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RQsun6.-- Des r 6 s u l t a t s  t r S s  p r 6 c i s  pour l a  c o n d u c t i v i t 6  6 l e c t r i q u e  pour une 
s 6 r i e  de s i x  v e r r e s  de c o r p o s i t i o n  n o l a i r e  25(xNa20+(1--x)K20)-5A1203-70Si02 
pour 0,95-<x<1 on t  S t6  obtenus Dour un a s sez  ?rand i n t e r v a l l e  de t enp6ra tu re  
(- 3 1 0 ' ~ ) .  L 'analyse  de ces  r 6 s u l t a t s  sugp,Sre que l e  terme pr6-exponent ie l  
dans 116qua t ion  dVArrhen ius  pour l a  conduc t iv i t6  ne d6pend pas  de l a  temp6- 
r a t u r e .  

Abs t r ac t .  - Very p r e c i s e  e l e c t r i c a l  conduc t iv i ty  d a t a  on a  s e r i e s  o f  s i x  
g l a s s e s  o f  molar composition 25(xNa20+(1-x)K20)-5AR203-70Si0~ with 0.95 ( x  5 1  
have been obta lned over  a  l a r g e  temperature  range (QJ 310°C). Analys is  o f  t h i s  
d a t a  sugges t s  t h a t  t h e  pre-exponent ia l  term i n  t h e  Arrhenius conduc t iv i ty  
equat ion i s  temperature  independent.  

1. In t roduc t ion .  - I o n i c  d i f f u s i o n  i n  g l a s s  and ceramics i s  an a c t i v a t e d  process  
u s u a l l y  v i s u a l i z e d  a s  jumping o f  ions  ove r  energy ba r r i e r s . ' . '  The temperature  de- 
pendence o f  t h e  microscopic ,  mobile s p e c i e s  d i f f u s i o n  c o e f f i c i e n t  D i s  g e n e r a l l y  
r ep resen ted  by an Arrhenius equat ion o f  t h e  form 

# # D = (vod2/6) exp (AS /k) exp ( -AH /kT) (1) 

# where AS' and AH a r e  t h e  a c t i v a t i o n  en t ropy  and en tha lpy  f o r  t h e  jump of  a  mobile 
ion ,  vo t h e  a t tempt  frequency, d  t h e  jump d i s t a n c e  and k  t h e  Boltzmann cons tan t .  
The e l e c t r i c a l  conduc t iv i ty  due t o  an ion o f  charge e  is  r e l a t e d  t o  t h e  d i f f u s i o n  
c o e f f i c i e n t  by t h e  Ners t -Eins te in  equa t ion :  

where n  is  t h e  concen t ra t ion  of mobile s p e c i e s .  These might be ,  f o r  i n s t ance ,  i n t e r -  
s t i t i a l  ions  o r  i on  p a i r s  o r  vacanc ie s .  (The microscopic  d i f f u s i o n  c o e f f i c i e n t  D i s  
r e l a t e d  t o  t h e  exper imenta l  i o n i c  s e l f  d i f f u s i o n  c o e f f i c i e n t  Db by t h e  express ion3 : 

where nb i s  t h e  bulk  i o n i c  concen t ra t ion  and f  a  c o r r e l a t i o n  f a c t o r . )  The mobile 
s p e c i e s  concen t ra t ion  i s  given by1,2,4 

where A s d  and AHd a r e  t h e  ent ropy and en tha lpy  changes f o r  mobile s p e c i e s  format ion.  
Combination o f  eqs .  ( I ) ,  (2) and (4) g ives  

# f where AS*(=AS +ASd/2) and AH*(=AH +AHd/2) a r e  t h e  apparent  a c t i v a t i o n  ent ropy and 
en tha lpy .  

A number o f  expres s ions  have been proposed f o r  t h e  a t tempt  frequency vo. In  
t h e  s imples t  c a s e ,  which we s h a l l  t e rm t h e  simple jump theory ,  vo i s  assumed t o  be  
temperature  dependent,  s o  t h a t  
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v = constant (6a) 

