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Far-infrared absorption and ionic conductivity of Na, Ag, Rb, and K P-alumina
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(Received 29 July 1977)

The far-infrared conductivity of Na, Ag, Rb, and K P-alumina is measured from l0 to 200 cm '. A broad
band of absorption is observed whose detailed structure depends on growth conditions. The frequencies

observed agree quantitatively with model calculations by '%yng, 'Gaffari, and Choi (%GC) for the vibrations

of the mobile ions. The ionic conductivity of Na, Ag, Rb, and K P-alumina obtained from a melt, a Bi,O3

flux, and a Co-doped Bi,O, flux is also measured. Invariably the melt-grown material which has the lowest

mobile-ion content has the higher conductivity, the pure flux-grown material the lowest, while the Co-doped
material lies between the two. This, result points to the crucial but subtle role played by the concentration of
mobile ions, compensating defect, and the interaction between the two. Despite the variation of the observed

conductivities with growth conditions, convincing correlations cari be made between the vibrational

properties, the model calculation of %GC, and the observed conductivities, that suggest that the basic jump
mechanism is the interstitialcy and it is quantitatively described by the WGC model. It is suggested that the
observed variation in conductivity are due to the inhibition of this mechanism by short-range order among the
mobile ions and compensating defects.

I. INTRODUCTION

Solid electrolytes are an interesting class of
compounds that exhibit anomalously high ionic
conduction at temperatures well below their
melting points. This property, when combined
with mechanical strength and chemical stability,
has stimulated the invention of novel electro-
chemical systems. ' ' High-energy-density bat-
tery systems based on the Na-S couple made pos-
sible by the Na P-alumina solid electrolyte are a
case in point. ' ' Although the technology for pro-
ducing such battery systems is quite advanced,
our understanding of the microscopic interactions
that permit high values of conductivity in solid
electrolytes is at best somewhat primitive. Prin-
ciples such as open, three-dimensional channels,
with more available sites than mobile ions may
provide good guides for synthesizing new mater-
ials, but do not provide us with good quantitative
understanding of the interactions that ultimately
inhibit or enhance ionic conduction in these sys-
tems. Although the advanced development of these
technologies proceeds apace irrespective of de-
tailed understanding of some of the more funda-
mental questions concerning fast-ion transport in
solid electrolytes, the long-term development of
these sophisticated electrochemical systems may
be aided by improving our understanding of the
properties of these materials at a more funda-
mental, atomic level.

There are two basic questions that may be ad-
dressed in studying solid eiectroiytes. (i) What
stabilizes the open structures that permit fast-
ion transport, or what causes the transition from
a normal ionic solid to the electrolyte phase as is

seen in the classic AgI? (ii) Given that we have

an open structure supporting fast-ion transport,
how do the various microscopic interactions in-
fluence the ion conduction, or what is the role of
mobile-ion-mobile-ion interaction, Rnd mobile-
ion-host interaction'P

In the case of the p-aluminas, the first question
ls probRbly Rnswered w1th diff lcUlty. p.-alumina
is a, ternary compound with a somewhat extended
crystal structure, ' " shown in Figs. 1 and 2, and

to obtain a good understanding from a th'eoretical
view of its particular morphology is beyond pre-
sent discussion. However, Sato and Hirotsu~
have made some interesting suggestions with re-
gard to stacking of spinel and diffusing layers that
are relevant to this question. A related but more
restrictive question may be asked in the context
of P-alumina. What causes the deviation from
stoichiometry and how is it compensated' It is
believed that the high ionic conduction is related
to the presence of excess mobile cations due to
some other immobile compensating defects. Two
mechanisms have been put forward for the com-
pensation: Als' vacancies in the spinel block'~ Rnd

extra 0 ' as an interstitial in the mirror plane"'6
(Fig. 2). X-ray crystailographic data have con-
firmed that 0 interstitials do reside in the mir-
ror or conduction plane and are bound there by
Al'+ Frankel defects. "'6 The possibility of Als+

VRCRQcles ls somewhat Uncertain bUt hRS not been
ruled out. Invariably, NR p-alumina is found with
the excess Na but crystal chemical arguments as
to why it should do so are hard to come by.
Reidinger" has argued that such behavior is rea-
sonable since the stoichiometric crystal would
have excess. plus charge buildup in the layers near
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I IG. 1. Section through Na p-alumina perpendicular
to the [110] direction. Two diffusion planes are indi-
cated.

the conduction plane and the deviation from stoi-
ehiometry relieves this imbalance.

