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ABSTRACT 

Large s ing le  c r ys ta l s  o f  sodium betau-alumina were grown by slow evaporation o f  
Na20 a t  1690°C from a mixture o f  Na2C03, MgO, and AlzO3. Polarized Raman measure- 
ments were made on the  Nag" s ing le  c r ys ta l  s and on s ing le  c rys ta l  s o f  L i  , K, Rb, and 
Agfi" prepared by i o n  exchange o f  Nag". The low frequency Raman spectra o f  Na, K, Rb, 
and Ags" contained four o r  more bands due t o  v ibrat ions o f  the mobile cations. These 
r e s u l t s  were analyzed by assuming the  spectra t o  be due t o  the normal modes o f  a 
de fec t  c l u s t e r  cons is t ing o f  a cat ion vacancy surrounded by three cations. From 
model calculat ions,  the Raman band o f  Nafi" a t  33 cm-1 i s  assigned t o  the attempt mode 
f o r  d i f f u s i o n  o f  Na+ ions. The s t ruc tu re  o f  a Ag6" s ing le  c rys ta l  was invest igated 
by  neutron d i f f r a c t i o n ,  and 20% o f  the  Ag+ i o n  s i t e s  were found t o  be vacant. 
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INTRODUCTION 

Sodium betau-alumina (Nag") i s  an important 
sol id electrolyte  material because of i t s  high 
ionic conductivity: I t  has been reported [I]  
t h a t  the conductivity of Nag" i s  several times 
larger  than tha t  of Na$ over a large temperature 
range. However, in contrast t o  the case of the 
beta-a1 uminas, many physical properties of the 
betau-aluminas remain unknown because of the 
1 ack of s ingle  c rys ta l s  of suff ic ient  s ize and 
qual i ty  required by various experimental tech- 
niques. Recently we have been able to  grow 
re la t ive ly  large single c rys ta l s  of Nag". 
Studies of t h i s  material and of the L i ,  K ,  Rb, 
and Ag analogues by a variety of techniques have 
been in i t ia ted .  In t h i s  paper, we survey the 
r e su l t s  of some of these studies. We will a1 so 
discuss the resul t s  of our model cal cul ations 
which were made in order to  interpret  the Raman 
scat ter ing from Nao" as well as t o  understand 
the  conduction mechanism in t h i s  material. 

CRYSTAL GROWTH, COMPOSITION, AND CONDUCTIVITY 

Single c rys t a l s  o f  Nag"-alumina were grown by 
slow evaporation of Na20 from a mixture con- 
s i s t ing  of 35 wt .% Na2C03, 3 w t . %  MgO, and 62 
wt .% A1203 [2]. A platinum crucible was f i l l e d  
with the powdered mixture and t igh t ly  covered 
with a p l a c i n m  l i d  having a small hole (- 1 mm) 
i n  the center. The crucible was heated in a 
platinum resistance furnace a t  1150°C f o r  10 h 
i n  order t o  convert the Na2C03 t o  Na20. The 
temperature was then raised t o  1690°C and held 
a t  t h i s  point fo r  24 t o  72 h . After slowly 
cool ing t o  room temperature, s ingle  crystal  s 
a s  large as 1.5 x 1 x 0.5 cm, with the short  
dimension para1 1 el t o  the c-axis , were found on 
top  of a thick section of hard, sintered 
material in the crucible. Chemical analyses of 
s ingle  crystal  s for  Na, Mg, and A1 gave the com- 
p.0si t i  on, Na1~6Mg0 10.35017 O r  0.85 Na20. 
6 Mg0-5 Al2O3, where the oxygen content was 
assumed. to  be tha t  required for charge compen- 
sation of the Na, Mg, and A1. This composition 
i s  close t o  tha t  reported by Roth e t  a1 [3]. 

