PHYSICAL REVIEW B

VOLUME 18, NUMBER 8

15 OCTOBER 1978

Cation interstitial pair modes in the vibrational spectra of mixed B-dluminas

P. B. Klein, D. E. Schafer,* and U. Strom
Naval Research Laboratory, Washington, D. C. 20375
(Received 24 May 1978)

Raman and far-infrared measurements of the cation vibrational spectra of the mixed systems Na,_,K, and
Na,_,Rb, B-alumina were carried out at 300 K. The composition dependences of the observed spectral
features were used to assign those features to specific types of cation sites. The resulting assignments indicate
that many of the main features of the vibrational spectra below 120 cm~' may be attributed to vibrations of
interstitial cation pairs of the kind suggested by Whittingham and Huggins to account for fast ion diffusion
in the B-aluminas (interstitialcy mechanism). Other regions of the vibrational spectra are attributed to
unpaired cations. These results provide experimental evidence for the existence of these pairs and thus verify

a central feature of the interstitialcy mechanism.

I. INTRODUCTION

Numerous theoretical and experimental investi-
gations have been directed toward understanding
the unusually high ionic mobilities of various ca-
tions in B-alumina. Of the many ideas that have
emerged in descriptions of the ionic transport,
the most successful has been the interstitialcy
mechanism proposed by Whittingham and Huggins*
and treated quantitatively by Wang, Gaffari, and
Choi? (WGC). This mechanism for ionic diffusion
involves the hopping of ions between the so-called
mid-oxygen (mid-O) interstitial sites, which are
known from structural determinations® to be par-
tially occupied. These sites appear to take up the
inherent nonstoichiometric excess (25%-30%) of
cations found in all known B-aluminas. The cal-
culations of WGC predict that stable occupation
of the mid-O interstitial sites can only occur for
pairs of interstitial mid-O cations straddling an
empty regular cation site [Beevers-Ross (BR)
site]. The low thermal activation energies for
ionic diffusion observed experimentally (~0.16
eV for Na B-alumina) are then accounted for quan-
titatively by a correlated hopping process, in
which one cation of an interstitial pair hops toward
an adjacent singly occupied BR site, forming a
new interstitial pair there and leaving behind a
singly occupied BR site. Negligible contribution
to the ionic diffusion was attributed to hops of un-
paired cations between BR sites, since very high
thermal activation energies (~2 eV) were calcu-
lated for that process.

Measurements of vibrational spectra such as
those described here do not directly probe the
ionic diffusion, but still have a bearing on our
understanding of the ionic transport by character-
izing the state of the mobile ion in the time be-
tween hops. Features of the Raman*® and infra-
red®? spectra that are sensitive to cation substi-
tution in the isomorphic series Na, K, and Rb 8-
alumina and in Ag S-alumina have been identified
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as involving predominantly cation vibrational mo-
tion. The fact that these cation modes lie at fre-
quencies lower and well separated from other
substitution-insensitive modes has been shown to
indicate that the cations are relatively weakly
bound to the g-alumina host structure.” In the
present work, some of the features of the vibra-
tional spectra of mixed alkali ion-substituted g-
aluminas are shown to be consistent with the mo-
tion of correlated interstitial cation pairs, simi-
lar to that discussed by WGC. ' These measure-
ments thus provide experimental evidence for the
existence of these correlated ion pairs in the g-
aluminas. ‘

The crystal structure of g-alumina was deter-
mined by Bragg ef al.'® and Beevers et al.,':!?
and was refined by Peters ef al.® The material
forms a layered structure characterized by loose-
ly packed planes containing all of the cations, thus
accountirig for the characteristic two-dimensional
ionic conductivity. These planes are separated by
close-packed spinel-like blocks of aluminum and
oxygen, four oxygens thick (referred to as ‘“spinel
blocks’’). The center of each conducting plane
forms a mirror plane for the spinel blocks above
and below it. The spinel blocks are bound to-
gether by oxygens in the conducting plane via
Al1-O-Al bonds and also by the cations in the
plane. In the ideal (stoichiometric) material,
Na,O* 11A1,0,, the cations (all on BR sites and
all BR sites filled) and the in-plane oxygens form
a loosely packed hexagonal lattice with a lattice
constant of 5.58 f\, as shown in Fig. 1. The ac-
tual structure, however, contains numerous de-
fects due to the excess cations. In the cases of
all the alkali-metal g-aluminas, the excess cations
reside predominantly on the interstitial mid-O
sites, and according to the calculation of WGC,
occupy such sites in pairs straddling empty BR
sites, as shown in Fig. 1. Thus approximately
25% of the BR sites of the ideal structure become
doubly occupied with interstitial pairs. A second
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FIG. 1. Structure of B-alumina in the diffusing plane.
The light circles are spinel-block oxygens above and be-
low the plane, while the heavy circles are oxygens within
the plane. The shaded circles are the metal ions. BR
sites are marked with a (+), and a mid-O pair is shown
near the point A.

type of interstitial site, the anti-BR site, is es-
sentially unoccupied in all g-aluminas (except Ag
B-alumina) due to the close proximity of this site
to nearby spinel-block oxygens.

