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ABSTRACT 

The ionic conductivity and Raman spectra of Na, Na-Li, K, K - L i ,  and K-Sn 8- 
A1203 were measured i n  order t o  understand the mechanisms of  mixed-ion conduction. 
I t  was observed t h a t  a t  300 K, f o r  example, the conductivity of a crysta l  with com- 
posit ion Na0.82Li0.18B-Al203 was about one-fifth t h a t  of pure Na c rys t a l s ,  while t he  
conductivity of  K0.80Li0.208-Al203 was more than three orders of magnitude lower than 
t h a t  of pure K compounds. The r e s u l t s  of a model calculat ion indicated tha t  the 
~ i +  ions a r e  the  main c a r r i e r  species i n  t he  Na-Li and K-Li mixed compounds. 
Features observed i n  the  Raman spectra were a t t r ibu ted  t o  paired- and single-ion 

=I vibrations.  I t  is concluded t h a t  the  K+ ions which contribute t o  a band a t  69 cm-1 i n  
- - a w l ,  ~ A K  8-Al203 a r e  the e f f ec t ive  c a r r i e r s  f o r  conduction. 
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INTRODUCTION 

Many s tud ies  have been made of ionic 
conductivity [I-41 and of Raman and infrared 
spectra  [5-141 of  t he  mobile cat ion motions i n  
beta-a1 umina. A1 1 en and Remei ka [3] associated 
t h e  frequencies of infrared bands due t o  motions 
of  t he  ~ a +  and ~ g +  ions w i t h  t h e  attempt f re-  
quency .for ionic di f fus ion.  However, no c l ea r  ' . 

evidence was given f o r  such a re la t ionship .  
In K 8-A1 03 c ry s t a l s ,  the re  a r e  two strong 3 Raman ban s which or ig ina te  from the  motions of 
t h e  K +  ions. The lower frequency band appears 
a t  69 cm-1 and the  higher frequency band a t  80 
cm-1. . Kl e in ,  Schafer, and Strom [13] measured 

. t h e  change of the  i n t ens i t y  of these .  Raman bands ' 

i n  Na-K mixed compounds as  a function of the  K 
concentration. They concl uded t h a t  both of 
these  bands a r e  caused by t he  motions of paired 

. . K+ .ions. . Wang,. Gaffari ; and Xhoi [15]. have - .  

shown from ' theoret ical  consi de ra t i  oils t h a t  t he  
high ionic  conductivity and low ac t iva t ion  
energy of beta-aluminas a r e  primarily due t o  the  
motions of such paired cations.  The purpose o f .  
this  paper i s  t o  report  our measurements of 
i on i c  conductivity in Na-Li , K-Li  ; and K-Sn 
beta-aluminas and t o  iden t i fy  t h e  cat ion vibra-. 
t i o n  modes i n  the  Raman spectra which a r e  
re1 ated t o  ion t ranspor t  i n  these .  material s o  

PXPER IMENTAL PROCEDURES . .  . 

Crys ta l s  of Na B - A I ~ O ~  measuring about 6 
x 2 x 2. mm were. cut  from a l a rge  sect ion,  of a '  . 
melt-grown boule (Union Carbide Corporation 
Crystal Products Department, San Diego). The 
faces  perpendicular t o  the  (001) plane were 
polished w i t h  an ethanol s l u r ry  of 0.3 pm alu- 
mina. In t h i s  study, an orthogonal s e t  of 
c ry s t a l  axes i s  denoted by a ,  a '  , and c ,  where c 
i s  the. crys ta l  1 ographic c axis.  From Laue back 
ref lec . t ion pat terns ,  t h e  a ax i s  was found t o  be 
about 2Z0 from the  [ O l O ]  c rys ta l lographic  axis. 
Polarized Raman spectra were recorded using the 
spectrometer described previously [12]. The 
ion ic  conductivity was measured by applying a 
f a s t  voltage pulse and measuring the  resu l t ing  
cur ren t  flow through a r e s i s t o r  [3]. The pulse 
r a t e  was ,1000 Hz and the  pul se amp1 i tude was 0.1 

. t o  5 V. Evaporated gold contacts were used as 
blocking electrodes.  

Samples containing K+ ions were prepared 
by heating sing1 e c rys ta l  s of Na 8-Al203 in 
molten KNO3 a t  350°C f o r  46 h. A chemical 
analysi s showed t h a t  the  c rys ta l  s contained 
7.11 w t . X  K. Assuming a formula unit  of 



N a ~ . 3 0 - l l A l ~ O ~  for  the s ta r t ing  material s  [3], 
t h ~ s  value corresponds t o  97% substitution of 
~ a +  by K+. Na-Li and K-Li mixed compounds were 
obtained by t reat ing the Na and K c rys ta l s  in 
molten LiN03 f o r  1 h and 16 h ,  respectively. By 
these treatments, 18% of ~ a +  and 20% of K +  were 
exchanged by ~ i + .  Other K $-A1203 were treated 
i n  molten SnC12' a t  300°C fo r  a week. 