Diffuse x- ray scattering' ' ha.s shed consider-
able light on the organization of the diffusing
species and the interstitial oxygen. The correla-
tion length for short-range order has been shown
to depend on growth conditions and diffusing
species. " No detailed models exist that relate the
short-range order to diffusion but the trend for
the best conductors to be more highly disordered
is apparent And reasonable.

Most of the microscopic experiments or probes
of P-alumina to date have been more concerned
with the second question: Given that P-alumina
is a solid electrolyte with a. large deviation from
stoichiometry, what are the microscopic inter-
actions that control diffusion in this system'?
These probes include measurement of the correla-
tion factor, ""inelastic neutron scattering, "'"
nuclear magnetic resonance (NMR), ~ '7 specific
heat, "thermal conduc'tion, "Baman scattering, ""
microwave absorption, ""internal friction, "
and infrared absorption. ""

Of the above experiments, the correlation fac-
tor' "and NMR' "directly relate to the ionic
conductivity or diffusion coefficient. The correla-
tion factor or Haven's ratio was first obtained by
Whittingham and Huggins"" for Na and Ag
P-alumina and found to be -0.6 for both. A value

OXYGEN

INTERSTITIAL .
OXYGEN

sooiuM

A BEEVERS- ROSS SITE

B ANTI - BEEVERS-ROSS SITE

C MID-OXYGEN SITE

FIG. 2. Mirror or diffusion plane in Na p-alumina.
An interstitial oxygen and extra sodium are indicated.

of 0.6 is expected for an interstitialcy mechanism if
the interstitial is located on the anti-Beevers-Ross
site. Since Na does not occupy the anti-Beevers-
Boss site, the results are somewhat ambiguous.
The temperature dependence of the nuclear spin-
lattice relaxation time directly samples the hop-
ping motion of the relaxing nucleus. Walstedt
et al."have been able to measure distributions
of activation energies for P-alumina obtained

. from different sources. Striking differences are
observed for the melt- and flux-grown material
which can be related to differences in conductivity.
At the same time, remarkably low values of at-
tempt frequency are obtained, which is a major
shortcoming in our understanding of the diffusion
process. These low-attempt frequencies are con-
firmed by experiments on relaxation absorption. "

The remaining experiments probe in some sense
the small-amplitude vibrations of the ions. The
subject of this paper concerns one such probe,
the infra, red absorption of conductivity of Na, Ag,
Rb, and K P -alumina. Portions of this work have
been published elsewhere. ""The work is in-
timately connected with the specific heat" and in-
elastic neutron scattering reported by McWhan
et al. ,

"'" the Ra.man scattering of Hao, Chase,
and Mahan, ""and previous reports of infrared
and microwave absorption on Na and Ag P-alumina
by Armstrong et al. ,

"Barker et a j.,""and
Strom et al." These relations will be explored
below.

The diffusion process is a large-amplitude
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in the infrared, low - temperature specific heat,
and Raman scattering. The interaction potentials
applied to an interstitia, icy mechanism give semi-
quantitative agreement with observed prefactors
and activation enex gies'. %e conclude that the
basic motion is interstitialey and the interaction
potentials are properly pararneterized by these
model potentials. At the same time important
differences between melt-, flux-, and Co-doped
flux-grown material are observed that point to
the crucial role played by compensation and short-
x'ange ol del .

II. SAMPLE CHARACTERIZATION

Q BEEVERS - ROSS SITE

INTERSTI TIAL DEFECT

( ' INTERSTITIAL DEFECT
AT SADDLE POINT

FIG. 3. Hexagonal net of Beevers-Boss, ant~ —]3eevers-
Ross sites. An interstitial defect caused by an excess
mobile ion moves as indicated to the saddle point to exe-
cute the basic jump in the interstitialcy mechanism
(Befs. 14, 21, and 40).

fluctuation of the ion position and hence ean be
only connected to the small-amplitude or harmonic
motion by some theoretical model. In an earlier
publication, we relied on the model of Sato and
Kikuehi. " In the present work, we find it more
profitable to use the theoretical ealeulations of
Wang, Gaffari, and Choi, ' (WGC) to carry us from
the observed vibrational frequencies of the dif-
fusing species to the de conductivity. In Fig. 3,
we show the interstitial pair which forms the key
element in the interstitialcy jump and the model
calculation of WGC.