In addition to the excess metal ions, further
defects must be present in the structure in order
to satisfy charge neutrality. There is evidence!?
that these compensating defects take the form of
excess O®” occupying in-plane mid-O sites and
bound by two Al* Frenkel defects. Thus the con-
ducting plane is characterized by a significant
amount of structural disorder introduced by both
excess metal ions and charge-compensating de-
fects. Microwave measurements,® ! diffuse x-ray
scattering,'®"'® NMR,'® and thermal measure-
ments®®+?! have been used to investigate the role
of disorder in the ion diffusion process as well
as the extent of local ordering of the defect ar-
rangement. The results of these measurements
indicate (i) a distribution of barrier heights for
ion hopping and (ii) some local ordering of the
cations with ion-ion correlation lengths increas-
ing with ionic radius.

The ion-ion correlations deduced from the dif-
fuse x-ray-scattering measurements have been
interpreted in terms of a structural model for the
nonstoichiometric material incorporating extended
order and an enlarged unit cell.'> ! The pro-
posed unit cell of the resulting superlattice, three
times larger than that of the stoichiometric ma-
terial, contains in each layer two metal ions in
BR sites and two metal ions forming an interstitial
pair about a third (vacant) BR site. Due to the
lack of long-range order, however, the superlat-
tice structure would only be expected to exist in the

form of locally ordered regions, or microdomains.

The distribution of barrier heights, a reflection
of the disorder in the conducting plane, is expected
to contribute to some extent to the linewidth of the
cation vibrational spectra,® but not significantly to
the frequencies or relative intensities of the vibra-
tional modes. Ion-ion correlations, however, are
indicative of the degree of local ordering, and may
be an important factor in determining the form of
the vibrational spectra associated with the metal
ions.

The occupation of a large number of interstitial
sites by metal ions would generally be expected to
have a significant effect upon the vibrational spec-
tra. On the other hand, by considering the sym-
metry properties of the superlattice, Hao ef al.®
have interpreted the spectral features observed
in the Raman measurements of some of the 8-
alumina isomorphs as being due entirely to vibra-
tions of ions in BR sites within a superlattice
structure. No contributions to the vibrational
spectra could be attributed to the motion of cor-
related ion pairs. However, a calculation®® of
the vibrational spectra of the metal ions (also as-
suming a superlattice) indicates that some of the
observed spectral features can be interpreted as
due to the in-phase motion of correlated ion pairs.
The calculated spectra compare well with experi-
ment. The latter view has also been supported by
a comparison of Raman and far-infrared measure-
ments.?®

In the present work, the existence of correlated
ion-pair vibrations is investigated through a study
of the composition dependence of the Raman and
far-infrared spectra of the mixed cation systems
Na, .K,and Na, Rb, B-alumina. In these two-
component systems, the model employed by WGC
leads to three types of cation interstitial pairs that
can occur (neglecting charge-compensating de-
fects): Two types of ‘‘pure’’ pairs and one type
of “mixed’” pair. The approach taken in the pres-
ent analysis of the vibrational spectra is to as-
sume that each of the observed infrared- and
Raman-active cation vibrational modes arises
either from one of these three types of pairs or
from one of the two possible types of singly oc-
cupied BR sites, and to assign the observed spec-
tral features according to the distinctly different
composition dependences expected for each type of
site. This procedure also assumes that the ob-
served intensity of the vibrational mode of a given
type of site depends predominantly on the number
of such sites present. The validity of this assump-
tion is supported by the observation that the com-
position dependence of corresponding Raman scat-
tering and infrared absorption spectra appears to
be remarkably similar in spite of the differences
between the two physical processes.
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In Sec. II, the experimental details are de-
scribed, followed in Sec. III by a presentation of
the experimental results of the Raman and infrared
measurements. The analysis and discussion of
the data appear in Sec. IV, and a brief conclusion
follows in Sec. V.

II. EXPERIMENTAL

All samples used in the far-infrared and Raman
measurements were cutfrom one large single crystal
of melt-grown Na g-alumina obtained from the Union
Carbide Corp. Two samples were used for the
far-ir transmission measurements. These were
cut with a wire saw to approximately 10X 10 mm
and polished down to thicknesses (along the ¢ axis)
of 58 and 105 um, using 1-pm Al,O, abrasive for
the final polishing step. Samples for the Raman
measurements were cut into rectangular parall-
elipipeds 10X 10X 1 mm . Cut surfaces normal
to the x-y plane were polished to an optical finish

for the incident laser beam, while natural (cleaved) '

surfaces parallel to the x-y plane were employed
to view the light scattered from the sample. The
mixed B-aluminas were prepared from the original
Na B-alumina composition by ion exchange. Fol-
lowing Yao and Kummer® and Kummer,* the ion
exchanges were carried out by immersing the Na
B-alumina samples in the proper molten NaNO,-
KNO; or NaNO;-RbNO, mixtures at 350 °C for ap-
proximately 72 h. The set of two far-ir trans-
mission samples was sequentially ion exchanged
and measured at K mole fractionsof 0, 0.11, 0.30,
0.50, 0.70, 0.86, and 1.0 in the order listed.

