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The Raman spectra of the ionic conductor Na P-A1,03 and several of its cation-substituted isomorphs have

been studied at temperatures from 4.2 to 900 'K. For the Na, Ag, K, and Rb isomorphs, but not for Li, low-

frequency vibrations are observed which are attributed to vibrations of the mobile cations with displacements

parallel to the conducting planes. In several cases the frequencies and widths of these vibrations are quite
different from those measured by infrared reflectivity. A calculation of the contribution of dipolar interactions

to the in-phase vibrations of the cations shows that the resulting corrections are sizable, but are essentially

identical for ir and Raman modes. The differences in the spectra may be due to a difference in the samples

used. A quasielastic scattering wing is observed at high temperatures in Ag P-A120, . The estimated width of
this feature is consistent with the ionic hopping rate calculated from the attempt frequency and activation

energy for ionic conduction. Structural distortion modes of the spinel blocks are also observed. These
correspond to vibrations observed by neutron scattering. Possible assignments for these modes are suggested

by their polarization behavior. Two difFerent possible superlattices in Ag P-alumina and in Na, K, and Rb P-
alumina are discussed and related to the splittings in the low-frequency vibrations of the cations.

I. INTRODUCTION

The potential use of superionic conductors in

future battery systems has attracted great at-
tention from both theorists and experimentalists
in order to investigate and gain insight into the
mechanisms for the high ionic conductivities of
these materials. Considering only the superionic
conductors 3-alumina, one finds that experimental
techniques such as Raman scattering, ' NMR, '
tracer diffusion, '4 far-infrared reflection spectro-
scopy, ' x-rsy diffuse scattering, ' ' and neutron
scattering' have all been used to collect informa-
tion about the behavior of the cations in P-alumina.
Theoretically, models based on trapped and free
ion states, ' diffusion in an interacting system, "
collective behavior, ' liquidlike description of
ionic carriers in transport theory, "etc. have also
been published. Here we will present the results
of Raman scattering from Li', Na', K', Rb', and
Ag' in 3-alumina in the wave number range from
0 to about 850 cm ', and in the temperature range
from 4.2 to over 850'K for some of these ions. A

preliminary report has already been published. '
The structure of P -alumina has a unit cell con-

sisting of spinel blocks separated by two mirror
planes perpendicular to the c axis."" Each
mirror plane has a hexagonal network of 0' in

between which are the so-called Beevers-Ross
(BR) sites, anti-Beevers-Ross sites, and the mid-
oxygen sites. The cations reside in some of the
above-mentioned sites and can hop from one site
to the other with a rather small activation energy
of - 0.2 eV for Na' or Ag'. This accounts for the
high conductivity of this material.

The infrared data of Allen and Remeika' for Na

and Ag,8-alumina showed absorption bands which
were interpreted as the vibrational frequency for
a cation in the BR site. Our early Raman work'
obtained essentially the same frequencies as the
infrared data, but with a much narrower line for
Na 3-alumina. These narrower lines have now
been observed in other infrared work. " Thus the
line widths seem dependent on the manner in
which the crystals are grown. Now we wish to re-
port similar attempt frequencies in K and Rb 8-
alumina. None is observed in Li. These results
are similar to recent infrared data, which also
fail '.o observe a mode for Li, but do for the other
ions. ' We report Raman data for five differ-
ent cations in P-alumina, over a wide temper-
ature range, and for different polarizations.
Many different Raman lines are observed. Pure
A1203has no Ramanor ir modesbelow 385 cm ' ""
There are many in 8-alumina. Several of these
can be associated with the motion of cations or
oxygens in the mirror planes, or with gross dis-
tortions of the spinel blocks.

