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I ABSTRACT 

Conduct iv i ty anomalies observed i n  mixed ion  beta-aluminas have been inves t i -  
gated by model calculat ions.  These ca lcu la t ions inc lude Coul omb, short-range 
repuls ive,  and po la r i za t ion  energy terms and show tha t :  1. When l a rge  mobile cat ions 
are introduced i n t o  beta-aluminas having smaller cations, the l a rge  cat ions tend t o  
occupy pos i t ions  near Beevers-Ross s i t e s  alone. 2. Small mobile cat ions introduced 
i n t o  a beta-alumina having l a rge r  mobile cat ions tend t o  form pa i r s  e i t h e r  wi th them- 
selves o r  w i t h  the  l a rge r  cations. 3. For a mixed i on  pair,  the ac t i va t ion  energy 
o f  the  l a r g e r  i o n  t o  escape from the  shared potent ia l  well  i s  much higher than t h a t  
o f  the  smaller ion. 
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INTRODUCTION 

Recent resu l t s  of NMR [I] ,  Raman scattering 
[2,3], IR [Z],  diffusion [41, and ionic conduc- 
t i v - i ty  [3,5-91 measurements on mixed-ion beta- 
a1 uminas have revealed several important 
phenomena in these systems. These include anom- 
a1 i e s  in conductivity and the preferential occu- 
pancy of particular kinds of s i t e s  for  certain 
types of ions. We have t r i ed  t o  understand 
these phenomena by calcul ating the potential 
energies of various mobile cation arrangements 
in the conducting plane i n  order to  find the 
most s table  configurations and the activation 
energies of diffusion. The calcul ations take 
in to  account Coulomb, short-range repul si  ve, and 
pol arization energy terms, and are similar to  
those reported previously [10], 

Beta-a1 uminas have a 1 ayered structure con- 
s i s t ing  of densely packed spinel blocks of oxy- 
gen and aluminum ions separated by open 
conducting pl anes (mirror pl anes) . The con- 
ducting planes are occupied by oxygen ions 
(cal led "column" oxygen ions) and mobile 
cations. There are  three kinds of cation s i t e s  
i n  the conducting plane A Beevers-Ross (BR) 
s i t e  i s  formed by s ix  02- ions ( three  above and 
three be1 ow) from the neighboring spinel bl ocks , 
b u t  an anti-Beevers-Ross (aBR) s i t e  i s  formed 
only by two (one above and one below). In the 
conducting pl ane, however, both the BR and aBR 
s i t e s  have three neighboring column oxygen ions 
( Fig. 1 , The mid oxygen (mO) s i t e  1 i e s  between 
two column oxygen ions and midway between neigh- 
boring BR and aBR s i t e s .  

In the ideal s t ructure of beta-alumina, the 
number o f  mobile cations i s  equal to  the number 
of BR s i t e s .  Each mobile cation in t h i s  case 
tends t o  occupy a BR s i t e  because of the deep 
potential well formed by three neighboring aBR 
s i t e s  and three column oxygen ions [ lo] ,  as 
indicated by the dotted l ines  i n  Fig .  1. Beta- 
alumina nominally contains about 15 t o  30 % 
excess cations compared to  the ideal structure.  
If  an excess cation i s  p u t  in to the ideal struc- 
tu re ,  i t  tends t o  share a potential well with 
another cation. The previous calcul ations [ lo ]  
indicated tha t ,  because of the correl a t i  ve 
motion of paired ions, the activation energy for  
one of the ions in a pair  t o  move out of the 
potential well t o  form a new pair in a neigh- 
boring potential well i s  quite small. As a 
r e s u l t ,  the conductivity of beta-aluminas i s  
mainly determined by the excess ions. 



When mixed-ion beta-aluminas are  formed through 
i o n  exchange, i t  i s  important  t o  know which i o n s  
t e n d  t o  form p a i r s  and which i o n s  tend t o  occupy 
BR s i t e s  alone. Changes i n  t h e  a c t i v a t i o n  
energy o f  b reak ing  i n t e r s t i t i a l  i o n  p a i r s  i n  
mixed i o n  beta-aluminas as compared t o  the  pure 
m a t e r i a l s  can r e s u l t  i n  unexpected changes i n  
t h e  i o n i c  c o n d u c t i v i t y .  

