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Direct Measurement of the Attempt Frequency for Ion Diffusion in Ag and Na P-Alumina

S. J. Allen, Jr. , and J. P. Remeika
Be// Laboratories, Mm. ray IIi//, Negro Jersey 07974

(Received 14 August 1974)

The attempt frequency for ion diffusion in the superionic conductors sodium and silver
p-alumina is directly observed as a resonance in the far infrared dielectric response.
Correlation of the measured attempt frequency with the observed diffusion coefficient sug-
gests that the best conductors, Na and Agp-alumina, can be described by a single ion
hopping motion despite the relatively high density of diffusing species.

The potential use of superionic conductors as
solid electrolytes in future battery systems has
stimulated much experimental and theoretical in-
terest in characterizing and understanding diffu-
sion in these systems. ' one of the more promis-
ing candidates for the sodium-sulfur battery, Na
P-alumina, "and its family of isomorphs have
been extensively studied by NMR, ' tracer diffu-
sion,"ionic conductivity, "dielectric loss,"
and x-ray diffraction. ' Stimulated by the melt-
like conductivities observed in these systems,
there have been a number of theoretical develop-
ments to explain the anomalously high diffusion
coefficients observed in these systems, at rela-
tively low temperatures. We draw particular at-
tention to the theory of Rice and Roth' which at-
tempts to discuss the diffusion problem in terms
of trapped and free particle states and theories
preoccupied with collective behavior of the dif-
fusing species such as the domain model of Van
Gool' and Van Gool and Bottelberghs" and the ex-
tensive treatment of diffusion in an interacting
system by Sato and Kikuchi. " At present it is
not clear whether these theories, which repre-
sent substantial departures from models based
on a random walk, "are necessary or indeed mi-
croscopically correct.

Here we measure the attempt frequency and
assess the applicability of the random walk model
by comparing the observed prefactor and expo-
nential in the Arrhenius equation with that calcu-
lated from the directly measured attempt fre-
quency. These preliminary results show that for
the best conductors, Ag and Na P-alumina, the
observed prefactor and activation energy can be
obtained from the directly measured attempt fre-
quency without substantial modification by inter-
actions between diffusing ions. The theory of
Rice and Both appears inappropriate for Ag and
Na P-alumina and the inclusion of cooperative ef-
fects for the long-wavelength current-carrying
excitations is unnecessary.
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FIG. 1. Far-infrared conductivity versus frequency
for Ag and Na P-alumina at 300'K.

The attempt frequency was measured in Na and
Ag P-alumina by far-infrared reflection" spec-
troscopy from single-crystal platelets. " An in-
tense low-frequency resonant mode sensitive to
substitution is identified with the attempt frequen-
cy and shown in Fig. 1 as a resonance in the fre-
quency dependent conductivity.

There exists an approximate sum rule for the
conductivity associated with a particular mobile
ion:

f, o(&u) d~ = m/2N(Ze)2/M,

where X is the volume density of conducting spe-
cies, M the mass, and Ze the charge carried by
the ion. Thus sum rule is exact only if we can
completely separate the mobile ion motion from
the motion of the rest of the lattice and ignore
local field effects. " Subject to these uncertain-
ties, we find the sum rule satisfied for Z = 1. It
is interesting to point out here that the contribu-
tion to the sum rule from the dc (&v =0) conduc-
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tivity is extremely small at room temperature
and that substantial perturbation of the integrated
intensity is expected only at the highest tempera-
tures ~1000'C. In this regard we note that re-
sults obtained at 77'K are unchanged from those
shown in I'ig. 1.

We identify the frequency at which the conduc-
tivity assumes a maximum as the attempt fre-
quency. Although the mode is sensitive to substi-
tution we cannot make this identification without
some qualifications. We note that this is the col-
lective, in-phase response of the ion and will be
the same as the single-ion attempt frequency
only in the absence of dispersion in this particu-
lar phonon branch and renormalization by local
field effects. Considering the relatively stiff
aluminum-oxide host lattice in which the Na' ion
moves and the low frequency of the mode in ques-
tion, it seems reasonable to treat this as an
Einstein-like oscillator with essentially no dis-
persion from near-neighbor interactions. The
long-range Coulomb interaction will, however,
renormalize this frequency via local field effects
but these can be shown to shift the square of the
local vibrational frequency down by no more than
the square of the mobile-ion plasma frequency. "
This correction is expected to be g 5 cm ' for
Ag ', and s 10 cm ' for Na '. We expect then that
these resonances measure the attempt frequency
for the diffusing species to within -20'%%. It is in-
teresting here to compare these results with
some recent far-infrared studies of n-AgI by
Funke and Jost." It seems clear that in n-AgI
the identification of such a mode, distinct from
the whole system of phonon modes, is quite im-
possible.