Wei ssenburg X-ray photographs of s ingle  crystal  s 
taken from each of several boules showed the 
pattern expected for Na$"[4], and the l a t t i c e  
constants determined from these data,  a, = 5.623 
A and co = 33.591 i, agree within experimental 
e r r o r  with those determined from a recent 
neutron diffract ion structure investigation of 
Nag" [5]. Sing1 e crystal  s of L i  , K ,  Rb, and 
Agg" were prepared by ion exchange in the 
appropriate molten n i t ra te .  A crystal  of 6 ~ j ~ u  
was prepared from a melt o f  6 ~ i ~ 0 3  (95% 6 ~ i t ) .  
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The conductivity of a Nag" single crystal  with 
gold blocking electrodes was measured using a 
pul sed technique [63. The sampl e was heated 
under vacuum for  2 h a t  420°C, and the con- 
duct ivi ty  was measured under vacuum from 25 to  
4OO0C. 

The resu l t s  of the conductivity measurements are 
shown in Fig. 1. These data d i f f e r  in two major 
ways from those reported in Weber's ea r l i e r  
study [I]. F i r s t ,  the conductivity of our 
sample i s  ( a t  room temperature) about one-fifth 
of tha t  measured by Weber [I], and, second, our 
conductivity val ues fol lowed Arrhenius behavior 
over the temperature range of the measurements, 
whereas the graph of Weber's log oT vs 1 / T  data 
was curved. The sol id 1 ine in Fig. 1 represents 
t h e  resul t of a l e a s t  squares f i t  of the data to  
1 og oT vs 1 /T ,  and the activation energy from 
the  slope of t h i s  1 ine i s  0.180 1 0.003 eV. The 
cause of the difference between the conductivity 
of our s ingle  crystal  s of Na$" and tha t  of 
Weber' s sample i s  not presently known, but i t  i s  
reasonable t o  assume tha t  i t  i s  due to  some 
small difference i n  sampl e composition. 

NEUTRON DIFFRACTION RESULTS 

The s t ructure of beta1-alumina was f i r s t  deter- 
mined by Bettman and Peters [4] from x-ray 
d i f f rac t ion  studies of magnesia s tabi l  ized 
s ingle  crystals .  The primitive l a t t i c e  i s  rhom- 
bohedral and belongs t o  the space group ~?;m 
( D ' ~ ) :  In the ideal s t ructure represented by 
t h 2  fonnul a u n i t ,  Na20-Mg0.5 AlzO3, there are  
s i x , ~ a +  ions i n  the t r i p l y  primitive hexagonal 
ce l l  (two in the primitive c e l l )  located on the 
6c. s i t e s  (C3v point symmetry). More 'recently 
Reidinger, LaPl aca, and Roth [ 5 ]  investigated 
the  s t ructure of Nag" using neutron diffraction. 
In the refinement of the s t ructure,  they placed 
the  ~ a +  ions i n  the 18h positions ( C S  point 
symmetry) near the 6c s i t e s  with a to ta l  occu- 
pancy of 0.88 fo r  each 6c s i t e .  Thus, the 
crystal  contains 12% fewer ~ a +  ions than the 
ideal structure.  Because each cation may occupy 
one of three equivalent 18h s i t e s  related by a . . 

three-fold rotation about the 6c position, the 
cation sub1 a t t i c e  i s  disordered. 

The specimen of Ag$" alumina used in our 
d i f f rac t ion  experiments was approximately a rec- 
tangul a r  parall el epi ped with dimensions 1.1 x 
6.0 x 4.7 mm (weight 114 mg). I t  was found by 
preliminary X-ray precession photography t o  be a 
s ingle  crystal  of good qua1 i t y  having the sym- 
metry of space group ~ 3 m .  The unit cel l  dimen- 
sions for  the t r i p l y  primitive hexagonal c e l l ,  



determined by the method of l eas t  squares from 
the second moments of 28 scans of 21 ref lect ions 
in  the 28 range to  50°, are  given in Table I .  
Standard procedures were used t o  co l lec t  and 
make a prel iminary reduction of intensi ty  data 
f o r  664 independent neutron ref l  ections. The 
prel iminary processing incl uded the appl ication 
of absorption corrections. 

