancy, re-
spectively. Assuming f= 1 and using a= 2.88 A,
v = 3 x 10 sec along with Kao's' most recent
values Hz = 1.16 eV and Szjk= 7.28 and the experi-
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mentally determined values of D, = 1.04 x 10' cm'/
sec and H= 1.33 eV, the enthalpy and entropy of
migration for the impurity ion Rb' in AgBr are
found to be

H. = 0.75 eV

(4)

S =6.58'.

IV. DISCUSSION

A. Linearity in Arrhenius plot

'The most important feature of the present inves-
tigation is that the data, within experimental er-
ror, fail to exhibit the expected curvature predic-
ted by a temperature-dependent Frenkel forma-
tion energy. Had the anomalous curvature existed
to the same degree as observed in Kao's" conduc-
tivity experiments, the diffusivity at the highest
temperature would have been more than a factor
of 4 greater than actually observed. Apart from
Na', the results of the diffusion of two other alkali
ions in silver halides are available. In both
cases, Cs' in AgC1 by Batra and Slifkin40 and I.i'
in AgC1 by Ptashnik and Naumov, " the expected
curvature was not observed. In fact, if one con-
siders the large number of impurity ions diffused
in the silver halides (18 in AgC1 and 8 in AgBr,
by far the largest in any ionic system) this contin-
uous curvature in the intrinsic range is "con-
spicuous" by its absence in most of the cases, in
contrast to the observation for Na' in AgC1 and
AgBr. Exceptional cases are Zn" in AgCl (Ref.
42) and Cl and I in AgBr (Ref. 43). In the former
case the curvature was speculated to be due to the
Debye-Huckel effect leading to an increase of
vacancy concentration with temperature. For C l
and I in AgBr, an additional mechanism of mi-
gration by vacancy pairs was proposed.

The question arises as to what it is about these
particular ions that makes them so unique in
showing the high-temperature curvature. The
answer is not easy. It has been argued that a can-
cellation of the effect of a temperature-dependent
Frenkel formation energy is plausible in the case
of the diffusion of polyvalent solutes due to the
extra factors involved. "'" These factors are:
solute-vacancy association, change in the activity
coefficient in LDH theory, and the tighter "gates"
seen by the diffusing ions due to the electrostatic
relaxation caused by the extra charge. In the case
of Cs' diffusion in AgC1,"it was argued that due
to the large size of the Cs' ion relative to the host
cation a strain-induced binding energy was pres-
ent. The binding energy would be expected to de-
crease with increasing temperature as the lattice

"softens up" (and the elastic moduli decrease' )
and this temperature dependence couM wash out
the effects of a temperature-dependent formation
energy. Although the Rb' ion (1.47 A) is smaller
than the Cs ion (1.67 A), it is still oversized rela-
tive to the host Ag' ion (1.26 A). Thus, an ana, lo-
gous explanation could presumably apply to the
present results. However, detailed analysis will
show that this explanation is not completely satis-
factory in the case of Rb' in AgBr.

A most general form of the impurity diffusion
activation enthalpy is

H=(-', H, +H -H.)+ [-~H,(T) -nH (r)
+ AH, (T) —H„(T)+H„(T)], (5)

where the terms in the first parentheses repre-
sent the temperature-independent enthalpies of de-
fect formation (H&), impurity migration (H ), and

impurity-vacancy association (H, ). The square
brackets contain terms which may be temperature
dependent; they include the possible temperature
dependence of the formation (&Hz), migration
(4H ), and association (bH, ) enthalpies as well
as contributions from a temperature-dependent
correlation factor (H„) and a temperature-depen-
dent activity coefficient (H„). The activity coeffi-
cient is a measure of the amount the association
energy increases due to the Coulombic interac-
tions between defects. " It is possible that the
temperature dependence of H can indeed be negli-
gible due to compensation arising out of the terms
in the square brackets. A quantitative estimate,
however, is precluded as many of the parameters
are not independently known. It can be shown

(see, for example, Ref. 39) that, in general, for
impurity diffusion the correlation factor (f) is
temperature independent and equal to unity. Any
anomalous temperature variation in the diffusion
activation enthalpy due to a temperature dependent
activity coefficient must arise from a temperature
dependence in the average potential energy of the
defect in its surrounding Debye-Huckel charge
cloud, but this variation is expected to be small.
It appears then, that any decrease in the defect
formation energy (H&) as the temperature in-
creases is compensated for by a corresponding
decrease in the enthalpy of solute-vacancy associ-
ation. The increase of solute migration enthalpy
with temperature should not be entirely ruled out.
'The argument of the decrease of binding energy
with the softening of the lattice" may also lead to
a decrease in the migration enthalpy.