Having identified the resonant frequency with
the attempt frequency we now attempt to calcu-
late the diffusion coefficient with the aid of the
theory of Sato and Kikuchi" (S-K). Although it
is our intention to demonstrate that the diffusion
coefficient is very nearly given by a single-ion
hopping model and the S-K model was devel-
oped to treat an interacting system, the S-K
theory is most useful from our point of view
for one can recover both the conventional ran-
dom-walk result and the effects of interactions
by considering the appropriate limits of the in-
teraction parameters.

According to S-K" we write the diffusion co-
efficient as

(2)

where

Do = a'vWVf; (3)

v is the measured attempt frequency and a is the
separation between lattice lines, " -2.8 A. U is
the barrier for hopping from the normal site to
the interstitial site (Beevers-Ross and anti-
Beevers-Ross sites, respectively), and can be
related to the attempt frequency by assuming a
particular model for the potential variation be-
tween these sites. If the barrier is sinusoidal,
we have

U = ~Mv'a'. (4)

All of the above parameters may be described as
single-ion parameters in that they do not depend
on interactions between ions or the density of
diffusing species.

W, V, and f are parameters derived by S-K,"
which depend on the interaction between mobile
ions and differences in energy for occupation of
the different sites. W' is the effective jump fre-
quency factor, V is the vacancy availability fac-
tor, and f is the correlation factor in the random
walk" sense. The essence of the theory is con-
tained in the dependence of the product VWf on
temperature, the interaction energy between
ions, and the occupancy energy. A strong tem-
perature dependence of this product would indi-
cate the importance of interactions or site avail-
ability in these systems. By directly measuring
v in Eg. (3) and inferring an approximate value
of U from (4) we can experimentally decompose
the measured diffusion coefficient into its single-
ion terms, a ve ~, and the many-body terms
in VWf and thus expose the essential result of S-
K unencumbered by the single-ion parameters.

In Table I we compare the measured prefactor
and activation energy with those obtained from
the far-infrared data with the aid of (3) and (4).
In the third column the ratio of tracer to far-in-
frared diffusion coefficient is calculated to give
VWf and should be compared with the results
of S-K which are approximated by VWf =0.28
xexp(-E/KT) for p=0. 6. The close agreement
between the observed activation energy and that
derived from the attempt frequency imply little
activation energy for the product VWf. However,
one must admit errors as large as 100% for the
estimates of the barrier height from the far-in-
frare'd results, giving an upper bound for the en-
ergy E used to pararnetrize the S-K result of
0.15 eV. In the theory, E is controlled by the
larger of two energies: e, the interaction energy,
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TABLE I. Comparison of measured parameters with those deduced from far-in-
frared data,

Do

(em /sec)
Ion Tracer' Far IR

U

(eVj Vlf
Tracer' Far IR Tracer/far IR Sato-Kikuchib

Na+ 2.4 xl0 ' 13.5 xl0 4yRf 0.17
Ag+ 1.65x10 ' 6.6 x10 pTVf 0.18

~Refs. 2 and 3.

0.15
0.17

bRef. 11.

0.18
0.25

0.28 exp( E/KT—)

0.28 exp( —E/KT)

or m, the site occupancy energy. We conclude
that in p alum-ina both e. and se are less than 0.15
eV and do not substantially alter the diffusion co-
efficient derived from single ion m-odels.

This is not expected. Estimates of the Coulomb
contribution to e are in excess of 1 eV."'" Fur-
ther, recent diffuse x-ray studies" of Ag p-alu-
mina suggest that the temperature dependence of
the conductivity is related to the short-range or-
der of the ions which implies that ion-ion interac-
tions control the diffusion process. Other x-ray
studies' indicate that zv is sufficiently large to
strongly bias occupation of the Beevers-Ross
site. On the other hand, detailed analysis of the
configurational contribution to the specific heat
in RbAg, I, by Wiedersich and Geller" gives site
occupancy and interaction energies substantially
less than 0.1 eV. Thus, although it is clear that
ion-ion interactions and site occupation energy
must play a role in determining the state of the
system, they do not have an overriding influence
on the diffusion coefficient in P-alumina.