Least-squares refinement of the structure of 
Ago" alumina was s tar ted using the fractional 
coordinates furnished by Reidinger [5] f o r  the 
i somorphous Nag "-a1 umina. 

A t  present, the s t ructure has been refined to  a 
discrepancy index R(F) of 0.045, using an 
isotropic  extinction parameter [7]. Only a few 
re f l  ections a re  greatly affected by exti ngtion, 
though the largest  correction fac tor  on i s  
2.69. 

In the refinement rocess, i t  was found tha t  the P dis t r ibut ion  of Ag ions i s  be t te r  described 
w i t h  use of the 6c s i t e s  with 0.80 fractional 
occupancy rather  Than with use of the 18h s i t e s  
used in the Reidinger description of the-~ag" 
s t ruc ture  151. The higher degree of disorder 
imp! ied by the use of the 181 s i t e s  appears t o  
be required in the model for  Nao" alumina in 
order to  account' for  the considerably greater 
degree of smearing out of the ~ a +  ion distribu- 
t ion  as compared with tha t  of the  Ag+ ion i n  
Ago". The contrast  between the two distribu- 
t i ons  i s  a lso c lear ly  shown by the comparison of 
t h e  anisotropic thermal parameters 111, k 2 ,  and 
U33 fo r  ~ a +  and ~ g +  given in Table I. These - 
differences imply a much t igh te r  binding of 
Ag+ compared t o  ~ a +  i n  betau-alumina, which is  
consistent w i t h  the '  r e su l t  t ha t  Nag" i s  a much 
be t t e r  conductor than Ago" [8]. 

A stereoscopic drawing of the Ago" l a t t i c e  is  
given in Fig. 2. The drawing includes the 
central  two-thirds of two adjacent unit gel1 s. 
The Ag+ ions are  displaced only + 0.097 A from 
the  plane of the O(5) atoms, whereas in the Na@" 
a1 umina the ~ a +  ions are  displaced by + 0.181 A 
from t h i s  pl ane 151. Shi f t s  of other atoms be-. 
tween the two structures  are  much smaller. The 
fractional occupancy of MgZt in the A1 (2) s i t e s ,  
assuming fu l l  occupancy of the s i t e s  by ~ 1 3 +  and 
Mg2+ together, i s  0.34, in agreement with the 
corresponding resu l t  found for  Nag" alumina [5]. 



RAMAN SCATTERING AND MODEL CALCULATIONS 

Raman s c a t t e r i n g  f rom betau-aluminas was 
i n v e s t i g a t e d  fo r  the  pr imary purpose o f  i den t -  
i f y i n g  t h e  attempt frequency f o r  i o n  t ranspor t .  
The spectrometer and experimental  techniques 
used f o r  these measurements have been described 
elsewhere [9]. The 476.5 nm l i n e  o f  an argon 
1  aser  opera t ing  w i t h  an out pu t  power o f  600 mW 
was t h e  e x c i t a t i o n  source i n  most measurements. 
Measurements were made a t  15 and 300 K f o r  a l l  
samples. The s c a t t e r i n g  geometry was def ined by 
a  se t  o f  orthogonal l a b o r a t o r y  axes denoted by 
a, a', and c, where c  i s  p a r a l l e l  t o  t h e  
c r y s t a l  1  ographic c-ax is .  The o r i e n t a t i o n  o f  a  
and a' w i t h  respect  t o  t he  c r y s t a l l o g r a p h i c  a- 
a x i s  was n o t  determined. 