The first parentheses in Eq. (5) refer to the con-
tribution to the temperature-independent activation
enthalpy of the diffusion of Rb' in AgBr. If solute-
vacancy association is present then, from Eq. (2)
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halides. "'" In our case the strain-induced bind-
ing energy for the solute-vacancy association, if
present, could be quite small but it is the temper-
ature dependence of the binding energy which may
be appreciable, so that this, with other factors
(as discussed before), leads to the compensation
for hH&(T). This essential difference between
the Rb' in AgBr and Cs' in AgC1 can not be ex-
plained.

B. Ionic size effect
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FIG. 3. The temperature dependence of (A) the vacancy
component of the self-diffusion coefficient of Ag (Ref. 11)
and the impurity-diffusion coefficients of (B) Rb and (C)
Na (Ref. 25) in AgBr.

one obtains H -H, .= 0.75 eV. A monovalent ion
like Rb' is not expected to have any Coulombic
binding with a cation vacancy in AgBr. It appears
that the strain-induced binding energy of the
solute should not be much greater than 0.1 eV.
Otherwise, for Rb' one obtains H =0.75+H,) 0.85 eV, which is an unusually high value when
compared to the corresponding values of 0.60 and
0.32 eV for the vacancy diffusion of Na' (Ref. 25)
and Ag' (Ref. 26) in AgBr. This is unlikely in
view of the trend of the ionic size effect on mass
transport as discussed in a later section.

It should be pointed out that this conclusion is in
contrast to the result of Batra and Slifkin, "name-
ly, an unusually large strain-induced binding en-
ergy is present for Cs' (an alkali ion like Rb',
though slightly larger) in AgC1. If no binding is
assumed, the small diffusion activation enthalpy
of 0.83 eV in their case leads to a motion enthalpy
H = 0.1 eV. The fast diffusion of Cs' in AgC1 with
so little migration energy is comparable to the in-
terstitial migration of noble metal ions in silver

Figure 3 shows a comparison of the diffusivities
of Na' and Rb' in AgBr along with the vacancy
component of the self-duffusion coefficient of sil-
ver in AgBr. It is of interest to note that the dif-
fusivity of Rb' is larger than that of Na' at all
temperatures considered even though the rubidium
ion is larger than the sodium ion. This is con-
trary to the intuitive notion that a smaller ion
should be transported more easily. Additionally,
the diffusivity of the vacancy component of the
self-diffusion coefficient of silver is larger than
both that of Na' and Rb'. In fact, a trend ob-
served is that the motional enthalpies are related,
not to the size of the solute, but to the amount of
mismatch between the impurity and host cation.
Table II is a current compilation of the cationic
tracer diffusion studies in AgBr. Absent from
the list is the result for the diffusion of the-mono-
valent noble-metal ion Cu' which Suptitz" showed
diffuses via a direct interstitial mechanism. All
others have been shown to proceed via a vacancy
mechanism.

Before proceeding further, certain qualifica-
tions regarding Table II must be considered. The
values of the ionic radii are taken from Ahrens"
who revised those of Pauling by using more re-
fined values for the alkali ions. Nevertheless,
since the "size" of an ion is a rather nebulous
quantity, being dependent on its local environ-
ment, these values should not be considered ab-
solute but should be used only for comparative
purposes. The fourth column contains just the
motional energy H and certain comments need

TABLE II. Size effect on diffusion in AgBr.

Tracer
Ionic radius

(A)
&m-&a

(ev)
&m

(eV)
Mismatch

Reference

Fe '
Mn

'
Na
Cd '
Ag'
Rb'

0.74
0.80
0.97
0.97
1.26
1.47

0.85
0.52

1.05
0.74
0.60
0.55
0.32
0.75

—0.52
—0.46
-0.29
-0.29

0
+ 0.21

40
39

25, 26
38
26

present work
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be made here. For Fe", Mealing and Laskar"
had to assume a value for H, equal to 0.2 eV since
no independent determination of the association
enthalpy for an Fe"-vacancy complex has ever
been carried out in AgBr. However, this is a
valid assumption since the association enthalpies
for divalent cationic impurity-vacancy complexes
are all of the order of 0.2 eV." For both Mn'+