In t h e  t r a n s i t i o n  s t a t e  theory of  Eyi-ing and coworkers5 it i s  presumed t h a t  t h e  
attempt frequency represents  a f u l l y  exci ted v ibra t iona l  degree of  freedom, so  t h a t  

6 
where h i s  Planck's constant .  F ina l ly ,  following the  approach of Cohen and Turnbull , 
one might imagine t h a t  the  ion moved about i t s  cage of  neighboring atoms with t h e  
ve loc i ty  of  an ideal  gas molecule. This k i n e t i c  theory then gives 

where 6 i s  the  mean ve loc i ty  of a gas p a r t i c l e  of mass M and d t h e  diameter of  t h e  
cage (presumably approximately t h e  same as  t h e  jump d is tance) .  Subs t i tu t ing  
eqs. (6) in to  eq. (5) gives t h e  funct ional  form of the  temperature dependent con- 
d u c t i v i t y :  

where B is  a constant ,  and m i s  1 , O  o r  1/2 f o r  respec t ive ly  the  simple jump, t r a n s i -  
t i o n  s t a t e  and k i n e t i c  theory expressions f o r  vo. 

Equation (7) p red ic t s  t h a t  an Arrhenius p lo t  of Ln(uTm) (or ,  v i a  eqs. (2) and 
( 3 ) ,  a p l o t  of  R ~ ( D ~ T ~ - ' ) )  should be l i n e a r  i n  1/T. The temperature dependence of  
u i s  dominated by t h e  exponential term in eq. (7), and t h e  inf luence of  the  pre-  
exponential T-m term i s  extremely weak. The claim i s  usual ly made7r8 t h a t ,  given 
l imi ta t ions  i n  t h e  range and precis ion of t h e  u vs. T (or  Db vs .  T) da ta ,  one cannot 
t e l l  what value of  m gives t h e  most l i n e a r  Arrhenius p l o t .  We ourselves were un- 
ab le  t o  f ind  any ceramic o r  g l a s s  ion ic  d i f fus ion  o r  conduction da ta  of s u f f i c i e n t  
precis ion t o  allow accurate  assessment of  t h e  value of  m i n  eq. (7 ) .  One case is  
known of diffusion of an i n e r t  gas ,  He, i n  vi t reous Si02 i n  which t h e  d a t a  do allow 
an assessment of m; i n  t h i s  instance a value of m=O (corresponding t o  an attempt 
frequency vo proport ional  t c  T as in  Eq .  (6b)) gives the  bes t  descr ip t ion  of  t h e  
temperature dependence of Db .':lo We repor t  here some recent  g lass  e l e c t r i c a l  con- 
d u c t i v i t y  r e s u l t s  which appear t o  be o f  s u f f i c i e n t  precis ion t o  allow accurate  
assessment of the  pre-exponential temperature term i n  eq. (7 ) .  

2. Experimental Results and Discussion. - E l e c t r i c a l  conduct ivi ty  measurements over 
the  temperature range -11 t o  300°C were ca r r ied  out on a s e r i e s  of  s i x  g lasses  of 
molar composition 25(xNa20+(1-x)KZO)-5A~203-70Si02 with 0.95 2 x < 1. In t h i s  
temperature-composition range t h e  concentration and mobility of K~ ions is  extremely 
low, so t h a t  these  glasses  are  Na+ ion conductors. The r e a l  p a r t s  of  t h e  complex 
conduct ivi ty  u '  and d i e l e c t r i c  constant E '  of the  g lasses  were measured a s  a func- 
t i o n  of frequency. The bulk g l a s s  d . c .  e l e c t r i c a l  r e s i s t i v i t y  p(=l /o)  was obtained 
by c a s t i n g  the  d a t a  i n t o  the  form of  cam lex r e s i s t i v i t y  p* and extrapolat ing t h e  
bulk g lass  p *  a r c  t o  zero frequency.l19l' More complete d e t a i l s  on experimental 
procedure a r e  published e l s e ~ h e r e . ~ ~ , ~ ~  The overa l l  precis ion of  our u vs .  T 
r e s u l t s  i s  2% o r  b e t t e r .  