A comparison o f  t h e  Raman s c a t t e r i n g  from Nag 
and Nap" be1 ow 250 cm-1 i 11 u s t r a t e d  i n  F ig.  3 
shows marked d i f ferences.  The sharp band a t  111 
cm-1 i n  t h e  Nap" spectrum i s  due t o  an E  phonon 
o f  t h e  sp ine l  b lock  and corresponds t o  t 8 e  p a i r  
o f  Elg-Ezg phonon modes o f  Nap seen a t  117 and 
110 cm-l, r e s p e c t i v e l y  [ lo] .  The remaining 
f e a t u r e s  i n  Fig. 3 a r e  due t o  v i b r a t i o n s  o f  t h e  
~ a +  i o n s  i n  t h e  r e s p e c t i v e  ma te r ia l s .  For Nap, 
o n l y  a  s i n g l e  broad band centered a t  - 63 cm-1 
can d e f i n i t e l y  be ascr ibed t o  ~ a +  v i b r a t i o n s ,  
whereas, f o r  Nap", f i v e  o r  s i x  bands, observed 
i n  d i f f e r e n t  p o l a r i z a t i o n s  (see be1 ow) , are  
assigned t o  mobi le  c a t i o n  v i b r a t i o n s .  

Raman spect ra  o f  Na, K, and A p" measured a t  15 
K i n  t h e  reg ion  below 250 c  f o r  ( a ' a ' )  
p o l a r i z a t i o n  are  shown i n  F i g  4 .  The sharp 
band which appears a t  111 cm-i f o r  Nag", 116 cm-1 
f o r  Kg", and a t  109 cm-1 f o r  Agg" i s  due t o  an 
E phonon o f  t h e  sp ine l  b lock  as noted above. 
~ 8 e  s i g n i f i c a n t l y  l a r g e r  w id th  o f  t h e  Kg" phonon 
peak compared t o  t h a t  o f  Na$" o r  Age" may be 
caused by ove r lap  o f  t h i s  f e a t u r e  w i t h  a  band 
due t o  a  mode o f  t h e  K+ ions.  Po la r i zed  Raman 
spec t ra  o f  L i g "  i n  the  r e g i o n  below 250 crn-1 
conta ined o n l y  t h e  E phonon peak a t  110 crn-1, 
We t h e r e f o r e  a t t r i b u ? e d  the remain ing bands i n  
F ig.  4 t o  v i b r a t i o n s  o f  t he  mob i le  c a t i o n s  i n  
t h e  respec t i ve  @"-a1 uminas. J u s t  as we repor ted  
p r e v i o u s l y  f o r  t he  case o f  L i$ -a1  umina [ 9 ] ,  
Raman bands due t o  ~ i +  modes i n  L i g "  were found 
i n  a  much h igher  energy reg ion  (between 375 and 
475 cm-1) t han  expected based on the  frequencies 
observed f o r  Na@". The frequencies o f  t h e  Raman 
bands assigned t o  mob i le  c a t i o n  v i b r a t i o n s  are  
1  i s t e d  i n  Tab1 e  11. The 22 cm-1 band o f  Agg" 
n o t  shown i n  Fig. 4 was seen o n l y  i n  samples o f  
good o p t i c a l  qua1 i t y  w i t h  l ow  background scat- 
t e r i n g .  



We have made mode1 ca1 cul a t i  ons simi 1 a r  t o  those 
f o r  the beta-aluminas [ll] i n  order t o  
understand the Raman scat ter ing from the mobile 
cations and t o  study the conduction mechanism of 
the  betau-a1 uminas [12]. The potential energy 
model incl uded Coulomb, short-range repul s ive,  
and pol a r i za t i  on. energy terms. Starting from 
the  ideal structure of N ~ s "  w i t h  a l l  6c 
Na' s i t e s  occupied; a ~ a +  ion was removed from 
the  crys ta l ,  and 13 Na+ ions near the vacant 
s i t e .  were allowed t o  re1 ax so as t o  minimi.ze the 
to t a l  potential energy of the system. 