The c r y s t a l  s t r u c t u r e  parameters used f o r  t h e  Na 
and L i  beta-a1 urnina c a l  cu l  a t i o n s  were taken from 
Pe te rs  e t  a l .  f o r  Na beta-alumina [ I l l ,  and 
those f o r  t h e  K beta-a1 umina c a l c u l  a t i o n s  were 
taken from t h e  data o f  De rn ie r  and Remeika [12]. 
A1 1 parameters such as i o n i c  r a d i i  and pol a r i  za- 
b i l i t e s  used i n  t h i s  work a re  the  same as those 
used i n  [lo]. A l l  mob i le  ca t ions ,  except ~i+, 
were r e s t r i c t e d  t o  move along the  conduct ing 
pa ths  connect ing neighbor ing BR and aBR s i t e s .  
Because o f  t h e i r  small radius,  s i n g l e  L i t  i o n s  
tend  t o  dev ia te  above and below t h e  conduct ing 
p lane a t  t h e  BR s i t e s ,  and pa i red  L i +  i o n s  tend 
t o  dev ia te  toward column oxygen ions  i n  t he  con- 
d u c t i n g  p lane [13]. The c a l c u l a t i o n s  a l lowed 
f o r  t h i s  dev ia t i on ,  b u t  t he  parameters o f  t h e  
shor t - range repu l  s i v e  term were changed whenever 
t h e  d i s tance  between a tit and an 02' i o n  became 
sma l le r  than t h e  sum o f  t h e i r  r a d i i  i n  o rder  t o  
p revent  t h e  i ons  from c o l l  apsing (pol  a r i  z a t i  on 
ca tas t rophe) .  Th i s  problem was hand1 ed i n  t he  
same manner as descr ibed i n  a prev ious work [14]. 

ION CONF IGURATIONS 

When a K+ i o n  i s  in t roduced i n t o  the  i d e a l  
s t r u c t u r e  o f  Na beta-alumina, i t  may e i t h e r  
occupy a p o s i t i o n  near a BR s i t e  alone o r  
share a p o t e n t i a l  we1 1 t o  form a p a i r  w i t h  a 
~ a +  i o n  as shown i n  F ig.  2. The p o t e n t i a l  
energy d i f f e r e n c e  between the  two s i t u a t i o n s  
i s  g iven b y  

V(Na--K, Na) - V(Na--Na, K) = 0.11 eV, 

where V(X--Y, Z) represents the'  p o t e n t i a l  energy 
o f  t h e  system when X and Y form a p a i r  and Z 
occu.pies a ne ighbor ing  RR s i t e  alone. The f i r s t  
te rm o f  t h e  equat ion corresponds t o  the  poten- 
t i a l  energy o f  t h e  c o n f i g u r a t i o n  shown i n  Fig. 2. 
Because V(Na--Na,K) < V(Na--K,Na) , a K+ i o n  i n  
Na beta-alumina tends t o  occupy a p o s i t i o n  near 
a BR s i t e  alone. 



On t h e  o t h e r  hand, when a Naf ion is  i n t r o -  
duced i n t o  t h e  i dea l  s t r u c t u r e  o f  K be ta -  
a1 umina, i t  t ends  t o  form a pai r w i t h  a 
K+ ion :  

V(K--K, Na)' - V(K--Na, K )  = 0.14 eV. 

These and simi 1 a r  resu l  ts  c a l  cul a t e d  f o r  o t h e r  
mixed c r y s t a l s  a r e  summarized i n  Table  I .  I t  i s  
g e n e r a l l y  true t.hat when l a r g e r  mobile c a t i o n s  
a r e  in t roduced  i n t o  a beta-alumina con ta in ing  a 
s m a l l e r  mobile c a t i o n s ,  t h e y  tend  t o  occupy 
p o s i t i o n s  near  BR si tes alone.  I n  c o n t r a s t ,  
s m a l l e r  mobile c a t i o n s  in t roduced  i n t o  a beta-  
alumina c o n t a i n i n g  1 a r g e r  mobile c a t i o n s  tend  t o  
form p a i r s  e i t h e r  among themselves  o r  with the 
1 a r g e r  c a t i o n s .  