The far-ir transmission and reflectivity mea-
surements were carried out at room temperature
using an RIIC model FS-720 Fourier transform
spectrometer. The far-ir light was detected with
a Ge:Ga bolometer (Infrared Industries, Inc.) held
at 4.2 K. Multiple scanning, data processing, and
Fourier transformation were carried out with a
Nicolet 1070 multichannel analyzer (MCA) con-
trolled by a PDP-8/e minicomputer. Each 8-
alumina sample spectrum was normalized to the
spectrum of an empty aperture taken immediately
before or after the sample spectrum. The result-
ing far-ir conductivity values were mainly sensi-
tive to the transmission measurements, since the
samples were fairly opaque (7 <0.2). The re-
flectivity measurements were used to correct for
reflection losses and the effects of multiple inter-
nal reflections at the higher transmission values.
In addition, the reflectivity spectra were compared
to the Kramers-Kronig transform of the conductiv-
ity spectra. Consistency between the two spectra
was observed in all cases. Based upon the results
of repeated transmission measurements on a given
sample, the uncertainty in the measured transmis-

sion was found to correspond to maximum errors
in the conductivity of approximately + 1(Qcm)* in
regions of high conductivity (peaks) and +0.2 (Q
cm)™! in regions of low conductivity.

The Raman measurements were made at room
temperature in a standard 90° scattering geome-
try, with the incident laser radiation propagating
normal to the ¢ axis and the electric vector linear-
ly polarized in the x-y plane. The scattered light
was observed along the ¢ axis, with the polariza-
tion totally in the x-y plane. Steps were taken to
ensure that the scattering geometry was identical
for all of the samples (compositions) measured.
This is an important point, since, as discussed
below, the Raman intensities of the cation modes
were measured relative to the intensity of a spinel-
block mode which is sensitive to the scattering geo-
metry through polarization selection rules.

Rather than attempt absolute-intensity measure-
ments of the cation vibrational modes for the vari-
ous samples, we chose the 259-cm™ mode of the
Na-K mixed system (associated mostly with inter-
nal spinel-block vibrations) as a reference because
of its strength and narrow spectral width (thus al--
lowing rapid data acquisition) and its relative in-
sensitivity to cation substitution. This mode was
measured simultaneously with the cation modes
for each sample, so that Raman intensities of the
cation modes were determined relative to the 259 -
cm™ mode intensity. A single careful set of ab-
solute-intensity measurements of the 259 -cm™
mode indicated that the integrated intensity is es-
sentially independent of sample composition.

The Raman measurements were obtained using
several laser lines from a 4-W Ar* ion laser (Co-
herent Radiation). The scattered light was dis-
persed with a Jarrell-Ash 100-25 double spectro-
meter and was detected with a cooled RCA 31034A
photomultiplier. The photomultiplier output was
processed by standard photon counting electronics
and stored in a Nicolet 1070 MCA. The instru-
mental width of the spectrometer was approximate-
ly 2 cm™,

The pure B-aluminas (Na, K, and Rb) were each
measured separately with 4579-A excitation, since
several Ar emission lines fall in convenient posi-
tions for use as absolute-frequency calibrations.
The frequencies of the Raman peaks (+1 cm™)
could thus be accurately compared to those of
previously published measurements.

III. VIBRATIONAL SPECTRA

The Raman and far-ir measurements were car-
ried out at room temperature. The Raman spectra
for the Na-K mixed system in the region of the ca-
tion vibrational modes are shown in Fig. 2 for
several representative values of potassium con-
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FIG. 2. Raman spectra of the cation vibrational modes
for the Na,_,K, B-alumina mixed system. The intensity
scales for each of the spectra are generally different
(within about a factor of 2). Normalization of the Raman
intensities is discussed in the text. Instrumental width
is approximately 2 cm™..

centration x. Dramatic changes in the relative in-
tensities of the different modes are observed as
the sample composition is varied. In the figure,
absolute intensities should not be compared direct-
ly between different spectra, since the intensity
scales for each of the spectra are somewhat dif-
ferent (within about a factor of 2). The K g-alumi-
na spectrum is dominated by three modes at 69,
80, and 98 cm™, while the Na g-alumina spectrum
exhibits one broad mode centered at 60 cm™ and a
sharper mode at 99 cm™'. (For convenience, vi-
brational modes will be labeled and referred to
according to their frequencies in the pure g-alumi-
na, even though their frequencies are observed to
vary somewhat with composition.) These results
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are in agreement with previous Raman work,*°
although the frequencies measured for some of the
modes differ slightly (1-4 cm™). Since it appears
in all of the B-alumina isomorphs, the Raman peak
near 100 cm™! is not considered to be strictly due
to a cation vibrational mode,® although the effect
of the ion species on the Raman intensity is signi-
ficant. The replacement of K* by Na* is seen to
have a dramatic effect on the relative intensity of
the two K* modes at 69 and 80 cm™' — the strength
of the lower-frequency mode decreases rapidly
with decreasing K* content, and has almost van-
ished by the time 50% of the K* ions have been re-
placed. This distinct difference in composition
dependence for two modes of the same cation spe-
cies (K*) is the first indication that vibrations of
more than one type of site are contributing to the
Raman spectra.