RESULTS AND DISCUSS IONS 

The resu l t s  of the ionic conductivity 
measurements of Na, Na0.82Li0.18, K, K-Sn, 
and KO 80Li0.20 B-A1203 are shown in Fig. 1. 
The solid 1 ines are  the r e su l t  of f i t t i n g  the 
conductivity val ues t o  an Arrheni us expression, 
and E a r e  the activation energies given by 
the  s?opes of these  1 ines. . The conductivity , . 

of Na $-A1203 a t  room temperature was 3.1 x 
10-2. 8-lcm-1, while the act.ivati0.n. energy was - . 

. . .  0.15 eV. These values agree well with pre- . .  . . 

viously reported resul t s  [3]. The conductivity 
of the Na-Li compound a t  300 K was about one- 
f i f t h  of tha t  . the Na crys ta l ,  and the activation 
energy was 0.23 eV. . The :ionic conductivity of 
K0.80L.i0,20 B - A I ~ O ~  a t  300 K ,  was more than three 
orders of magnitude l e s s  than tha t  of the pure K 
crystal  s. - The magnitude. of the conductivity of 
the  K-Sn crystal  was about one half t ha t  of the 
pure K crystal  s ,  b u t  the slopes of the respec- 
t i v e  log u T  vs. 1/T curves \iere the same. . . .. . ,  . . .  . 
A1 though the Li concentrations 'in the Na-Li and 
K-Li mixed crystal  s  were almost equal , t h e  . . 
e f f e c t  of ~ i +  on the 'ionic',conductivity of K B- 
A1203 was much larger than i t s  e f f ec t  on tha t  of 

. . Na B-A1203. 
We have made model cal'cul ations using t h e  

.methods previously devel oped for  Nag-A1203 [I51 
t o  aid in understanding the origins of the mixed 
ion ef fec t  on the ionic conductivities in beta- 
alyninas.. The detai l  s  of these calculations are  . . . .  
described in the 'following report [lQ]. I t  i s  
shown tha t  the activation energy for  escape of 
an ion from an i n t e r s t i t i a l  ion pair depends on 
the types of ions in the pair  and on the type of 
cations occupying nearby BR s i t e s .  For the 
mixed ions considered here, i t  was found that  
~ a + - ~ i +  pairs are more s table  than ~ a + - ~ a '  pairs 
i n  Li-Nag-A1703 and that  K + - L ~ +  pai,rs are  more 
s tab le  than Rt-K+ pairs in Li-Kg-A1203. A 
comparison of the observed activation energies 
with those calculated for  various ion pairs i s  
given in Table I .  As seen i n  these r e su l t s ,  the 
activation energies for  escape of a ~ i +  ion from 
a ~ a + - ~ i +  pair or from a K + - ~ i +  pair i s  much 
1 ower than the energy required for  escape of the : 



~ a +  or  K+ ions. This means t h a t ,  when ~ a + - L i +  
and K+-Li+ pairs are formed, the ~ a +  and K+ ions 
a r e  trapped in the respective pairs because 
t h e i r  activation energies are very large. Thus, 
t he  Li+ ions are the primary ca r r i e r s  in both 
mixed ion beta-a1 uminas. 

The above resu l t  agrees with the experimen- 
t a l  observation by Roth and Farrington [I71 t h a t  
t h e  main ca r r i e r  species a re  the ~ i +  ions in Na- 
Li p-A1203 crys ta l s  having a Li/Na r a t i o  greater 
than 1. The ionic conductivity i s  determined by 
t h e  process with the lowest activation energy. 
In Na-Li B-A120 the apparent activation energy 
obtained from-t 2 e conductivity measurements 
corresponds t o  the calculated value (Table I )  
f o r  the escape of the Li+ ions from the ~ a + -  
L i +  pairs. In the case of the K-Li mixed 
c rys t a l ,  however, the calcul ated activation 

. . energy i s  lower than tha t  observed. A1 though 
the  detailed reason fo r  the discrepancy i s  not 
ye t  known, i t  i s 'no t iced  tha t  the trend. o f . t h e  

. . . cal cul ated val ues agrees with those observed. 
Raman spectra of Na .and Na0.82Li0.18 B- 