The calcul ated minimum energy configuration of 
the  ions i s  i l l u s t r a t ed  i n  Fig. 5. This figure 
shows the 02' ions i n  the conducting layer,  the 
calculated positions of the ~ a +  ions, which are 
d i spl aced a1 ternately above and be1 ow the pl ane 
of the 02- ions, and the vacant sodium s i t e .  
The three Na+ ions surrounding a vacancy relax 
inward toward the vacancy, and the surrounding 
cations relax away from t h e i r  ideal positions as 
shown in the figure. This r e su l t  explains why, 
from the neutron d i f f rac t ion  data [5], a l l  of 
the  Na+ ions were found to  be located on the 18h 
positions near the 6c s i t e s .  The C3, symmetry 
a t  a vacant s i t e  may or  may not be preserved 
depending on the vacancy-ion distance. O u r  
calculat ions showed tha t  the most s table  con- 
f igurat ion above 0 K has one vacancy-cation 
distance s1 ightly larger  than the other two. 
The symmetry about the vacancy in this case i s  
C ,  rather  than C3,,. In the analysis of the 
Raman data,  we have chosen an orthogonal co- 
ordinate system such tha t  y i s  parallel t o  the 
1 ine connecting the 6c s i t e s  in the conducting 
plane , and z i s  para1 l e l  t o  the crystal-  
lographic c-axis. The mirror plane of the 
Cs s i t e  in t h i s  system i s  the yz plane. 

We have analyzed the Raman data based on the 
1 ocalized normal modes of a defect c lus te r  con- 
s i s t ing  of a vacant s i t e  surrounded by three 
cat ions (Fig. 5).  As noted above, i t  was found 
from our model calculations tha t  a c lus te r  of 
Cs symmetry i s  the most s table  configuration a t  
temperatures above 0 K. The irreducible repre- 
sentations of the modes of a Cs c lus te r  are  
given by r =  5A' + 4A". These include modes 
which can be described by internal and external 
normal coordinates of the cl uster.  Because 
there  are  three equivalent orientations of the 
c lus t e r  related by three-fold rotations about a 
6c s i t e ,  the change i n  the orientation of the 
coordinate axes on rotation about the three-fold 
ax is  m u s t  be taken in to  account in order t o  
determine the polarization of the 1 ight scat- 
tered by the A '  and A" modes. If  a represents 



I the scattering tensor a t  one s i t e ,  then the 
scattering tensor a t  the other s i t es  i s  given by 
a '  = R U R ~ ,  where R i s  a transformation matrix 
for  rotation by a/3  or 2a/3 about the z axis. 
Here, a corresponds to  a(A8) or a(A") of the 
C point group. Since the Raman intensity for2 
t i e  ( i j )  polarization i s  proportional to (a ' - - )  , 
the total scatterinq from the clusters in a]! 
three 0rien)ations i s  proportional to (a! If, 
where (a;j)T I j + + 

These terms represent. the elements of the .trans- 
formed tensors, a' (A' ) and a' (A"). Detail s of 
t hi s calcul ation are given el sewhere [3]. 

The effect of summing .over the three orien- 
tat ions i s  t h a t  both a(A1) and a(A") contribute 
t o  the scattering in each of these polariza- 
t ions,  so t h a t  a l l  Raman active modes are 
allowed in (a '  a' ) , (a '  a) , and (ca) pol ari  za- 
tions. This accounts for the fact  that the same 
Raman peaks were observed in al l  three of these 
pol arizat.ions. On the other hand, the calcul a- 
t ions a1 so show t h a t  i t  i s  possible .to 
distinguish between the A '  and A" modes, since 
A '  modes will give r i se  t o  Raman peaks i n  (cc) 
polarizati.on, while the A" modes are forbidden 

' . i n  th i s  polarization. This result was .used to 
assign the bands l i s t ed  in Table.11 t o  either A '  
o r  A" modes: Those bands whi,ch were observed in 
(cc) polarization were assigned t o  A '  modes, 
while the remaining peaks were assigned t o  A" . 

modes. 

The frequencies of several vibrational modes of 
the defect cl uster were calculated from our 
model of Nag". The atomic displ acements and 
corresponding frequencies of two of these modes 
are  given in Fig .  6. The mode of Fig. 6(a) i s  a 
symmetric vibration of A '  symmetry, and the 
calculated frequency of 100 cm-1 agrees well 
w i t h  the frequency of a band observed a t  93 . 
cm-1 and assigned to an A '  mode. The mode 
i l lustrated in Fig. 6(b) has A" symmetry since 
i t  i s  asymmetric w i t h  respect to reflection in 
the vertical (0 ) plane. The calculated fre- 
quency of 30 cmYf i s  close t o  a Raman band 
observed a t  33 cm-1 and attributed to an A" 
mode. 