The infrared results are interesting only to the
extent that they can be related to the transport
properties. Yet is should be clear that the con-
duction in the P-aluminas is a defect-related
property and as such should depend on growth
conditions and chemical content. To facilitate a,

comparison between the far-infrared and dc
transport, we have also systematically studied
how the temperature-dependent conductivity de-
pends on growth conditions and on chemical com-
position. These results are also presented and
disc Ussed.

%e find that the interaction potential proposed
by WGC predicts the vibrational properties seen

The Na P-alumina used in this investigation
came from two sources: Melt-grown material
purchased from Union Carbide characterized by a
high growth temperature =2000'C and material
grown from a Bi,O, flux at temperatures «1300 C.
Two types of flux-grown material were studied;
a pure Na P-alumina and a Co-doped Na, P-
alumina and their suitably cation exchanged iso-
morphs. X-ray powder patterns did not detect
a,ny I3"-alumina in the samples studied. Spectro-
scopic analysis revealed no Bi (&10 ppm) in flux-
grown crystals with no visible flux inclusions.

The weight change upon exchange gave the fol-
lowing excess mobile-ion content:

melt IB-alumina = 0.16 y 0.03,
flux P-alumina = 0.38 y 0.03,
flux Co-doped p-alumina = 0.38 y 0.03 .

It is also important to note that the melt-grown
material has xoughly ~ the extra mobile cation as
does either of the flux-grown materials.

The Co-doped material deserves special atten-
tion. The Co to Al ratio in the melt is 0.0101.
Chemical analysis indicates a distribution co-
efficient for Co of 1.06.~' Then for the Co-doped
sample, there is enough Co" to compensate 3

of the excess mobile cation. In the Co-doped
sample —,

' of the compensation is valence defi-
ciency in the spinel block a,nd —, 0 ' interstitial in
the diffusion plane.

The material used in this study was the same as
that used by Meehan et a1. for a study by diffuse
x-ray scattering (see the following paper).

III. FAR-INFRARED CONDUCTIVITY

A. Results

The far-infrared conductivity was determined
from -10 to 200 cm ' by measuring the transmis-
sion through thin (=50-ym) sections mounted on
crystal qua, rtz wedges. Only the pure melt- and
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FIG. 5. Conductivity of Ag p-alumina at 4.2'K. Ra-
man scattering from Refs. 30 and 31.
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I'IG. 4. Conductivity of Na p-alumina in the basal
plane, room temperature except where indicated. Ra-
man scattering from Refs. 30 and 31.

ease, n is found by Kramers-Kronig analysis of
the directly measured k(v) by

2
" k(v') v' —k(v) v

n(v) =n„+— 12 2 AV.
7T p v —v

(4)

However, even in the case of Na and Ag where the
index of refraction increases from 2.8 above the
resonance to -3.5 below, the corrections to the
absorption line shape are modest and ~20%.

It was found that prolonged exposure to room
atmosphere produced irreversible increases in
the background absorption in this frequency range.
Consequently, the data reported here were taken
only on samples that were either freshly exchanged

flux-grown samples were studied. The imagina, ry
part k of the complex refractive index n+ik is
given by

1
k = — lnT,

4@tv

where T is the transmission, t is the thickness of
the sample in cm, and v is the frequency in cm '.
For weak absorption, the real conductivity is
di re e tly found fr om

c (v) = 2mcve, (v),
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where |." is the velocity of light and e, is the imagi-
nary part of the dielectric constant given by

e, (v) =2nk,

where n is the real refractive index. n may be
taken as 2.8 for P-alumina in the frequency range
of interest.