Our c a l c u l  a t i o n s  a1 s o  show t h a t  when a doubly 
charged c a t i o n  i s  in t roduced  i n t o  the idea l  
s t r u c t u r e  o f  beta-alumina,  i t  wi l l  not form an 
ion  p a i r  w i t h  a s i n g l y  charged c a t i o n .  Rather ,  
from cha rge  n e u t r a l i t y  c o n s i d e r a t i o n s ,  the 
doubly charged c a t i o n  wi l l  r e p l a c e  a mobile ion 
p a i r .  

ACTIVATION ENERGIES 

The a c t i v a t i o n  energy f o r  t h e  escape  o f  one t y p e  
o f  ion  ou t  o f .  the p o t e n t i a l  well o.f a m.ixed ion . . 

p a i r ,  a s  i l l u s t r a t e d  i n  Fig. 2 ,  may be q u i t e  
d i f f e r e n t  from t h a t  o f  t h e  o t h e r  ion type. 
Because o f  the d i f f e r e n c e  i n  i o n i c  r a d i i  and 
pol a r i z a b i l  i t i e s ,  the two ions  exper ience  d i f -  
f e r e n t  p o t e n t i a l  s i n  the same po ten t i  a1 we1 1 . 
As t h e  i o n s  a t tempt  t o  escape  from the reg ion  
through c o r r e l  a t i v e  motion, t h e  smal l ' e r  ion 
r e c e i v e s  more he lp  from t h e  l a r g e r  ion than t h a t  
t h e  l a r g e r  ion can r e c e i v e  from t h e  sma l l e r  one..  
The c a l c u l a t e d  a c t i v a t i o n  e n e r g i e s  f o r  the 
e scape  o f  a c a t i o n  from a mixed c a t i o n  p a i r  in  
L i  ,' Na, and K beta-aluminas a r e  given i n  Table  
I  I .  In the n o t a t i o n  o f  this tab1 e ,  (X--Y*,, Z) , 
Y* denotes  t h e  ion escaping  from t h e  mixed X-Y 
p a i r ,  and Z deno te s  t h e  ion w i t h  which Y forms a 
new p a i r .  For example, t h e  c a l c u l a t e d  a c t i v a -  
t i o n  energy f o r  t h e  escape  o f  the K +  ion i n  Fig. 
2 ou t  o f  t h e  p o t e n t i a l  well which i t  sha re s  with 
a Na+ ion t o  form a new K + - ~ a +  p a i r  i n  a neigh- 
bo r ing  p o t e n t i a l ,  well- i s  

E ( N ~ - - K * ,  Na) = 0.30 eV , 

The a c t i v a t i o n  energy f o r  t h e  ~ a +  ion  t o  
e scape  from t h e  shared  p o t e n t i a l  well i s  much 
small  er : 

E ( K - - ~ a * ,  Na) = 0.15 eV . 



In general, for  a mixed ion pair ,  the activation 
energy fo r  escape of the larger ion from the 
shared potential well i s  higher than tha t  of the 
smaller ion. 

INTERPRETATION OF EXPERIMENTAL RESULTS ' 

The  ama an spectrum of K beta-alumina shows two 
pronounced bands near 69 and.80. cm-1 due to  
K+ ions [3]. Introduction of a small amount of 
~ a +  [2] or  Li+ [3] ions into the crystal  causes 
the  intensi ty  of the 69 cm-1 band to  decrease 
while the intensi ty  of the 80 cm-1 band remains 
essent ia l ly  the same. These.results can be 
explained by assigning the 80 cm-1 band t o  
s ingle  K+ ions and the 69 cm-1 band to K+-K+ 
pairs. From Table I we see that  smaller ions 
such as ~ i +  introduced into K beta-alumina tend 
t o  form Li+-K+ pairs  f i r s t  and Li+-Li+ next. + + This reduces the number of K -K pairs  but, a t  
l e a s t  in the early stages of ion exchange, will 
not s ignif icant ly change the nmber of s ingle  
K+ ions. Introduction of small amounts of 
~ n 2 +  into K beta-alumina [3] a1 so reduced the 
in tens i ty  of only the 69 cm-l band, a resul t 
which supports the above assignments. . .. . . . 