The corresponding far-ir spectra for the mixed
Na-K B-alumina system are shown in Fig. 3 for
several values of sample composition. The K*
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FIG. 3. Far-infrared spectra of the cation vibrational
modes for the Na,_,K, f-alumina mixed system. The zero.
of the conductivity for each spectrum is shifted by 3
(Qcm) . The error bars indicate the maximum uncer-
tainties in conductivity in the low- and high-transmission
regions.,
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spectrum is characterized by three modes

of 69, 86, and 108 cm™!, and the Na* spec-
trum is dominated by a broad mode at 64 cm™!
and a very broad high-frequency tail in the 80-120-
cm™ region. An additional mode is observed at
50 cm™ at high K concentration, but the origin of
this mode is not yet understood. Comparison with
Fig. 2 indicates that the far-ir spectra are re-
markably similar to the Raman spectra, although
part of this similarity is fortuitous, since the

108 -cm™ infrared mode will be shown to have no
correspondence to the 98 -cm™ Raman mode.
Nonetheless, the relative strengths of the 69-

and 86-cm™ infrared modes exhibit the same
dramatic dependence upon sample composition

as their 69- and 80-cm™ Raman counterparts.
This similarity between the Raman and far-ir
spectra indicates that it is unlikely that the ob-
served dependence upon K concentration is related
to a composition dependence of the appropriate
transition matrix elements. These would not gen-
erally be expected to exhibit similar behavior for
both infrared absorption and Raman processes.
The observed composition dependences are thus
attributed to the associated variations in the num-
bers of ions occupying different sites.

In order to verify some of the trends observed
in the Na-K mixed system with varying composi-
tion, a limited Raman study of the Na-Rb system
was undertaken and compared to the far-ir mea-
surements of Allen et al.® in Rb 8-alumina. These
results are shown in Fig. 4. The far-ir spectrum
is shown as the solid line in Fig. 4(a). The Raman
spectra for Rb, Na, ;Rb, ;, and Na g-alumina are
shown in Figs. 4(b), 4(c), and 4(d), respectively.
The Rb Raman spectrum is in essential agreement
with previously published data,® although the fre-
quencies determined in the present measurements
are 4~T7 cm™ lower than those previously reported.
This discrepancy is well outside experimental er-
ror. The correspondence between the far-ir and
Raman spectra as observed in the Na-K system
(Figs. 2 and 3) is seen to extend to the Na-Rb sys-
tem as well; the Rb Raman modes at 59 and 65
cm™ appear at 61 and 73 cm™ in the far-ir spec-
trum. A careful Raman measurement of the Rb
spectrum above 75 cm™* [Fig. 4(b)] verifies the
existence of a weak mode near 90 cm™'. The posi-
tion of this Raman mode corresponds well with the
strong infrared mode at 87 cm™'. In addition, it is
also apparent from Fig. 4 that, unlike the Na-K
system, the 98-cm™' Raman mode frequency is
sensitive to sample composition in the Na-Rb sys-
tem; its frequencies for 0%, 50%, and 100% Rb
appear at 99, 105, and 112 em™, respectively.

The most striking feature of the Raman spectra
in the Na-Rb system, however, is that the inten-
sities of the 59- and 65-cm™ Rb Raman modes
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FIG. 4. (a) Rb p-alumina far-ir spectrum of Allen
et al. (Ref. 9); (b)—(d) Raman spectra of Rb, Na, sRb s,
and Na g-alumina. The upper Rb spectrum in (b) was
taken at higher sensitivity. The dashed line indicates the
composition dependence of the 99-cm™! mode of the Na
spectrum.

exhibit the same dramatic dependence upon con-
centration as the corresponding K Raman modes
(69 and 80 cm™) in Fig. 2; with decreasing Rb
concentration the lower -frequency mode drops
rapidly in intensity relative to the higher-frequency
mode. It is clear from this correspondence that
the same types of sites are contributing to this
portion of the spectrum in both K and Rb g-alumi-
na.