By way of background material, we wish to sum-
marize recent experimental results on the cation
motion in the mirror planes of P-alumina. The
central question appears to be the nature of the
nonstoichiometry. Stoichiometric Na P-alumina
would have each Na ion in a BR site, and none
in the anti-BR or midoxygen sites. Typical Na
P-alumina has an excess of about 25% Na, O, which

goes into the mirror plane. '' "Roth proposed a
model, "based on his x-ray data, which had the
two Na and one 0 in three adjacent midoxygen
sites. This forms a stable defect structure, which
does not participate in conduction. Another model
proposed by Wang, Gaffari, and Choi" ignores
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the 0 excess, and just occupies some cells in the
mirror plane with two Na ions rather than one in

the BR site. These two occupy midoxygen posi-
tions, and provide the center which participates
in conduction. This latter model has been sup-
ported by McWhan et al.' '

Another exciting experimental result is the re-
ported superlattice at low temperature. ' ' There
seems to be conflicting reports whether this
superlattice changes with temperature.

II. EXPERIMENTAL METHODS

Our sample of Na 8-alumina was obtained from
Union Carbide Corp. The Ag, Li, K, and Rb
isomorphs were prepared by heating the Na 9-
alumina in molten AgNO„LiCl, KC1, RbCl, re-
spectively, for 48 h or more. '

The data were collected in 90' scattering geom-
etry using the 5145 A Argon line, polarized in

the proper plane, as source and a system of Spex
double monochromator, cooled photomultiplier
tube, and multichannel analyzer, and other elec-
tronics to detect and store the scattered light
signals. Data were collected for different cations
at various temperatures and with different in-
cident and scattered polarizations.

III. EXPERIMENTAL RESULTS

The structure of P-alumina is hexagonal, and
has the space group P6,/mme p By considering
only the mobile cations in the unit cell, one can
arrive at the result that the only Raman-active
mode transforms as E,~ in the D,„point group.
In this mode the cations in the two mirror planes
are vibrating in the plane but are 180 out of
phase with each other. If the oxygen ions in the
mirror planes are included, the number of modes
of each symmetry is simply double4. As a result
the oxygen ion motions will also contribute to the
E~ (XX and XY) spectrum. There are no Raman
active modes for scattering from a Na' ion vi-
brating in the Z direction. Of course, the selec-
tion rule applies to the ideal structure. The
significant amount of nonstoichiometry may in-
troduce disorder, which may permit breaking of
selection rules. Thus the z vibrations may be
weakly observable, despite the fact that they trans-
form as the 8~, silent representation of D,„. The
Raman-active vibrations of D,„are, with allowed
polarizations in parentheses: 4 „(X'X,YY, ZZ);
E~ (X'Z, YZ); E~ (XX, YY, XY).

The Raman scattering spectra of Li', Na', K',
Rb', and Ag' in P-alumina are shown in Figs. 1-3.
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FIG. 1. Y(XX)Z spectra of p-A120& isomorphs ob-
tained at 300 K for Rh, K, Na, and Li, and at 77'K for
Ag.

FIG. 2. Y(XY)Z spectra of P -A1203 isomorphs ob-
tained at 300 K for Rb, K, Na, and Li, and at 77 K for
Ag.
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The corresponding frequencies (in cm ') are also
summarized in Table I. Note that the data for Ag
in the figures and tables were collected at Vv'K.
As can be seen from the table and the figures, the
ZX spectra of all samples are quite similar and
could be associated with the vibrations of the host
lattice. The most obvious difference is that in Ag
l3-alumina there is a line at about 60 cm ' which
does not appear in any other samples. This might
possibly be the vibration of Ag' along the c di-
rection (B~ mode) if the symmetry of the crystal
is slightly broken by disorder. The most in-
teresting behavior actually occurs in the XX and
XY polarizations (E~ mode). The internal vi-
brations of the spinel blocks could account for
the lines that are above 250 cm ', which are of
unknown origin.

The ion dependent behavior occurs mostly in the
region under 250 cm ' in the XX and XY polari-
zations (E~). In Table II, we list the frequencies
associated with the vibrations of the cations. Note
that nothing is listed for Li. Thisisbecausethis
line does not appear in the spectrum or it was
covered by a line at about 100 cm '. The results
for Ag' and Na' in P-alumina were discussed in
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tained at 300'K for Rb, K, Na, and Li, and at 77'K for
Ag,
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TABLE II. Frequencies associated with the vibrations of the cations.