High f i e ld  NMR spectra of mixed Na-Li beta- 
alumina by Highe and Vaughan [I] showed a pair 
of sate1 1 i t e s  due t o  nucl ear magnetic quadrupo- 
l a r  interaction i n  samples of 50% or  more sub- 
si tuti-on of ~ a + .  by Li'. The positions of the . , 

s a t e l l i t e s  depend on the lithium concentration. 
For a 91% substituted sample, the spec t rm near 
the  ,central peak shows defini te  structure.  From 
our calculations we be1 ieve tha t  for  low Li con- 
centrat ions,  L i+-~a+  and Li+-Li+ .pairs a re  
formed in the conducting plane. A1 though points 
in  the conducting plane have zero e l ec t r i c  f ie ld  
in  the c-direction (because of the  . re f lec t ion  
symmetry of the mirror plane), they have high 
f i e l d  gradients along the c-direction. I t  i s  
possible tha t  a pair of s a t e l l i t e s  ex is t  in t h i s  
case f a r  away from the central peak and were not 
observed. As more Li+ ions are introduced into 
the  c rys ta l ,  they begin t o  occupy positions near 
B R  s i t e s  alone' and deviate about + 0.8 away 
from the, conducting pl ane [13,14]. Our prel imi- 
nary calculations indicate that  the f i e ld  gra- 
dients are  very small in t h i s  case, and we 
believe that  t h i s  produces the s a t e l l i t e  pair 
observed by Highe and Vaughan. . Thus, the struc- 
tu re  of the central peak i s  due t o  the occupancy 
of more than one kind of s i t e  by the ~ i +  ions a t  
high Li concentrations. We believe that  the 
concentration dependence of the sate1 1 i t e  posi- 
t ion  i s  due t o  the mutual Coulomb repul si ve 
interact ion between the Li+ ayers next t o  a 
conducting pl ane (about 1.6 apar t ) .  When. 



more L i +  i ons  go i n t o  these two l a y e r s  a t  h igher  
concent ra t ions ,  t h e  f i e l d  g rad ien t  a long the  c- 
d i r e c t i o n  becomes st ronger,  and the  separat ion 
between t h e  two s a t e l l i t e s  becomes la rge r .  