A1203 obtained for  ( a ' a )  polarization. a t  12 K 
a r e  shown i n  Fig. 2. The bands with centers 
near 120 and 98 cm-1,. a re  due t o  phonon modes 
of the spinel block. The intensi ty  and posi- 
t i on  of these bands depend on the type of 
mobile cation. A t  1 2  K ,  Na+ bands of Na- 
and Na0,82Li0.18B-A1203 appeared a t  63 and 60 
cm-1, respectively. The position of the band 
i n  the Na crystal  did. not change with . ' 

increasing temperature, b u t  the -center of the 
band i n  the Na-Li compound shifted from 60 t o  63 
cm-1 as the  'temperature increased from .I2 t o  
300 K. We found in genera1 tha t  the frequency 
of the Na+. Raman band in .  mixed Li-Na. beta- 
al 'minas increased as the sample temperature 'was 
increased from 12 t o  300 K. The origin of t h i s  
e f f e c t  i s  not present .1~ understoo'd, but i t  may 
be re1 ated t o  the dis t r ibut ion of s ingle  ions 
and ion pair types a t  different  temperatures. 

In the Raman spectrum of pure ,K B - A I ~ O ~  
shown in Fig. 3,  the bands centered a t  69 and 80 
cm-1 are  due to  the K+ ions. When a small 
amount of ~ n 2 +  was exchanged fo r  K + ,  the inten- 
s i t y .  of the 80 cm-1 band was essent ia l ly  
unchanged, b u t  tha t  of the 69 cml band was 
great ly  reduced. The ef fec t  i s  apparent in the 
Raman spectrum of K-Sn B - A I ~ O ~  shown in Fig, 3. 
Charge neut ra l i t  requires tha t  the divalent r sn2+ replace a K - K t  pair. Hence, the diminu- 
t i on  of the 69 cm-1 band as a r e su l t  of 

exchange indicates tha t  t h i s  band i s  due to  
K+-K+ pairs. As mentioned above, Li+-K+ pairs 
a r e  more s tab le  than K+-K+ pairs  so tha t  the 
exchange of a small amount of Lii f o r  KC i n  K B- 
A1203 i s  expected t o  r e su l t  in a s ignif icant  



+ + reduction in the K -K pair concentration. The 
Raman spectrum of the K0.80Li0,20 crys ta l ,  in 
Fig. 3 shows the consequent diminution of the 
Kt-K+ band intensity.  Comparing the resu l t s  in 
Figs. 1 and 3, i t  i s  concluded that  the K+ ions 
which contribute t o  the band a t  69 cm-1 are the 
e f fec t ive  charge car r ie rs .  In melt-grown beta- 
alumina crystal  s ,  about 26% of the mobile 
cat ions a re  in pairs [33. Consequently, the 
~ i +  ions in K ~ . ~ O L ~ O  20 B-~1203 almost completely 
subs t i tu te  for  the K+-Kt pairs. Since the 80 
cm-1 band remained relative1 unaffected as a 
r e su l t  of ion exchange by Sn3+ or  Lit, i t  
follows tha t  t h i s  feature i s  due to  motion of 
K+ single ions. 

In c rys ta l s  of K-Sn @-A1203 a Raman band 
appeared a t  38 cm-1. The intensi ty  of the 
band increased with ~ n 2 +  concentration and i s  
therefore at t r ibuted t o  motion of the 
snZt ions. A very weak band a t  50 cm-1 in 
the K crystal  was also seen with s l ight ly  
larger  in tens i ty  in the K-Sn mixed compound. 
The origin of t h i s  feature i s  not known a t  
present, but i t  i s  noted that  a similar band 
was found in the f a r  infrared spectrum of K 
beta-a1 umina [13]. 
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TABLE I. OBSERVED AND CALCULATED ACTIVATION 
ENERGIES FOR MIXED ION BETA-ALUMINAS 

Beta-A1 umi na A c t i v a t i o n  Energy (eV) 
Observed Cal cu l  ated ( I o n  

0.24 ( ~ a - ~ i : )  
Na0.82Li0.18 0.43 (Li;Li ) 

0.65 (Na - L i )  

T a ) T h e a t i o t  (x-Y*) denotes t h e  i o n  ' p a i r  
. . 

f o r  y h i c h  t h e  a c t i v a t i o n  energy o f  escape 
. . 

o f  Y i .s calc 'ul  ated. . .  

. . 



FIGURE CAPTIONS 

F ig .  1 I o n i c  c o n d u c t i v i t y  o f  Na, Fla-Li, K, 
K-Sn, and K-Li $-A1203 as a f u n c t i o n  
o f  temperature. Ea i s  t he  ac t i va -  
t i o n  energy. 

F ig.  2 Raman spectra o f  Na and Na-Li 0- 
A1 0 showing the  change o f  t h e  ? Na band caused by s u b s t i t u t i o n  o f  
L i +  f o r  ~ a + .  

F ig .  3 Raman spectra o f  K, K-Sn, and K-Li 
6-A1203 showing the  change o f  t he  
1 ower frequency K+ band by subs t i  t u -  
t i o n  o f  ~ n 2 +  and L i +  f o r  K+. 
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