IV. ANALYSIS AND DISCUSSION

The features of the vibrational spectra of the
Na-K and Na-Rb mixed g-aluminas will now be
analyzed in terms of the various possible occupa -
tions of cation sites implied by the interstitialcy
model (e.g., Na-Na, Na-K, and K-K pair sites or
singly occupied Na or K sites). Such an approach
assumes that the cation vibrations are separable
into modes involving the motion of ions on a single
type of site, and that the variation of a mode in-
tensity (Raman or infrared) with composition de-
pends predominantly on the variation in the num-
ber of that type of site. The assumption of sepa-
rability is supported qualitatively by calculations
of the B-alumina phonon spectrum, and the as-
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sumption relating intensities directly to numbers
of occupied sites is supported by the similar com-
position dependency of the intensities of the Raman
and far-ir spectra, as discussed previously. The
approximate separability of modes arises because
the nearest neighbors of the cation(s) at a given
site consist of relatively tightly bound spinel -
block and in-plane oxygen ions which tend to define
a spring constant for motion of the cations relative
to the spinel block. Adding cation-cation coupling
due to the direct Coulomb interaction leads to
relatively distinct pair and single-ion modes,
with® or without?? the polarization response of

the nearby spinel-block ions taken into account.

In order to assign the observed cation vibrational
modes to particular types of sites on the basis of
their compositional dependence, a model for the
relative number of each type of site as a function
of composition is required. In the absence of any
energetic preference of one of these types of sites
over another, the distribution of cations among
the different types of sites would be random, re-
sulting in x (mole fraction K or Rb) dependence as
listed in Table I for the case of N BR sites and a
cation excess of 25%. For different amounts of
cation excess the prefactors in Table I would vary,
but the functional dependence upon x would remain
the same. If any type of site is energetically
favored over the others, however, the x depen-
dence will deviate from those given, to an extent
which is dependent upon the relative magnitudes
of the energy preference and k7.

A. Doubly occupied sites

The Raman and infrared spectra presented in
the preceding section for the mixed Na-K system
have been analyzed in detail by decomposing the

TABLE I. Composition dependence of the occupancy of
the various sites in Na;_,K, B-alumina assuming 25%
excess cations and random occupation of excess ions on
lattice sites. N is the total number of regular cation
lattice sites and x is the mole fraction K* (or Rb* in the
Na-Rb mixed system).

Type of site Number of sites  Cations/site

Singly occupied sites:

K* 3Nx 1

Na* EN(L—2) 1
Doubly occupied sites:

K*-K* $Nx? 2

Na* —Na* INQ - x)? 2

Na' —K* N[2x(1 - x)] 2

spectra into a sum of Lorentzians, using a modi-
fied least-squares-fitting program.® The result-
ing fitting parameters provided the dependence
upon sample composition of the linewidth, fre-
quency, and intensity of each of the component
lines. The resulting frequencies of the component
Lorentzians are plotted versus composition in Fig.
5. This figure illustrates quantitatively the cor-
respondence between Raman- and infrared-active
modes described in Sec. III. The 60-cm™ (Na),
69-cm™!, and 80-cm™*(K) Raman frequencies con-
sistently lie 2-5 cm™ below their infrared counter-
parts at compositions where the latter are clearly
distinguishable. Corresponding far-ir and Raman
modes thus have very similar composition depen-
dence. Such Raman-infrared splittings are com-
parable to those estimated by Barker et al.” for
cation vibrational modes based on the indirect
coupling (via the spinel block) of neighboring dif-
fusing planes. The lack of correspondence (Fig.
5) between the Raman and infrared K modes at 98
and 108 cm™!, respectively, stems from the fact
that the 98 -cm™! Raman mode is not strictly a ca-
tion vibration, but is rather a coupled mode in-
volving the cation and in-plane oxygens.®" The
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FIG. 5. Composition dependence of the frequencies of
the Raman (squares) and infrared (circles) modes in the
Na-K mixed system, as determined by the computer de-
composition of the vibrational spectra. Error bars in-
dicate the uncertainty in the fitting parameters, and are
shown explicitly when their values are significantly lar-
ger than the size of the data points. The solid (Raman)
and dashed (infrared) lines have been included for clarity,
and are not fits to any particular model.



Raman intensities of the cation modes were mea-
sured relative to the 259-cm™* phonon, as dis-
cussed in Sec. II. The dependence of the absolute
Raman intensity of this phonon upon sample com-
position was measured separately, and the result
is shown in the upper portion of Fig. 6. The inte-
grated Raman intensity of the 259-cm™ mode is
essentially independent of sample composition.
The 15%-20% scatter in the data points is char-
acteristic of absolute-intensity measurements,
especially since each point corresponds to a mea-
surement in a different sample. The relative-
intensity measurements, however, are expected
to be significantly better than this, and in many
cases the error bars are dominated by the uncer-
tainties in the fitting parameters obtained by the
computer decomposition.