Roth and F a r r i n g t o n  [5 ]  repo r ted  t h a t  i n  Na-Li 
beta-a1 umina (-50% L i +  s u b s t i t u t i o n )  , t h e  con- 
d u c t i v i t y  i s  much h igher  than t h a t  o f  t h e  pure 
L i  beta-a1 umina b u t  i s  almost complete ly  due t o  
L i +  ions. To understand t h i s  phenomenon, we 
show i n  Fig. 3  a L i + - ~ a +  p a i r  i n  Na beta- 
alumina. Not ice  t h a t  t h e  L i +  i o n  can jump out  
o f  t h e  shared p o t e n t i a l  we l l  a long two poss ib le  
paths, i n  con t ras t  t o  t h e  s i t u a t i o n  shown i n  
F ig.  2 f o r  a  ~ a + - K +  p a i r  i n  which t h e r e  i s  o n l y  
one path a v a i l a b l e  f o r  a  sodium jump. From 
Tab le  I1 we see t h a t  t h e  a c t i v a t i o n  energy 
r e q u i r e d  t o  move t h e  ~ i +  i o n  out  o f  t h e  shared 
p o t e n t i a l  we l l  (0.24 eV) i s  much smal ler  than 
t h a t  needed t o  move the  ~ a +  i o n  (0.65 eV). It 
i s  a1 so smal ler  than t h e  a c t i v a t i o n  energy f o r  
L i +  i n  pure L i  beta-alumina (0.38 eV). 
Therefore, t h e  L i +  i o n  can move q u i t e  e a s i l y  
f rom one Na+ i o n  t o  another. The c a l c u l a t e d  
a c t i v a t i o n  energy (0.24 eV) i s  q u i t e  c lose  t o  
t h a t  observed from c o n d u c t i v i t y  measurements o f  
mixed Li-Na beta-aluminas [3]. S i m i l a r  argu- 
ments can a l s o  qua1 i t a t i v e l y  e x p l a i n  the  reduc- 
t i o n  o f  d i f f u s i v i t y  and c o n d u c t i v i t y  observed 
a f t e r  i n t r o d u c i n g  K+ i o n s  i n t o  Na beta-alumina 
[4,7,8], doubly charged i o n s  i n t o  Na and K  beta-  
aluminas [3,4,9] and Na+ i o n s  i n t o  K  beta- 
a1 umi na [7]. 
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TABLE I. CALCULATED POTENTIAL ENERGIES OF 
VARIOUS I O N  CONFIGURATIONS I N  L i  , 
Na, AND K BETA-ALUMINAS. 

Host Ion Potent ia l  
Mater ia l  ~ o n f i ~ u r a t i  on(a) Energy (eV) (b )  

Li-beta (L i - -L i ,  Na) V 1 
( L i - - ~ a ,  L i )  . V 1  + 0.20 

Na- beta (L i - -L i ,  Na) 
(Li--Na, L i )  

t Na--Li , Na 
Na--Na, L i  1 

K-beta (L i - -L i  , . K). 
(Li--K, L i )  

(Na--Na, K) 
(Na--K, Na) 

- 
( a )  1n the notat ion,  (X - -Y ,  Z) , X--Y denotes the 

pa i red ions, and Z denotes the i on  occupying 
a neighboring BR s i t e  alone. 

( b ) ~ l ,  V2, . . . , V9 represent a r b i t r a r y  reference 
. po ten t i a l  energies. 

. . 



TABLE 11. ACTIVATION ENERGIES OF DIFFUSION I N  
L i  , Na , AND K BETA-ALUMINAS. 

Host Ion Ac t i va t i on  Enerqy (eV) 
Mater ia l  . - Configurat ion Cal c. obi: ' - 

L i -beta  . ( ~ i - - ~ i : ,  ~ i ) ( ~ )  0.38 . 0.378 (b)  
(Na--Li*, L i )  0.24 
(Li--Na , Li.) 0.65 

Na-beta (~a--~a:, Na) 0.20 0.165 (b)  
(Na--Li*, Na) 0.24 . . 
( L i - - ~ a * ,  Na) 0.65 
( L i - - L i  , Na) 0.43 

( a ) ~ n  the no ta t i on  (X--Y*, Z), Y* denotes the  i o n  
. . . . .  escaping from .the X-Y pa i r ,  and Z denotes the  

i o n  w i t h  which Y forms a new p a i r  i n  a neigh- 
bo r ing  po ten t i  a1 we1 1 . 

( b, ~ r o m  Reference 4. 



F IGURE CAPTIONS 

Fig.  1. Idea l  s t r u c t u r e  of t he  conduct ing 
p lane o f  beta-alumina. Sol i d  c i r c l e s  are  , 

column oxygen ions; open c i r c l e s  are  mobi le  
c a t i o n s  on BR s i t e s ;  unoccupied hexagon v e r t i c e s  
a r e  aBR s i t e s ;  and s i t e s  between neighbor ing BR 
and aBR s i t e s  a re  mO s i t e s .  A mob i le  c a t i o n  i n  
t h e  i dea l  s t r u c t u r e  i s  i n  a  deep p o t e n t i a l  we l l  
i n d i c a t e d  by t h e  d o t t e d  l i n e s .  