I t  can be seen in Fig. 6(b) t h a t  extending the 
atomic displacement vectors of the two atoms 
which move along the 1 ines. connecting the 6c 
s i t e s  will lead to a jump diffusion step.' We 
therefore associate the 33 cm-1 (1.0 x 1012 Hz) 
Raman band with the attempt frequency for dif- 
fusion of ~ a +  ions in betau-alumina. 



Calculations of the frequencies for  the vibra- 
t ional modes of defect c lus te rs  in K- or Agg" 
have not yet been attempted. Because force 
constant changes often occur with changes i n  the 
type of mobile cation, assignments of the Kg" . . 

and AS$" Raman spectra based on a simple reduced 
mass scaling of the Nag" frequencies are not 
re1 iable. This point i s  underscored by com- 
paring the observed ~ i +  frequencies (Table 11) 
w i t h  those calculated from the observed 
~ a +  frequencies. 

CONDUCTION MECHANISM 

Ion transport  i n  betau-alumina occurs by means 
of a vacancy mechanism [12], and we have made 
some prel iminary model calculations of the 
d e t a i l s  of t h i s  mechanism. Star t ing with the 
minimum energy configuration shown i n  Fig, 5 ,  
one -of  the three ~ a +  ions neighboring a vacancy 
was moved i n  small steps toward the vacant s i t e .  
Nearby ~ a +  ions were a1 1 owed t o  re1 ax a f t e r  each 
s t ep  i n  order to  mi'nimize the potential energy, 
T h i s  ,process was continued until the ion and 
vacancy exchanged s i t e s .  The activation energy, 
taken to  be the difference between the potential 
energy a t  the saddle point and the potential 
energy . a t  the equil ibrium configuration, was 
calculated t o  be. about 0.02 eV. Although the 
calculated activation energy i s  much smaller 
.than the experimental value of 0.18 eV (-Fig. 
I ) ,  i t  i s  corisistent w i t h  the low attempt fre- 
quency observed a t  33 cm-1. Assuming a random 
walk model for  a two-dimensional jump diffusion 
process, the  pre-exponential factor  was calcu- 
la ted to  be o0 = 39.6 vo, where vo (cm-1) i s  t h e ,  
attempt frequency. 

The Arrehenius equation for  the graph. i n  Fig. 1 
i s  given by 

while the expression derived from the model 
calcul ation i s  

- using the calculated attempt frequency, vo - 
30 cm-1. Not only i s  the calculated activa- 
t i on  energy (0.02 eV) an order of magnitude 
smaller than the measured value, b u t  the 
calcul ated pre-exponential fac tor  i s  1 i kewise 
nearly an order of magnitude smaller than the 
experimental resul t. The disagreement between 
experiment and theory can be resolved by 



assuming a temperature dependent a c t i v a t i o n  
energy: 

The c o e f f i c i e n t  o f  T was ca lcu la ted  by 
r e q u i r i n g  t h a t  Eq. (1 )  y i e l d  t h e  same values 
o f  aT  as g iven by Eq. (2 ) .  Add i t i ona l  terms 
o f  order  ~2 o r  h igher  i n  Eq. ( 3 ) c o u l d  
exp la in  t h e  curvature  ' i n  t h e  l o g  aT vs. 1/T 
graph o f  Weber's data [I]. The o r i g i n  o f  - t h e ' .  . 

temperature dependence o f  Ea i s  no t  known : a t  
t h e  present time, bu t  i t  does seem t o  be . . 

r e q u i r e d . i n  .order t h a t  the  low attempt f r e -  . . .  

quency be associated w i t h  h i g h  i o n i c  conduc- 
t i v i t y .  
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TABLE I. STRUCTURAL DATA FOR AS-BETAu-ALUMINA 

0 

U n i t  c e l l  parameters: ( a )  a, = 5.6295(15) A 
c o  = 33.4210(10) 8 

Composition: 0.80 Ag20 0.66 MgO 5 A1203 

0.80 ~ g +  on 6c 0.34 M ~ ~ +  on A1 (2)  s i t e s  

Ani so t rop i  c Thermal Parameters ( ' b d  ( i 2 )  

( a ) ~ a r a m e t e r s  f o r  t r i p l y  p r i m i t i v e  hexagonal 
u n i t  c e l l .  . - .  . . . .  