The two sets of data points in the lower portion
of Fig. 6 display the composition dependence of the
properly normalized Raman intensities of the 69-
and 80-cm™! K g-alumina cation vibrations. Both
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FIG. 6. Upper portion: composition dependence of the
absolute integrated Raman intensity of the 259-cm™! pho-
non used for the normalization of the Raman intensities
of the cation modes in the Na,_ K, mixed system. Lower
portion: composition dependence of the (properly nor-
malized) relative integrated Raman intensities of the 69-
and 80-cm™! K' modes. The data points were obtained by
fitting the Raman spectra to a sum of Lorentzian line
shapes. The error bars indicate the uncertainty in the
fitting parameters at the 95% confidence level, as deter-
mined by the line-shape fitting program (Ref. 26).
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modes exhibit highly nonlinear dependence upon
K* concentration which is fit below to the x de-
pendence for site occupancy appearing in Table I.
It is apparent from Fig. 6 that the rapid disap-
pearance of the 69-cm™ mode (relative to the 80-
cm™! mode) with decreasing K* content (as seen

in the Raman spectra of Fig. 2 and correspond-
ingly in Fig. 4 for the Na-Rb system) is due to
the fact that near the K-rich end, (a) the 69-cm™
intensity is decreasing rapidly and (b) the 80-cm™
intensity is actually increasing. Both of these
trends are verified by the analogous composition
dependence, shown in Fig. 7, of the integrated
conductivities of the corresponding far-ir K*
modes at 69 and 86 cm™. The qualitative corre-
spondence noted earlier between the composition
dependence of the Raman and far-ir spectral fea-
tures (Figs. 2 and 3) is thus extended to the inten-
sities of each of the component lines of the spec-
trum. This correspondence tends to further con-
firm our assumption that the composition depen-
dence of the Raman or far-ir intensity of a given
mode is due primarily to variations in the number
of the corresponding type of site, rather than vari-
ations of the matrix elements involved in either
type of measurement.
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FIG. 7. Dependence upon K’ concentration of the in-~
tegrated far-ir conductivity associated with the 69- and
86-cm™! far-ir modes of K B-alumina. The solid line is
a least-squares fit for the 86-cm™! mode to an Ax?
+Bx (1 —x) dependence. As discussed in the text, a mean-
ingful fit to the data for the 69-cm™! mode could not be
carried out due to excessive uncertainities in the asso-
ciated integrated conductivities.
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The solid lines in Fig. 6 are least-squares fits
of the Raman intensities to functional dependencies
from Table I. The 69-cm™ K mode data are seen
to be fit well by an x* dependence, and is thus con-
sistent with an assignment to K-K pairs. The data
points for the 80-cm™ K mode, however, do not
fit any single x dependence appearing in Table I.
The only K-related site that would increase in
number as K is replaced by Na is the Na-K pair,
but the number of such pairs should vanish in pure
K B-alumina (x=1). Therefore, the data for this
mode have been fitted to a sum of contributions
from both K-K and Na-K pairs; the fit is indicated
by the solid line. Although the implicit assump-
tion of degeneracy between the Na-K and K-K pair
vibrational frequencies may make this assignment
appear somewhat arbitrary, a recent calculation
by Wang et al.*” indicates that the vibrational fre-
quencies for the two sites are separated by less
than 1 ecm™, Although the actual frequencies cal-
culated (~52 em™!) are significantly lower than
those observed (80 cm™), this discrepancy is not
significant, as the absolute magnitudes of the cal-
culated frequencies are expected to be less re-
liable than the result that the two frequencies are
approximately equal.

The solid line in Fig. 7 represents a similar
least-squares fit of the integrated intensity of the
86-cm™ far-ir mode to a composition dependence
appropriate to a sum of K-K and Na-K pairs. The
data are fit well by this dependence, and the cor-
respondence to the analogous dependence of the
80-cm™ Raman mode in Fig. 6 is excellent. How-
ever, no such clear-cut correspondence may be
made between the data for the 69-cm™ far-ir mode
and the observed x* dependence of the analogous
Raman mode. Although there is good qualitative
agreement between the x dependence of the two
modes (e.g., Figs. 2 and 3), the lack of detailed
correspondence between the compositional depen-
dence of the integrated intensities is interpreted
as resulting from the large error bars (e.g., Fig.
3) associated with the far-ir measurement as ap-
plied to a relatively weak spectral feature (for
x <0.86) on the shoulder of the main 86-cm™* ab-
sorption peak. The error associated with the ana-
logous 69-cm™' Raman mode is inherently smaller.
Consequently, the dependence of the mode inten-
sities upon K* concentration is deduced from the
Raman spectra and verified by the far-ir mea-
surements either quantitatively for the case of the
strong 86-cm™' mode, or qualitatively for the case
of the weaker 69-cm™! mode.