We would like to touch briefly on the applicabil-
ity of the Rice-Roth' model for diffusion to the
P-aluminas. Although it is amply clear that one
can easily go from the Rice-Both model to the
conventional hopping model by the suitable iden-
tification of parameters, ' it is apparent from
these results that the Rice-Roth model has no

microscopic basis in this system. Taken at face
value, their density of states, g(E), is zero for
E less than U, the activation energy. At low tem-
peratures (kT «U), apart from a weak Drude
tail, o(&u) should be near zero for &u & U/fi, and
nearly all of the weight in the sum rule (1) should
appear above U/h. This is clearly not the case.
Further, the key identification in going from the
Roth-Rice model to the hopping model is the
equating of 1/~„a lifetime, to v, a, resonant
attempt frequency. Microscopically, one clear-
ly sees a well-defined resonance well below acti-
vation energy carrying almost all the weight in
the sum rule. One concludes that there is a real

physical basis for parametrizing the system by
an attempt frequency as distinct from a scatter-
ing process.

The experimental results are less decisive with
regard to collective effects such as the domain
model of Van Gool and Bottelberghs. " The do-
main model is invoked to remove the influence
of the Coulomb interaction between ions. How-
ever, both the dc and far-infrared response
sense the long-wavelength excitations and hence
may be mutually consistent without the inclusion
of the short-range Coulomb interaction.

Despite the fact that we have raised many ques-
tions, it is apparent from these preliminary re-
sults that valuable information concerning the
microscopic parameters controlling diffusion
in the p-aluminas can be had by studying the di-
electric response of these systems in the far-in-
frared as well as the microwave regime. The
P-aluminas are particularly suitable for it ap-
pears that the vibrations of the mobile ions are
distinct from the host lattice. The study of the
resonant modes of other mobile ions, as a func-
tion of chemical composition and temperature,
will be pursued to confirm or deny the above
speculations and shed further light on the micro-
scopic interactions controlling diffusion in these
systems.

We thank D. B. McWhan and A. S. Barker for
critical readings of this manuscript and would
like to acknowledge useful discussions with A. S.
Barker, D. B. McWhan, P. D. Dernier, R. L.
Cohen, G. A. Baraff, and P. M. Platzman, as
well as the valuable technical assistance of F. De-
Rosa.

Note added. —Recently similar resonances have
been reported on P-alumina powders dispersed in
polyethylene. "
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Observation of a Coupled Phonon —Damped-Plasmon Mode in n-GaAs by Raman Scattering
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We have observed a coupled mode of a phonon with a plasmon in the Landau damping
region for the first time by Raman scattering from heavily doped n-GaAs specimens
at 100 K with the use of Ar-ion laser lines. The line shape as well as the dispersion
relation was calculated by taking into account the nonlocal effect caused by the motion
of free carriers, giving good agreement with the observed spectra.

After theoretical predictions that plasmons
are coupled to the longitudinal optical phonons
in polar crystals with free carriers, ' Ra,man
scattering from coupled LO-phonon-plasmon
modes at wave number q-0 wa, s observed by
Mooradian and Wright' in n-GaAs at 90' with the
use of a 1.06-p. m yttrium-aluminum-garnet la-
ser. The polarization properties and relative
intensities of the scattered light were thoroughly
investigated both experimentally and theoretical-
ly. ' In this Letter we report the observation of
a, coupled mode which appeared in heavily doped
specimens in the Landau damping region where
the wave number q times the Fermi velocity UF

is larger tha. n the mode frequency ~. Only little
is known about this mode, which we would like
to call "the coupled phonon-damped-plasmon
mode. "

By using Ar-ion laser lines (5145, 4880, 4765
A, and other lines) with a backscattering config-
uration, we probed elementary excitations hav-
ing q about a factor of 4 larger than that of the
case of 90' scattering with an yttrium-aluminum-
garnet laser. The (100) faces of n-GaAs samples
less than a millimeter in thickness were polished
and etched by standa, rd procedures. The typical
incident angle of the light was chosen as 80'.
The direction of the wave vector inside the crys-
tal was at 13' with the normal axis according to
Snell's law. ' The polarization of the laser light
inside the crystal was chosen to be nearly along
a. (010) axis. Raman-scattered light was collect-
ed from (100, directions. In this configuration,
one can observe an intense allowed LO line to-
gether with a. TO line weakly a.llowed as a result
of a 13' tilt of the incident beam from a (100)
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