Ion
0

(cm ~) (cm 2)

Theory Exper i ment
Cd]

(cm ~) (cm ~)

Na
K+
Rb'
Ag+

90
98
78
42

-5300
-3126
-1426
-1129

53
80
68
25

96
101
80
45

62
72, 82
63, 69

29

56
80
85
28

our previous paper. ' In that paper, we showed that
the lines at low frequencies for Ag' and Na' could
be fitted by a simple Lorentzian response
I~ sr(hj'+ 1)/[(&o' —&uo)'+y &u ], with &oo and y de-
pending on the cation but not significantly on tem-
perature. This still holds true for K' and Rb' in
I3-alumina. Another point that is obvious from the
figures is that there are splittings in these lines
for Ag' at low temperature (VV'K), and for K' and
Rb' at room temperature. It is possible that these
splittings result from either the in plane vibrational
motion (E~ mode) of the oxygens in the mirror
planes, or from the vibrations of the cations in the
inequivalent sites in the mirror plane.

At high temperatures in Ag I3-A1,0„ intense in-
elastic scattering is observed at small frequency
shifts. This feature becomes observable above
about 600'K, and increases in width with further
increase in temperature. We attribute this be-
havior to the modulation of the Rayleigh scat-
tering by the intersite hopping of tl&e mobile
cations. Typical data for Ag B-Al,Q, are shown
for Fig. 4. It is clear from a comparison of the
data at 775 K and at 300 K that additional scat-
tered intensity has developed in the region below
10 cm ' at 775 K. With the limited resolution of
a double monochromator it is not possible to de-
termine the exact shape of this low-frequency
wing. However, light scattering from hopping,
or relaxation, modes" is expected to have a
Lorentzian shape with a width equal to the hopping
rate of the mobile ions. Using an attempt fre-
quency cu, =-29 cm ' and an activation energy U
-0.18 eV appropriate to Ag P-A1,0„we estimate
widths of -0.05 cm ' at 300'K and - 2.5 cm ' at
775'K. These estimates are roughly consistent
with the appearance of the observed low-frequency
feature well above 300'K. The reason for the
failure to observe such a low-frequency wing for
Na 8-A1,0, is the very weak scattering produced
by sodium ion displacements. This is probably
related to much lower polarizability of the Na'
ion compared with Ag'. In fact, we have found
that the intensity of the cation E~ vibration scales
roughly as the square of the polarizability.

IV. THEORY

A. Stoichiometric structure
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FIG. 4. Low-frequency Y'(XY)Z spectra of Ag p-Al20&
at 300'K and 775 'K. The vertical scale is appropriate
to the 775 'K data; the 300 'K data would be 15% lower
in intensity on that scale. The smooth, solid curves
are Lorentzianfits to the data. The dashed curve shows
the instrumental response to unshifted laser light of
the same intensity as the Rayleigh peak in the 775 'K
data.

First the theory will be discussed for stoichio-
metric I3-alumina. Here there is no excess of
cation in the conducting plane. One cation is in
each BR site, and the other sites are empty.
There would be no superlattice. The effects of
the excess cations, and the superlattice, will then
be treated subsequently.

In either the infrared or Raman experiments,
the optical field causes the Na or its substitutional
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cations to oscillate in space. The oscillating
dipoles interact with each other by Coulomb forces.
In a multipole expansion, the leading term, which
is proportional to the oscillatory displacement
of the ion, is the dipole-dipole interaction. When
there are two ions —or dipoles —per unit cell,
there are two distinct modes with separate eigen
frequencies. The difference between these fre-
quencies is called the Davydov splitting. "'"
There are many examples of these splittings in

organic and inorganic solids. "" Call the two
freqeuncies e, and ~„. They are given by the
formulas

Id',. = Id', + (e 2/222) (t,'„' + t„'*„'),

Id2 ~2+(e2/m)(tI ) tI ))

where ~0 is the frequency of a single cation oscil-
lating by itself, and the other terms represent
the dipolar coupling between cations. The first
term in brackets represents the coupling between
all atoms in the same plane. The second term is
from the coupling between dipoles on adjacent
planes. As we shall see, the coupling between
more distant planes is negligible. In these sum-
mations we have assumed that all dipoles in a
plane are in phase. This is essentially correct,
since the two-dimensional sums converge over
a distance much faster than the wavelength of
light.