( b) From t h e  temperature f a c t o r  expression, 
e ~ ~ [ - 2 1 ~ 2 ( h ~ a * ~ ~  1 + k 2b*2uZ2 + I ~ C * ~ U  3 + 
2hka*b*U12 + 2 h l a * c * ~ ~ ~  + 2k l  b*c*Up3)$. . . ' . . 

( c) sod i um parameters from r e f .  151. 



TABLE 11. FREQUENCIES OF RAMAN BANDS 
ASSIGNED TO VIBRATIONS OF MOBILE 
CATIONS I N  BETA"-ALUMINAS 

Frequencies (cm- l ) (ayb)  

. . .  445(A1)- .437(A1) 220(A:') . . -  

409(A1) . . 397(A1) . 1 7 0 ( A 1 ) '  . 
. . . .  

142(A1)  9 0 ( ~ " )  ' 9 0 ( ~ '  j . . 

93(A1)  7 8 ( ~ @ )  50('A1) 
85 (A") 73 (A") 31 (A' ) 

. . . . - 32(AU) . . 22(A" ) 

. . . . . .  
(a)  Frequencies f o r  'Na, K, 'and 'Ag6"-a1 umina . . . . . . . . . . . . . . . . . . . .  . . . . . . .  observed a t  25 - K. Frequencies f o r  . 6 ~ i - ,  and, 

' ' 

7~i$" observed a t  300 K. - . . . 
. . 

. . .  
. . 

. . . .  . . . . 

. ( b )~s :s i  i n m e i t ,  t o  A '  o r  A" species o f .  C i  p o i n t '  . . 

group .'based' on di'scussion' i n  t e x t .  . , . . . . . .  . . 
. . .  . . .  . . . . .  . . . . 



FIGURE CAPTIONS 

Fig. 1. Ionic conductivity of a Na betau- 
alumina s ing le  crysta l  as a function of tem- 
perature. The so l id  l i n e  is the  r e s u l t  of a 
leas t -squares  f i t  of the  conductivity data t o  an 
Arrehenius equation. 

Fig. 2. Stereoscopic drawing of the  centra l  
two-thirds of two adjacent hexagonal uni t  ce l l  s  . 
of  Ag betau-a1 umina. The small' c i r c l e s  1 abell ed. 
A represent t he  ~ g +  ions. The other  small and 
l a rge  c i r c l e s  w i t h  numerals represent the  
various c rys ta l  1 ographical l y  d i s t i n c t  A13+ and 
02- ions,  respectively.  

Fig. 3. Comparison of the  Raman sca t te r ing  from 
Na$"-alumina and Na0-a1 umina measurtid a t  15 K. 
( a )  Spectrum of  N ~ s "  f o r  (ca) polarization.  
(b )  Spectrum. of  Nae f o r  ( a '  a) polarization.  

Fig. 4. Raman spectra of Na, K, and Ag$"- 
alumina f o r  ( .a 'a t  ) polar izat ion measured a t  15 
K. . . 

Fig. 5. Calc'ul ated positi 'ons of ~ a +  ions near 
t h e  plane defined by t h e  02- ions in Na$"- 
a1 umina. Small sol id c i r c l e .  denotes vacant 
cation.  si te. .  

~ i ~ . - " 6 .  Calcul ated frequencies and schematic 
atomic displ  acements f o r  several vibrational  
modes of t h e  defect  c l u s t e r  i n  Na0"-alumina. 
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