For Na and Ag, the absorption is strong and con-
siderable dispersion in n is observed. In this
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FIG. 6. Conductivity of Ag p-alumina, room tempera-
ture. Raman scattering from Befs. 30 and 31.
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FIG. 7. Conductivity of K p-alumina, room temper-
ature. Haman scattering from Hefs. 30 and 31.

or stored when necessary in a vacuum desiccator.
The results are shown in Figs. 4-8. Only inthe

case of Ag is there a substantial temperature de-
pendence of the spectra between 300' and 4.2'K.
This was first observed by Chase et a).3' There
are striking differences not only between melt-
and flux-grown material but also between the
Raman scattering and infrared absorption. These
will be discussed below.

Rb+ (FLUX)
%V/ang ef al.

where N is the number density, M is the ion mass,
and Ze is t'he charge on the ion. We have evalu-
ated the sum rule in (5) and expressed the result
Rs Rn effective Zcff. Background subtraction Rnd
the extended character of the spectra lend con-
siderable uncertainty to the determination of Z, fl .
We estimate uncertainties of the order of +30j(;.
The values of Z, ff are given ln Table I. The
values Rre constant within experimental error
Rnd. imply that there is more than enough absorp-
tion strength to account for all of the mobile ions
in p-a].umina. We cannot exclude the possibility
that only a fraction of mobile ions absorb in this
frequency range but that their effective charge is
even larger. 'This seems, howevex', unlikely. We
have examined I.i p-alumina but find no appreciable
absorption in this range despite the fact that it
should have approximately three timee the inte-
grated lntensttf of Na. [M(Na)/M(L1) 3]. No
Haman scattering has been detected that can be
ascribed to the I.i.'0"
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FI| . 8. Conductivity of Hb P-alumina, room tempera-
ture. Haman scattering from Hefs. 30 and 31.

The sensitivity of the spectra to cation sub-
stitution and scaling of the integrated absorption
with the inverse mass leaves little doubt that the
spectra are due to the mobile cation. The 3p-
pRx'ent complexity of the spectx'R ls quite likely
due to the disorder in the diffusion plane; some
ions sit in the Beevers-Ross site, others in
the mid-oxygen position either near a compen-
sating defect or far from it.

WGC have calculated the vibrational fxequency
of the single ion sitting in the Beevers-Ross
site and the in phase motion of a pair sitting at
mid-oxygen posltlons around R vacant Beevers-
Ross site, These frequencies are. indicated in
Figs. 4-8. The low-frequency arrow in every
case is the pair frequency, In two respects this
comparison with experiment is not justified. In
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some sense the frequencies calculated by WGC
are zone-boundary excitations, excitations ob-
tained by holding most of the ions fixed but al-
lowing the ion in question to vibrate. The far-
infrared response is a collective in-phase re-
sponse of the entire system. However, Hsu" has
calculated the vibrational spectrum as a function
of wav'e vector k with WGC's potentials. In this
more detailed calculation, the low-frequency
features are still closely identified with the in-
phase motion of the pairs and the higher-fre-
quency. features are either single-ion modes or
out-of-phase motion of pairs. If the breadth of
the spectra are related to differing configurations
and environments, we may take the separation
between the single ion and pair modes as a mea-
sure of the breadth produced by the WGC model.
The success with which WGC predict the posi-
tion and breadth of the absorption spectra for each
of the cations indicates that the potentials of WGC
are an accurate parameterization of the inter-
action between the mobile cation and the P-
alumina host. We must, however, point out that
the agreement obtained for Ag must be fortuitous.
As WGC point out, the equilibrium position for Ag
is not correctly predicted by their model; hence,
the vibrational frequencies, although corrt. ct, are
not based on realistic interaction potentials.

Recently Klein et al."have also reported Raman
2nd infrared absorption experiments on Na and K
mixed P-alumina. They observe a quadratic de-
pendence of the low-frequency structure on K con-
tent and ascribe it to the vibrations of a K inter-
stitial pair as described by WGC.

It is interesting to note that the Baman scat-
tering does not seem to reflect all of the structure
seen in infrared absorption. Assuming that the
above interpretation is correct, one is inclined to
suggest that the Raman scattering is specific to
the low-frequency vibrations of the interstitial
pairs. This is not expected and cannot be justified
on the basis of symmetry arguments.