The frequency co, represents the case where
the dipoles in adjacent planes are in phase. This
is the infrared active mode. The frequency +„
represents the case wherein the two vibrations in

adjacent planes are out of phase. These are the
paman active modes in the case of the (x, y)
vibrations.

The dipole coupling between two planes is small,
and may be neglected. This may be shown using
the standard formulas from plane-wise summa-
tion" "

2
t(i) ~ y

jx
R3 R.

27t G g gg—* e cos(g, G),
Ao G

R2=+2+$2

where G are the two-dimensional reciprocal-
lattice vectors of the plane, and 4, is the area
of the unit cell. The vector g,. is the (x, y) part
of the space vector R& between a cation in one
plane, and the cations of the adjacent plane. And

$0 is any one of these. In the ideal structure,
there is a cation in each BR site. This structure
forms a triangular lattice, with a basic reciprocal
vector of magnitude G2=4)t/av 3. Using c/a

= 11.2/5. 6=2.0, the exponential is e '2'=10 2.
This is very small; thus, t"=0.

Thus we have shown that, to a high degree of
accuracy, the Raman frequencies should equal
those of infrared v; = ~„. This occurrence is
rather unusual. The conclusion only applies to
the sodium vibrations in the plane or those of its
substitutional cation.

The term t" is the dipole coupling between a
cation and all others in the same plane. A dif-
ferent set of formulas is used to evaluate it.""
We obtain

t„"= —5.517/a',

where a =5.594 A. For sodium this gives e't" /I
= —5300 cm '. This is a rather small dipole cou-
pling term, compared to those typically found in
exciton splittings, or other types of oscillations.
But here it has a large effect, since ~', is un-
usually small. Thus the dipolar coupling between
cations in the same plane provides a significant
shift in the observed frequencies.

The frequencies ~, have been conveniently cal-
culated by Wang, Gaffari, and Choi. " This is
the vibrational frequency of one cation in a BR
site, while all other ions are held fixed. Their
results are shown in Table II for the four ions.
The second column shows the dipole contribution,
which differs for each ion according to its mass.
The theoretical result obtained from

(g (Id2+e2tls)/M)1/2

is the third column. These compare favorably
with the Raman and infrared experimental re-
sults.

The agreement between theory and experiment
is very good. This success should be treated
with caution. Two significant approximations have
been made in the theory. This makes the good
agreement with experiment surprising. The first
approximation was made by Wang et al." They
fixed all ions but the one oscillating cation. One
would expect some relaxation and coupling to the
local neighbors of oxygen. The neglect of these
effects is probably serious. The second approxi-
mation is our neglect of local field corrections in
calculating the dipole interactions. This is very
difficult to find in this heterogeneous material.
In cubic crystals these effects are not large, since
they enter as the factor ' (1/e )[2(e2+2)t which
is near unity for most c,. But P-alumina is far
from cubic, and the actual local field corrections
could be large. They were included by Wang
et al. in their calculations.

Nevertheless, even if the theory is only regarded
as approximate, the agreement with experiment
permits one to draw some conclusions. First,
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our assignment of these vibrations to one cation
in the BR site appears reasonable. Both the
frequency, the polarization rules, are in agree-
ment with this assignment. According to the cal-
culations of Wang et al. , much lower frequencies
are obtained for the vibrations of two coupled
ions in one cell. These are not observed in our
experiment. In the model of nonstoichiometry
proposed in Refs. 19 and 8, about (25-80)Q
of the cells are doubly occupied. Thus their
vibrations should be easily observable in our ex-
periment.

Our spectra show a splitting of this vibration for
the three heaviest ions: K, Rb, and Ag. One
could explain this second component as due to the
doubly occupied cells. There are several dif-
ficulties with this proposal. First, this raises
the question why Na lacks such a split-off com-
ponent. Second, the splittings are observed to be
small, while the theory suggests they are large.
Thirdly, this requires the low-frequency compo-
nent to have about 25% of the intensity of the other,
while this is not the case; e.g., in Rb it is even
stronger.