To assess  t h e  contr ibut ion of  the  pre-exponential temperature term t o  the  over- 
a l l  temperature dependence of o ,  we wrote eq. (7) i n  logarithmic form: 

Two parameter l i n e a r  l e a s t  squares f i t s  of t h e  da ta  t o  eq. (8) were ca r r ied  out f o r  
fixed values of  m = -1, -1/2, 0 ,  1/2 and 1 .  In addi t ion a th ree  parameter f i t  ( t o  
determine the bes t  f i t  values of  Ln B ,  m and AH*) was car r ied  out i n  each case. The 
goodness of t h e  f i t  was expressed i n  terms of the  standard deviat ion SDLno from t h e  
l e a s t  squares l i n e :  

where Ainu is t h e  deviat ion of  a data  point  from the l i n e  and N the number of d a t a  



poin t s  . 
In Fig. 1 Arrhenius p l o t s  o f  log a and log(oT) a r e  shown along with t h e  l e a s t  

squares l i n e s  f o r ,  r espec t ive ly ,  m = 0 and 1 f o r  one of our g lasses .  When t h e  data  
a r e  p lo t ted  on t h i s  sca le  no d i f fe rences  i n  t h e  l i n e a r i t y  of t h e  Qno and t h e  Qn(oT) 
p l o t s  a r e  apparent.  The s i t u a t i o n  becomes c l e a r e r  i n  Fig. 2 ,  where we have p lo t ted  
the  deviat ions AQno from the  l e a s t  squares l i n e s  versus temperature f o r  m values of 
1 , O  and -1 f o r  two of our  g lasses .  For the  s ing le  a l k a l i  g lass  (x = 1.00) t h e  
deviat ions from the  bes t  f i t  l i n e  are  small and random f o r  m = 0, while they a r e  
considerably l a r g e r  and systematic f o r  m = -1 and 1. For the  mixed a l k a l i  g lass  
(x = 0.95) t h e  f i t  using m = 0 gives more s c a t t e r  than f o r  the s i n g l e  a l k a l i  g l a s s  
m = 0 f i t ,  but the  m = 0 f i t  i s  s t i l l  markedly b e t t e r  than the m = 1 f i t  and mar- 
g i n a l l y  b e t t e r  than t h a t  f o r  m = -1. 

Fig. 1: Arrhenius p l o t s  of  log a  and Fig. 2: Deviations as  a function tem- 
log(uT) vs .  1/T f o r  a l k a l i  perature of  Qno from l e a s t  
a luminosi l icate  g lass .  squares l i n e s  obtained from f i t s  

t o  eq. (8) f o r  m = -1, 0 and 1. 

In Table I we have summarized t h e  standard deviat ions f o r  a l l  our computer f i t s .  
The m values which give t h e  best  f i t s  l i e  i n  the range -0.34 t o  0.11, and lOOSDQno 
f o r  t h e  best f i t  m is  general ly  consis tent  with our est imate of  a  precis ion of 2% 
o r  b e t t e r  i n  t h e  o vs .  T data .  (Note t h a t  s ince dQno = do/o, 100 SDQno i s  the  root  
mean square percentage deviat ion of  t h e  points  from the  l e a s t  squares l i n e . )  OF 
the  m values f o r  which there  i s  a  t h e o r e t i c a l  b a s i s  (m = 0, 1/2 and 1) the f i t  f o r  
m = 0 i s  the  bes t  i n  a l l  cases ,  and 100 SDQnu f o r  m = 0 d i f f e r s  neg l ig ib ly  from 
t h a t  f o r  the bes t  f i t  m .  The s e n s i t i v i t y  o f  100 SDkno t o  the  choice of m is  s u f f i -  
c i e n t  t h a t  we may say with confidence t h a t  t h e  value m = 1 i s  d e f i n i t e l y  inconsis-  
t e n t  with the  data  f o r  a l l  of the  glasses  and t h a t  t h e  value m = 1/2 i s  inconsis tent  
with t h e  da ta  f o r  t h e  f i r s t  t h r e e  g lasses  (x = 1.00, 0.99 and 0.98). 
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TABLE I .  Root mean square  percentage d e v i a t i o n s  o f  e l e c t r i c a l  conduct iv-  
i t y  o f  25(xNa20+(1-x)K20)-5AV3-70Si02 g l a s s e s  from l e a s t  Squares 
f i t s  t o  eq .  (8) f o r  d i f f e r e n t  va lues  of m .  