(Ref. 38) and Cd" (Ref. 37), the authors deter-
mined the motional enthalpies from Arrhenius
plots for heavily doped AgBr single crystals
(2.1 mol /g Mn and 3.3 mol% Cd, respectively).
In both cases, however, since the diffusion coeffi-
cient versus dopant concentration isotherms
failed to saturate, equating the diffusion activation
enthalpy (for the doped samples) to the motional
enthalpy becomes questionable. Because of the
very high concentration of thermally generated
defects, this procedure for determining H could
underestimate the true value. Finally, the value
of H listed for Na' is not the value quoted by
Batra and Slifkin, "whose result involved the use
of the conductivity data of Aboagye and Friauf, "
but is the value determined by Kao" using his
more refined conductivity data. The fifth column
of Table II lists the mismatch between the impurity
diffusant and host cation. This mismatch is de-
fined as the difference in radii between the tracer
ion and the silver ion.

Table II shows that as the amount of mismatch
increases, whether the tracer be smaller or lar-
ger, the migrational enthalpy increases. Admit-
tedly, the table includes both divalent as well as
monovalent ions and no attempt has been made to
subtract out the effect different valence has on
the motional enthalpy. That electronic configura-
tion does effect the motional energy has been
quantitatively shown by Batra, Hernandez, and
Slifkin. " They showed that the difference in the
migrational enthalpies of the six adjacent, first-
row transiti'on-metal ions V" through Ni" could
be accounted for by considering the work done by
the crystalline electric field on the d-shell elec-
trons during the jumping process. Nevertheless,
Table II does suggest that size can make a signi-
ficant contribution to the activation energy. For
example, compare the results for Mn" and Cd".
For both ions, the electronic configuration is
spherical (d' for Mn" and d" for Cd") and thus
the effect of the crystal field to a first approxima-
tion should be zero. One could argue that the dif-
ference observed in the motion energy for these
two ions could be due to the difference in their
effective nuclear charge, but this charge differ-
ence is related to their relative sizes; referring to
Table II, the Mn" suffers a greater mismatch
than the Cd'+ and has a correspondingly higher

motional enthalpy. The conclusion that one reach-
es is that both size and electronic configuration
influence the transport properties in AgBr. For
ions very similar in size, e.g. , Na' and Cd",
valence-shell configuration will be the dominant
factor while for ions of similar electronic config-
uration, e.g. Na' and Rb', size will be the domi-
nant factor.

Indeed, it is difficult to separate the "size ef-
fect" from "charge effect" because whenever
charge effects occur, size effects in principle
accompany them. Also, the role of the size of a
diffusing ion squeezing through a "gate" is cer-
tainly complicated and there has been very little
theoretical study in this direction. However,
Mullen's" theory of diffusion on the basis of the
Einstein model of ionic solids does predict a de-
pendence of the activation enthalpy of motion on
the mismatch between the solute and the host ion.
A similar "size effect" is noticed, in general, for
the impurity diffusion in AgCl also.

V. CONCLUSION

This study shows that the temperature depen-
dence of the diffusivity of Rb' in AgBr, like most
other impurity diffusion in the silver halides,
obeys a linear Arrhenius law. This indeed can be
the case if the temperature dependence of the de-
fect formation energy is linear. However, this is
unlikely in the face of the other overwhelming evi-
dence which has been reviewed. It is more pro-
bable that the decrease of H& with increasing temp-
erature is compensated by (along with other fac-
tors) a strain-induced association energy of the
solute with a vacancy which decreases as the lat-
tice "softens" with increasing temperature. Un-
like the case of Cs' in AgCl, this binding energy
could be quite small. It is also evident that the in-
teresting observation of a "size effect" on the
transport properties of AgBr could be real. To
get a better understanding of this effect we have
undertaken a program to study the diffusion of
some other alkali ions in AgBr. These ions have
the advantage of having the noble-gas configura-
tion (spherical), therefore, they will not be af-
fected to a first approximation by the crystal
field nor will their tendency to bond covalently
with a neighboring halide ion vary significantly
from one to another. Also, being monovalent,
their presence will not perturb the intrinsic de-
fect concentration and will therefore be an accu-
rate probe of the vacancy concentration. This
will enable us to study the high-temperature
anomalous behavior in the system and provide new
evidence on which to judge the idea of a tempera-
ture-dependent defect-f ormgtion enthalpy.
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