Another conclusion is that the frequencies do
not scale as the inverse square root of the ion
mass. Thus K and Rb have larger frequencies
than Na, even with a larger mass. This is ex-
plained in terms of their larger size, and corn-
mensurate stronger coupling to the neighboring
oxygens. '

would not be ir active, but only Raman active.
A crystal-field calculation among the interacting
vibrations of the Ag ions in BR sites show that
the collective vibrational frequency is cd„

where we obtain for

t'+ = 1.166/a'.

Thus this new Raman-active mode, which is in-
troduced by the superlattice, is at a higher fre-
quency than v, . Our calculated value for ur, is
shown in Table II.

Our hypothesis is that the splitting in the low-
frequency E~ peak is caused by the superlattice.
One peak is v„and the other is co, . In order for
this explanation to be tenable, several modi-
fications of the theory are necessary. First, ~,
must be much smaller than given in Ref. 19,
and should be nearer to 20-25 cm ' for Ag. Sec-
ond, the crystal-field splittings should be much

B. Superlattice in Ag P-alumina

LeCars et al. ' reported a superlattice at low
temperature. This structure is shown in Fig.
(5a). The superlattice contains three normal unit
cells on a mirror plane, and contains four Ag
ions: three in BR sites, and one in a anti-BR
site. The Ag ions in anti-BR sites form a super-
lattice which is a triangular lattice with lattice
constant F3a. Two groups have reported directly
conflicting results on how this superlattice changes
with temperature. "' '

We shall still neglect the coupling between ions
in different planes. Thus we need to find the
normal modes of the superlattice in a single mir-
ror plane. The (x, y) vibrations of the three Ag
ions in BR sites yield six possible normal modes.
In Ds„symmetry, these modes are A. ~, A~ and
two pairs are E~. A crystal-field analysis shows
that one pair of E~ modes are the same as dis-
cussed above in 4: the modes where all ions
vibrate in phase in the same direction. The other
pair of E~ modes have the three Ag ions, in BR
sites in the superlattice cell, vibrating such that
the center of mass is fixed. Thus these modes

X X

i X X ~~

FIG. 5. (a) Superlattice of Ag p-alumina. The x are
Beevers-Ross (BR) sites, which are all occupied, and
the 6 are in-plane oxygen sites. The small circles are
empty anti-BR sites, and the large shaded circl.es are
occupied anti-BR sites. The unit cell of the super-
lattice is shown dashed. It contains four Ag ions, and
its area is three times that of the usual lattice cell.
(b) Superlattice of K p-alumina. The x are singly
occupied BR sites, and the (3 are BR sites with two K
ions. The b, are in-plane oxygen sites. The super-
lattice is now of the double occupied BR sites. In these
sites, the two K ions actually sit in positions midway
between the oxygens. Again there are four ions per
unit cell of the superlattice.
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smaller than we calculate —perhaps the reduction
is caused by local field effects. Our hypothesis
must remain tentative until these theoretical
points are tested further. But the virtue of this
hypothesis is that it explains why the splittings
are observed at all.

The A~ mode is Raman inactive, but the A~
mode should be observed in (XX) and (ZZ) polar-
ization. It does not seem to appear-i. e., there
are no modes which appear in (XX) but not in (XY)
in Figs. 1 and 2.

An examination of the (z) vibrations of the ions
shows a new Raman-active mode in the super-
lattice, which was absent in the ordinary lattice.
The three Ag ions in BR sites oscillate in a mode
which would be observable in (ZX} geometry.
This is tentatively identified as the anomalous
peak C in Fig. 3(a) at 59 cm '. It does not appear
to change intensity much between 4'K and room
temperature.

C. Superlattice in Na, K, Rb P-alumina

A superlattice was also reported for these ma-
terials. " Again there are four cations in a super-
lattice cell which is three times the area of a us-
ual cell. This structure is shown in Fig. 5(b}.
Now there are two cations in BR sites, and another
two which doubly occupy the remaining cell —each
in a bridge site. The superlattice is of the doubly
occupied cells. Obviously the group theory is dif-
ferent than for the Ag superlattice: there are two
cations in BR sites instead of three. The (x, y}
motions of these two cations yield two pairs of E
modes which are Raman active. One pair of E
modes has the two cations oscillating in phase,
and are described by the same formula for co„.
The other pair of E modes has them exactly out
of phase, and is again described by the equation
for ~, . These values are shown in Table II.