.The results of the above analysis therefore in-
dicate that for pure K g-alumina, the 69- and 80-
cm™! Raman modes are both due to vibrations of
K-K pairs. This result corresponds well with
the phonon calculation of Hsu.?? Also, the strong

correlation of the composition dependence (i.e.,
rapid decrease of the lower-frequency mode in-

‘tensity with decreasing x) of this pair of modes

with the analogous composition dependence of the
pairs of K B-alumina far-ir modes (69 and 86
cm™!, Fig. 3) and Rb g-alumina Raman modes

(59 and 65 cm™!, Fig. 4) indicates that all of these
pairs of vibrational modes are of similar origin,
i.e., doubly occupied sites. As a further induc-
tive step, we note the correspondence of the Rb
B-alumina far-ir spectrum of Allen et al.® [Fig.
4(a)] with both the Rb g-alumina Raman spectrum
[Fig. 4(b)] and with the K B-alumina far-ir spec-
trum (Fig. 3). This similarity between the spec
tral features suggests that the 61- and 73-cm™*
modes in the Rb far-ir spectrum are probably of
the same origin as the other pairs of modes dis-
cussed above. These results are summarized in
Table II, where the spectral features associated
with the various sites are identified by their ob-
served vibrational frequencies.

An analysis similar to that in Fig. 6 has also
been carried out for both the integrated Raman
intensity (centered at 60 cm™) and the integrated
far-ir conductivity (centered at 64 cm™!) associated
with the Na cation vibrations. As shown in Fig. 8,
both sets of data exhibit a highly nonlinear depen-
dence upon Na concentration that is fit well with
a (1-x)? dependence. This suggests (Table I) that
the most prominent feature of the Na g-alumina
spectrum is also due to doubly occupied sites.

B. Singly occupied sites

The data analysis thus far has not dealt with
modes due to singly occupied sites, although one
expects-such modes to represent about 60% of the
total cation infrared oscillator strength (in the
absence of cation-cation coupling). The infrared
oscillator strength left unassigned at this point

" consists of a mode observed at 108 cm™ in K - -

alumina and a broad high-frequency tail (80-120
cm™!) appearing most strongly at the Na-rich
compositions. These two contributions were not

TABLE II. Association of spectral features observed
in Na, K, and Rb S-alumina with specific cation sites.
Spectral features are indicated by their observed vibra-
tional frequencies (cm-1).

Type of site Na K Rb
Singly occupied  Raman s vee ~90
Infrared 80-120 108 87
Doubly occupied Raman ~60 69, 80 59, 65
Infrared ~64 69, 86 61, 73
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tegrated relative Raman intensity of the 60-cm™! mode of
Na B-alumina, and (b) the integrated far-ir conductivity
of the 64-cm™! mode of Na B-alumina. The solid lines in
both cases are least-squares fits to a (1—x)? dependence.

separable with any degree of certainty over a suf-
ficiently wide composition range to identify either
component as due purely to Na or K unpaired ca-
tions. However, the total intensity of these two
contributions, plotted in Fig. 9, can be fit well
by a function Ax + B(1-x), and is thus consistent
with an assignment to contributions from a super-
position of Na and K BR sites. This assignment
is also consistent with the calculation by WGC of
Na and K BR frequencies (90 and 98 cm™, re-
spectively), both in overall magnitude and in the
relative frequencies of the single-ion and pair
modes.

The observed oscillator strength (integrated con-
ductivity in the harmonic-oscillator approxima-
tion) of the high-frequency component does not
amount to the expected 60% of the total; the frac-
tion is closer to 40%. However, we have made de-
tailed estimates of the effects of cation-cation
coupling on the cation vibrational modes (taking
the cation-spinel-block spring constant as a vari-
able input parameter), and find that pair and sin-

7
T
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INTEGRATED CONDUCTIVITY (Q-cm)cm™
3

o

X (mole fraction K*)
Na K

FIG. 9. Composition dependence of the sum of the in-
tegrated conductivities for the 108-cm™! K mode and the
broad high-energy (80—120 cm™) tail of the Na' mode.
The two contributions were difficult to separate uniquely
by computer decomposition. The solid line shows the
linear behavior expected from the sum of contribution
from both Na and K BR sites (shown individually as the
dashed lines). The solid line was constrained to agree
with the experimental endpoints (x=0 and x=1).

gle-ion modes at the assigned frequencies would
mix to some extent, and that a significant amount.
of oscillator strength would tend to be transferred
from higher-frequency single-ion modes into low-
er-frequency pair modes.? Employing a model
with realistic (29%) cation excess, the results for
several different arrangements of interstitial ca-
tion pairs were essentially the same: the single-
ion sites, occupied by 56% of all the cations, ac-
counted for only 45% of the total oscillator
strength. Although the precise amount of trans-
ferred oscillator strength resulting from these
calculations is certainly model dependent, it is
clear that the magnitude of the observed oscillator -
strength transfer can be accounted for by this
mechanism. The assignment of the 108-cm™ K
infrared mode and the broad (80-120-cm™) Na
infrared mode to BR sites is thus consistent with
the observed compositional dependence, the ex-
pected relative oscillator strengths, and the cal-
culated frequencies of WGC.