The specific-heat experiments of McWhan et a$."
relate directly to the infrared vibrations reported
here. Indeed, the specific heat was fit using dis-
tributions of normal modes consistent with the far
infrared. This has an important implication. The
statistical weight assigned to the modes accounts
for all the mobile cations. Then it is inappropri-
ate for us to suggest that there are other modes
'at much lower or higher frequencies involving a
significant number of mobile cations. Clearly
there are low-frequency modes that do contribute
to excess specific heat at low temperatures""
but the effective number of ions that participate
in these vibrations must be a small fraction of
the total number of mobile cations.

We may conclude from the vibrational proper-
ties that the collection of mobile cations vibrate
over a. band of frequencies. These frequencies
are determined largely by the local interaction
of the mobile ion with the host lattice. The low-
frequency portion of the band of excitations is
probably related to the motion of the weakly
bound interstitial pair.

IV. CONDUCTIVITY

A. Results

B. Discussion

There are a number of interesting and important
correlations that can be made with regard to the

SAMPLE

PULSE
GENERATOR 500

FURNACE

AMPLIFIER

TRIGGER OSCILLOSCOPE

PEG. 9. Circuit used to measure ionic conductivity by
pulse method.

The ionic conductivity of all three types of P-
alumina was measured with blocking electrodes
by applying a fast voltage pulse and measuring
the resulting current flow through a 50-0
resistor (see Fig. 9). If the interfacial capaci-
tance between the electrode and sample is suffi-
ciently large, the conductivity of the sample may
be determined by measuring the current flow near
the leading edge of the pulse.

In practice, the rise time of the amplifier pre-
vents one from measuring the current flow
arbitrarily close to the leading edge. The criter-
ion for a satisfactory contact is that the time con-
stant for charging the interfacial capacitance C
through the sample resistance R, r, = I/RC, be
muc h longe r than the rise time of amplif ie r, T„
(in this case, z„=0.1 psec). For the highly re-
sistive samples, Rb and K, P-alumina, Engel-
hard platinum paste was sufficient, whereas for
the Ag and Na samples Cr-Au evaporated con-
tacts were necessary. Ultimately all measure-
ments were performed with Cr-Au contacts.
Typical charging time constants 7, were
220 ysec.

The results are shown in Figs. 10—13. In Tables
II and III, we collect the prefactors and activation
energies for the four cations studied.
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TABX E II. Prefactors (103 0 ~/cm'K).

Melt 2.8+0..5 1.9+0.2 2.4+0.7 2.5+0.5
Flux, Co 5.2 +0,5 2, 5 + 0,5 3.0 +0,5 4 +1
Flux 4.8 +0.G 7.8 &3. 7.5 +1 5 +1

No P-ALUMINA

FIG. 10. Ionic conductivity vs texnperature Na. p-alurn-
ina. Au-Cr evaporated contacts. Increasing Co by ten-
fold in the flux gives N8. P"-alumina and is shown for

. cOInpar is on.

data shmvn in Figs. 10-j.3. By weight exchange
the melt-grmvn material has approximately ~ the
excess mobile cation of the flux —grovrn material„
yet the conductivity is substantially larger in

every case. Increasing the mobile-ion content
does not necessarily increase the conductivity (see
Kennedy and Sammeiis ~). The prefactor doeS
appear to increase as expected' but the, actlvatlon
energy also IncreRses, giving lo%'er conductivity
in the temperature rRnge of interest.

Onthe other hand, the two flux-grown samples
also differ despite the fact, that the mobile-ion
content is the saxQe. This is R clear lndlcatjon
that the type of compen. sation plays a crucial role
in inhibiting the conductivity. The Co-doped
samp]. e has sufficient, Co ' to account for ~ of the
excess mobi, le cation, Removing the. O inter-
stitial in the diffusing plane should improve the
conductivity for two reasons. (i) The Co" in the

1ooo

2
hooon (x-~j

FIG, ll. Ionic conductivitg vs temperature Ag p-
alumina. Au-Cr evaporated contacts.

.OQ4—
0 2

oooo/T (K ")

FIG. 12. Ionic conductivity vs temperature K P-
alumina. y—Au-Cr evaporated contacts, O-platinum
paste.
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100——
TABLE III. Activation energy (e V).