For K and Rb the predicted splittings are again
about a factor of 2 too large. No experimental
splitting is observed for Na, although it too is re-
ported to have a superlattice. This is a definite
contradiction to the hypothesis that the splittings
are due to the superlattice. Although we regard
our hypothesis as reasonable, it must remain
unsettled until the question is answered regarding
the sodium splittings or superlattice. We do note
that the report of the sodium superlattice was
confusing, in that the x-ray patterns were said
to be like Ag rather than K, although Na does not
like to occupy anti-BR sites. We have already
remarked about another unanswered question re-
garding the present results and the superlattice-
why do not we, nor the ir, see the vibrations of
ions in the doubly occupied cells'
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FIG. 6. Schematic illustration of the displacements of
the spinel blocks, and ions in the mirror plane, for
three of the low-frequency vibrations observed in
P-A1203 isomorphs. Open and closed circles repre-
sent oxygen ions and cations, respectively, in the
mirror plane.

V. DISCUSSION

We also observe that the low-frequency lines of
Na', Ag', K', and Rb+ in P-alumina do not change
significantly with the temperature. As mentioned
in our previous paper, coo, y changed by only a few
cm ' from room temperature to about 800'K.
This clearly does not agree with the assumption
of Huberman and Sen' of the existence of a cutoff
frequency ~0 which is temperature dependent.

Several of the Raman-active modes observed in
the region of 100 cm ' and below appear to cor-
respond to vibrations observed by neutron scatter-
ing. ' A weak line is observed at -300'K in XX
geometry in the Ag and Rb isomorphs at about
38 cm '. This feature appears clearly in the 300'K
Ag data in Fig. 4. A similar line is observed in
the XX spectrum of Na P-A1,0, at 77'K. This vi-
bration is possibly the zone-center shearing
motion of the two spinel blocks, shown in Fig. 6(a)
observed in neutron scattering at about 5 meV. '
Since this is an odd-parity vibration, it would ap-
pear only as a result of the disorder in the lattice.
Two Raman-active vibrations are observed near
100 cm ', one transforming as E, and the other as
E, . The intensity of the E, mode is very strongly
influenced by the size of the cation on the mirror
plane sites. For Na and Ag this vibration is one of
the strongest in the spectrum, while it is barely
observable in Rb P-A1,0,. For this reason, we
speculate that this vibration involves the combined
motions of the mirror-plane oxygens and cations
as well as some shearing of the spinel blocks as
shown schematically in Fig. 6(b). It is essentially
one of the E modes associated with the combined
displacements of the cations and oxygens mentioned
in Sec. III. This vibration is very probably the
transverse mode observed with neutron scattering'
at 12 meV (96 cm ') in Na P-A1,0,. The E„vi-
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bration at 114 cm ' in the Na isomorph is assigned
to a spinel-block shear of the type shown in Fig.
6(c). This assignment is based on the low fre-
quency of the mode, which suggests that it is a
bulk distortion of the spinel blocks, and the fact
that the mode in Fig. 6(c) is the only lowest-
frequency E, mode of that type. A phonon branch
has been observed in neutron scattering' which is
at 14.3 meV (114 cm '); however, that phonon
branch is identified as being longitudinal, which
is not in agreement with the E, character of the
Raman-active mode of the same frequency.

We would also like to point out that the largest
departures from the D,„polarization selection
rules occur for the higher-frequency vibrations

associated with internal modes of the spinel
blocks. This is consistent with the large con-
centration of Frenkel defects reported in the spinel
blocks. " In contrast, the selection rules for the
low-frequency vibrations of the mobile cations
are well obeyed, despite the extensive disorder
which is thought to exist in the conducting planes.

Finally, there are presently two conflicting
results on how the superlattice in Ag p-alumina
changes with temperature. An investigation of
the splittings of the B and D lines in Ag P-alumina
as a function of temperature is being conducted in
order to gain some insight to the above problem.
Also a study of the relaxation mode will be pur-
sued further.
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