A Raman-active mode due to cations at BR sites
is expected to be in the same frequency region as
each of the far-ir modes discussed above. For
example, the close correspondence between the
K B-alumina Raman and far-ir spectra (Figs. 2
and 3) might suggest that the 98-cm™ Raman mode
is the Raman analog to the 108 -cm™ infrared mode,
and is thus also attributable to BR sites. How-
ever, there are several arguments against this:
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(i) the Raman mode appears in all g-aluminas at
nearly the same frequency® with the exception of
Rb, as mentioned previously; (ii) it corresponds
well to the purely Raman-active mode calculated
by Barker ef al.” (108 cm™) and similarly as-
signed by Hao ef al.,® as due to an in-plane oxygen
vibration weakly coupled to the metal ions; (iii) it
exhibits a very different dependence of vibrational
frequency upon composition than does the 108-cm™
infrared mode, as shown in Fig. 5. In contrast,
the other Raman-infrared pairs show very strong
correlations with composition.

It is therefore probable that the Raman analog
of the 108-cm™ infrared mode in K g-alumina is
weak, and is obscured by the stronger 98 -cm™
phonon. To pursue this point further, a sensitive
measurement of the Raman spectrum of Rb g-alu-
mina was performed in the frequency region of the
infrared BR mode (87 cm™). As discussed in Sec.
III, a distinct shoulder was observed near 90 cm™
[Fig. 4(b)]. The good correspondence of the fre-
quency of this mode with the infrared frequency
and with the predictions of WGC (78 cm™) makes
it a good candidate for the Raman peak due to BR
sites. Considering the significant decrease in
ionic polarizability in the series Rb—~ K—Na,
which corresponds with the observed decrease®
in total Raman intensity, it would be expected that
the corresponding Raman modes in K and Na 8-
alumina would be commensurately weaker. This
trend would explain their absence from the ob-
served Raman spectra in Na and K g-alumina.

All of the assignments made in this section are
summarized in Table II.

V. CONCLUSION

The assignments of spectral features to specific
cation sites made in Sec. IV were based upon (i)
the correspondence between the observed compo-
sitional dependence and that expected assuming an
interstitialcy model with random occupation of
excess cations on lattice sites; (ii) the close simi-
larity between the observed compositional depen-
dence of the Raman spectra in the Na-Rb system,
the Raman spectra in the Na-K system, and the
far-ir spectra in the Na-K system,; (iii) the detailed
comparison of corresponding spectral features in
Na, K, and Rb g-alumina for both infrared and Ra-
man measurements; (iv) the qualitative consistency
of these assignments with the results of recent
model calculations. The correspondence between
the results in the three different isomorphs and
two mixed systems and between the two experimen-
tal techniques gives internal consistency to these
assignments. The results provide strong evidence
for the existence of the correlated ion pairs treated
by WGC. In fact, the most prominent features of
the vibrational spectra have been interpreted in

terms of correlated ion-pair vibrations.

The present results are thus inconsistent with
the view® that the Raman spectra result primarily
from the motion of unpaired BR ions within a
superlattice structure. However, the role of
local ordering in determining the details of the
vibrational spectra of the B-aluminas is still not
completely understood. In this regard, it is note-
worthy that the calculated phonon spectrum?® of
nonstoichiometric K g-alumina in a superlattice
structure contains new modes, relative to those
calculated for stoichiometric g-alumina, that
compare well to the sharp pair modes assigned
in the present work. It is unclear, however,
whether the sharp structure is due to the intro-
duction (relative to the stoichiometric structure)
of pairs or to the local ordering of the pairs.
Comparison to the broad, featureless pair spec-
trum of the more disordered Na isomorph would
tend to indicate the latter. An intriguing one-to-
one correspondence between the presence of struc-
ture in the vibrational spectra and the widths of the
diffuse x-ray-scattering peaks seems to support
this view. Boilot et al.'” have deduced from the
diffuse x-ray-scattering measurements the tem-
perature dependence of the ion-ion correlation
lengths in Na, K, and Ag B-alumina, and find that
the correlation lengths for Na and for Ag (300 K)
are at least a factor of 2 smaller than those of K
and Ag (4 and 77 K). The correlation length for
Rb has already been measured'® to be significantly
larger than that of K, so that Rb also falls into the
latter group. The vibrational spectra exhibit a
one-to-one correspondence with this behavior; the
Raman spectra in Na and Ag (300 K) are broad and
featureless, while those of K, Rb, and Ag (4 and
77 K) are sharp and structured. The obvious im-
plication is that the sharp structure in the pair-
mode spectra is due to stronger ion-ion correla-
tions, i.e., local ordering. However, this view
should be taken with some caution. First, results
inferred from measurements in Ag g-alumina
should be weighed carefully in the present context,
since the excess cations in the Ag isomorph occupy
different sites than in Na, K, or Rb, and the super-
lattice structure for this material is also different.
Also, recent diffuse x-ray measurements by Mc-
Whan ef al.' indicate that the broad diffuse peaks
observed for Na and Ag (300 K) may be due not
only to static disorder resulting from the occupa-
tion of excess and compensating ions in intersti-
tial sites, but also to dynamic disorder related to
the cation motion.
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