Melt 0.14 + 0.02 0.16 + 0.02 0.28 + 0.03 0.39 + 0.03
Flux, Co 0.19& 0.02 0.21 + 0.02 0.34 + 0.02 0.54 + o.03
Flux 0.20+ O.Q2 0.35+ 0.03 0.56 + 0.02 0.65 + 0.04

b

ME I T
R8425

.01—

R8478

.001—
0 2

1oooiT (K-')

FIG. 13. Ionic conductivity vs temperature Hb p-
alumina. e—Au-Cr evaporated contacts, 0—platinum
paste.

spinel block does not impede flow in the diffusing
plane. (ii) The Co" center is less charged and
further away than the 0 interstitial making it
less attractive for binding the mobile ion to the
compensating defect.

One remaining correlation should be drawn.
X-ray diffuse scattering indicates that the flux-
grown material, be it Co-doped or undoped, is
more highly ordered than is the melt-grown ma-
terial ~ The Co-doped material appears slightly
less ordered than the undoped flux-grown mater-
ial. Perhaps the crucial parameter is the degree
of short-range order which depends on mobile-ion
content and type of compensation. Clearly, this
point of view deserves a more thorough examina-
tion.

We can also project these results on the theory
of WGC. This we do in Figs. 14—16, where we
compare the observed activation energy versus
that predicted by the low-frequency edge of the

0.8 0.8
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Co-DOPE D FLUX GRO W N
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o 03—I—
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K
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0
0

I i

1 2
FREQUENCY x ATOMIC MASS (10 cm )

0'
0

I

2
FREQUENCY x ATOMIC MASS (10 cm )

FIG. 14. Activation energy vs square of the-low fre-
quency edge of the infrared-absorption band. Melt
grown. Solid line is Eq. {6).

FIG. 15. Activation energy vs square of the-low-fre-
quency edge of the infrared absorption band. Co-doped
flux grown. Solid line is Eq. {6).
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infrared bands for each cation. Following WGC,
we assume that the interstitial pair move in a
sinusoidal potential to the saddle point. Then. we
expect

E, =-
3 foM—u',

0.1—

i

2
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FIG. 16. Activation energy vs square of the low-fre-
quency edge of the infrared absorption band. Flux
glo%'n. Solid line is Kq. (6).
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K
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X

where fo is the frequency of the pair in the direc-
tion of the saddle point, assumed near the low-
frequency edge of the infrared absorption, . ~ j.s
the atomic mass, and a is the unit-cell dimen-
sion in the diffusion plane. Although we have dif-
ficulty accepting WGC's value for the Ag activa-
tion energy, we can include it in Figs. 14-16, if
we use the experimental vibration frequencies.
Presumably the interstitialcy mechanism is still
operative in Ag I3-alumina but one reverses the
role of the saddle point and local minima obtained
for the alkalis (see Fig. 3).

The solid line is the prediCtion of (6). We can
see that good agreement is achieved for the melt-
and Co-doped flux-grown material while less
satisfaction is found with the pure flux-grown
material. At fj.rst glance, there is striking and
convincing eor rel ation between the activa tion en-
ergies and vibrational frequencies.

%e make the same comparison for the observed
prefactors and those predicted by %GC. Following
WGC, we scale the prefactors by (n/N)[(I —n)/N]
where n/N is the excess mobile cation. In Figs.
17-19, we again see good agreement for the melt
and Co flux grown, but poor agreement for the
pure flux grown. In fact, qualitative agreement is
lost for the pure flux-grown material where Ag,
which should have the smallest prefactor, is ob-
served to have the largest. If we restrict our
attention to the material with the highest con-
ductivity, /he melt and Co-doped flux, we see
again remarkably good quantitative agreement
with a rather naive view of diffusion in this sys-
tem.

At this point, we would like to digress and dis-
cuss the prefaetor and its relation to vibration
frequencies observed near equilibrium. %e make
reference to an early paper by Vineyard. " Using
absolute rate theory, Vineyard has shown that
the attempt frequency is given by

Ag Rb

)

1.0 1.2
IONlC RADIUS (A)

1.4

FIG. $7. Prefactors vs ionic radius. 6—Medictions
of Wang, Gaffari and Choi. Melt grown.