F ig.  2. Minimum p o t e n t i a l  energy con- + + f i g u r a t i o n  o f  a  Na -K p a i r  i n  Na beta- 
alumina. The l a r g e  open c i r c l e  i s  t h e  
K+ ion,  and the  smal ler  open c i r c l e s  are  
~ a +  ions. 

F ig.  3. Minimum p o t e n t i a l  energy con- 
f i g u r a t i o n  o f  a  ~ a + - ~ i +  p a i r  i n  Na beta- 
a1 umina. The small open c i r c l e  i s  t h e  - , 

~ i +  ion,  and t h e  1  arger  open c i r c l e s  a re  
~ a +  ions. 



REFERENCES 

1. A. Highe and R. W. Vaughan, J. Chem. 
Phys. 69, 4206 (1978). 

2. P. B. K le in ,  D. E. Schafer, and U. 
Strom, Phys. Rev. B l8, 4411 (1975). 

3. T. Kaneda, J. B. Bates, J. C. Wang, and 
H. Engstrom, these proceedings. 

4. Y. F. Y. Yao and J. T. Kummer, J. Inorg. 
Mucl . Chem. 29, 2453 (1967). 

5. W. L. Roth a 3  G. C. Far r ing ton ,  Sci.  
196, 1332 (1977). - 

6. G. C. Fa r r i ng ton  and W. L. Roth, 
E lec t roch im ica  Acta 22, 767 (1977). 

7. G. V. Chandrashekhar and L. M. Foster,  
Sol i d  S ta te  Commun. 27, 269 (1978). 

8. Y. Lazennec, C. Lasne, P. Margot in,  and 
J. Fa l l ey ,  J. Electrochem. Soc. 122, 734 
(1975). 

9. D. R. F l i n n  and K. H. Stern, J. 
Electrochem. Soc. 123, 978 (1976). 

10. J. C. Wang, M. G a f f a r i ,  and S. Choi, J. 
Chem. Phys. 63, 772 (1975). 

11, C. R. ~ e t e r s T ~ .  Bettman, J. W. Moore, 
and F?. D. G l  i c k ,  Acta Cryst.  m, 1826 
(1971). 

12. P. D. Dern ie r  and J. P. Remeika, J. 
Sol i d  S t a t e  Chem. l7, 245 (1976). 

13. J. C. Wang, J. B. Bates, and T. Kaneda, 
B u l l .  h e r .  Phys. Soc. 23, 241 (1978). 

14. T. Kaneda, J. B. Bates, and J. C. Wang, 
Sol i d  S t a t e  Comnun. 28, 469 (1978). 



. . . .  . . .  . . . . . . . .  ......... . . . . . . . . . . . . .  . .  " ?!, .',.-:-,;; -...- ; - - 2.-.-. . . . . ..,.;- . . . . .  : .  ,>, 
. : .  F ig.  1. Idea l  s t r uc tu re  of the conducting 

plane o f  beta-alumina. Sol i d  c i r c l e s  are 
, column oxygen ions; open c i r c l e s  are mobile 

ca t i ons  on BR s i tes ;  unoccupied hexagon ve r t i ces  
... 
. . 

a r e  aBR s i t es ;  and s i t e s  between neighboring BR 
. . . .  and aBR s i t e s  are  mO s i t es .  . A mobi le ca t i on  i n  

. : . . . . . . .  t h e  idea l  s t r uc tu re  i s  i n  a  deep po ten t i a l  we l l  
. ' i nd i ca ted  by t h e  do t ted  l i nes .  , . 
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Fig. 2. Minimum po ten t i a l  energy con- I 

f i g u r a t i o n  o f  a  N ~ + - K +  p a i r  in  Na beta- f 
alumina. The l a r g e  open c i r c l e  i s  t h e  
K+ ion ,  and the smal ler  open c i r c l e s  a r e  
~ a "  ions.  



Fig. 3. Minimum potential energy con- i 
figuration of a ~ a + - ~ i +  pair in Na beta- 
alumina. The small open c irc le  is the I 
L i +  ion, and the larger open circles are I 
~ a +  ions. 