lOOSDRnu 

X - m = -1 m = -1/2 - - -  m = 0 m = 1/2  m = 1 Best f i t  
1 .00  3 .2  1 .8 0.8 1 . 3  2.6 0.7(m=0.11) 
0.99 2.6 1 . 5  1 . 2  2.2 3 . 5  1.2(m=-0.17) 
0.98 2 .6  1 .8 2.0 2.9 4.2 1.8(m=-0.34) 
0.97 2.9 2.1 2.2 2 .9  4 .1  2.0(m=-0.27) 
0.96 (Run 1) 3 . 3  2.6 2 .6  3.3 4 . 3  2.5(m=-0.25) 
0.96 (Run 2) 3 . 5  2.7 2.5 3 . 1  4 .0  2.5(m=-0.13) 
0.95 (Run 1) 3 . 1  2.5 2 .6  3.4 4 . 5  2.5(m=-0.33) 
0.95 (Run 2) 3 .1  2.4 2.4 3.1 4.2 2.3(m=-0.24) 

These r e s u l t s  t h u s  suppor t  t h e  view t h a t  t h e  pre-exponent ia l  term i n  t h e  
Arrhenius equat ion f o r  e l e c t r i c a l  c o n d u c t i v i t y  o f  g l a s s  i s  temperature  independent.  
This r e q u i r e s  i n  t u r n ,  v i a  t h e  Nernst -Eins te in  equa t ion ,  a T I  dependence o f  t h e  p re -  
exponen t i a l  term f o r  t h e  i o n i c  d i f f u s i o n  c o e f f i c i e n t ,  a s  was a l s o  found t o  be t h e  
case  f o r  d i f f u s i o n  o f  He i n  fused s i l i c a .  While t h i s  r e s u l t  i s  c o n s i s t e n t  w i th  t h e  
p r e d i c t i o n  o f  t h e  t r a n s i t i o n  s t a t e  theo ry  o f  an a t tempt  frequency vo p ropor t iona l  
t o  T, i t s  t h e o r e t i c a l  s i g n i f i c a n c e  is  d i f f i c u l t  t o  judge. The jump model o f  d i f f u -  
s i o n ,  no t  t o  speak o f  t h e  t r a n s i t i o n  s t a t e  theo ry ,  probably  cons ide rab ly  over-  
s i m p l i f i e s  t h e  i o n i c  o r  molecular  t r a n s p o r t  process  i n  g l a s s .  C e r t a i n l y ,  t h e  p re -  
s e n t  r e s u l t s  go no way t o  answering t h e  c r i t i c i s m s  o f  t h e  t r a n s i t i o n  s t a t e  theo ry .  
An a l t e r n a t i v e  exp lana t ion  f o r  t h e  n o n - l i n e a r i t y  o f  t h e  Ln(uT) v s .  1/T p l o t s  i s  t h a t  
t h e r e  a r e  two i o n i c  t r a n s p o r t  p rocesses  o p e r a t i v e  i n  t h e  g i a s s ,  e . g . ,  a vacancy and 
an i n t e r s t i t i a l c y  mechanism, a s  suggested by Lim and Day. I f  t h e  c o n t r i b u t i o n  o f  
each mechanism t o  Rn(uT) were l i n e a r  i n  1/T and i f  one mechanism dominated t h e  low 
temperature  conduc t iv i ty  whi le  t h e  o t h e r  was dominant a t  h igh  temperatures ,  curva-  
t u r e  i n  t h e  Rn(uT) v s .  1/T p l o t s  would r e s u l t .  However, it does seem t h a t  h i g h l y  
accura t e  i o n i c  conduc t iv i ty  d a t a  f o r  g l a s s  should be f i t t e d  t o  an  Arrhenius equa t ion  
wi th  no temperature  dependence i n  t h e  pre-exponent ia l  term. 
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