where v,'. are the N —1 normal modes when the
system is at the saddle point, the mode with imag-
inary frequency that carries the system to its new
equilibrium being excluded. At worst, for a
strongly interacting system where there are no
mell-defined localized modes for the diffusing
species, it seems clear that the effective attempt
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frequency v* will not be simply related to any
single equilibrium vibrational frequency. At best,
for vacancy diffusion with all the diffusirig species
vibrating as Einstein oscillators in a rigid host
lattice, the attempt frequency will be the equilib-
rium vibration of the diffusing species ~

The indirec t interstitial or inter stiti ale y mechan-
ism is sufficiently complex that even in the sim-
plest of all possible situations, where the host is
perfectly rigid, expression (7) will not lead sim-
ply to-the vibrations of the interstitial pair at
equilibrium. This is due to the fact that the inter-
stitialcy mechanism involves by its very nature
interactions between diffusing species, and the
normal modes at the saddle point will not be
simply related to the normal modes at equilibrium.
Nevertheless, if the diffusion can be considered
to take place in a rigid host lattice, the normal
modes that do not cancel out of expression (7) will
involve only mobile cation motion, and it is pro-
bably not surprising that the equilibrium vibra-
tional frequencies observed by infrared absorption
and the attempt frequency used for the observed
prefactor should at least scale appropriately and
differ from one another by factors close to unity.

These difficulties are not relevant to the rela. —
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tion between the activation energy and the equilib-
rium vibrations of the defect (6). That may be
criticized only for invoking a sinusoidal potential
as suitable approximation to the energy barrier.

There seems to be a more basic difficulty in
our understanding of the attempt frequency that
ha, s been brought to light by the nuclear spin-lat-
tice relaxation measurements of Walstedt et al."
and subsequently by the internal friction mea-
surements of Barmatz et al." The NMH experi-
ments invariably give attempt frequencies an
order of magnitude smaller than those obtained
either from the far infrared or dc conductivity.
The internal friction measurements tend to sup-
port the NMR result but it should be made clear
that if activation energies consistent with the con-
ductivity data are used in the analysis of the in-
ternal friction measurements, attempt frequencies
consistent with the far infrared will result.

Recent theory by Brawer" on potential barrier
hopping appears to bear on this point. He argues
that harmonic oscillation about a. local minimum
is Markovian only on a time scale that is sub-
stantia, lly longer than the inverse of the vibrational
frequency and hence one might expect attempt
frequencies substantially smaller than the actual
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vibrational frequencies. If forced to abandon the
vibrational frequencies as a measure of attempt
frequency, we are still left with the attempt fre-
quency determined from diffusion coefficient,
and ionic conductivity which remains an order of
magnitude larger than the NMR determined at-
tempt frequency. Atpresent the discrepancy be-
tween the attempt frequency determined by NMR,
internal friction, conductivity, diffusion, and
infrared vibrations remains a glaring defect in
our understanding.

V. CONCLUSIONS

Atfirst glance, it appears from the correlation
between the vibratiorial properties and dc con-
ductivity that the basic entity or mechanism is
the interstitialcy jump first proposed by
Whittingham and Huggins"" and that the inter-
actions that control the barrier heights and at-
tempt frequencies are properly paramete ri zed
by the model calculation of Wang, Gaffari, and
Choi. The picture that emerges is one in which
the ions move in a rigid host lattice which pro-
vides a potential energy surface for the collection
of mobile ions to move. The most important
mobile-ion —mobile-ion interaction is that leading
to the interstitial pair and its subsequent motion
over the barrier. The interaction with other
mobile ions is important in that relaxation of the
neighboring mobile ions around their equilibrium

positions does lead to a reduction in vibrational
frequencies and barrier heights.

However, it is also clear that agreement with
this simple model is not perfect and that the pre-
factor and activation energy can be altered by
growth conditions and chemical content. These
changes are not so large as to suggest that the
basic mechanism of diffusion has been altered,
but do lead to substantial and important changes
in the observed conductivity primarily through the
exponential dependence on activation energy.
These changes are probably related to the large
concentration of interstitial pairs that inevitably
interact with each other and the defects that com-
pensate the extra mobile cations. It has been
demonstrated that the degree of short-range order
depends on mobile-ion and growth conditions.
Presumably, the kind of compensation will also
play an important role. It appears that a full
understanding of this complex system will be had
only after we appreciate in a quantitative manner
the role short-range order and compensation
play in inhibiting diffusion in this system.
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