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Fig. 4. A Berg-Barrett image of an electrodeposit formed at 
99~ on the substrate shown in Fig. 2. X15. The images in Fig. 
2 and 3 are formed by the same Laue diffraction spot; the image 
in Fig. 4 is formed by a different Laue spot. 

g r a p h i c  p l a t e s  w e r e  p l a c e d  w i t h i n  1-3 m m  of t he  
s p e c i m e n  to r e c o r d  the  image .  A n g l e s  of inc idence  of 
10~ ~ w e r e  used,  and  these  g a v e  s u b s t r a t e  con-  
t r i b u t i o n s  to the  i m a g e  of less t h a n  2%. E x p o s u r e  
t imes  of 30 min  w e r e  used.  

Cliffe and  F a r r  (2)  f o u n d  m a r k e d  d i f fe rences  in 
the  t o p o g r a p h y  of depos i t s  f o r m e d  a b o v e  and  b e l o w  
a c r i t i ca l  e l e c t r o l y t e  t e m p e r a t u r e  r a n g e  of 94~176 
In  o r d e r  to c o m p a r e  these  depos i t  s t ruc tu re s ,  p l a t -  
ing  was  c a r r i e d  out  a t  10 m a / c m  e for  30 m i n  (g iv ing  
a 6~ th i ck  d e p o s i t )  a t  25 ~ and  a t  99~ 
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F i g u r e  2 is a B e r g - B a r r e t t  i m a g e  of  t he  subs t r a t e ,  
and  the  l i n e a r  s t r i a t i o n  s u b s t r u c t u r e  is seen  as l igh t  
and  d a r k  bands .  T h e  c i r cu l a r  a r e a  c o r r e s p o n d s  to  a 
p o r o s i t y  hole  f o r m e d  in f r eez ing  the  me ta l .  This  
f e a t u r e  p r o v e d  use fu l  as a l oca t ion  m a r k .  

In  the  i m a g e  f r o m  the  depos i t  f o r m e d  at  25~ 
(Fig .  3) ,  the  ho le  m a y  be  seen, b u t  t h e r e  is no ev i -  
dence  of t he  s t r i a t i o n  s u b s t r u c t u r e .  In  con t ras t ,  t he  
s t r i a t i o n  s t r u c t u r e  has  c l e a r l y  been  r e p r o d u c e d  in 
the  depos i t  f o r m e d  at  99~ (Fig .  4) .  

I t  a p p e a r s  t h e r e f o r e  t h a t  depos i t s  f o r m e d  a b o v e  
98~ a re  e p i t a x i a l  w i t h  the  subs t r a t e .  W h i l e  L a u e  
spots  w e r e  s t i l l  o b t a i n a b l e  f r o m  the  depos i t  f o r m e d  
a t  25~ the  depos i t  no l o n g e r  c o n f o r m e d  so c lose ly  
to t he  s t r u c t u r e  of  the  subs t r a t e .  
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I t  has  been  k n o w n  for  a long t i m e  t ha t  t he  s y s t e m  
m e t a l / m e t a l  o x i d e / e l e c t r o l y t e ,  w h e r e  the  m e t a l  is 
Ta,  A1, etc.  ( s o - c a l l e d  v a l v e  m e t a l s ) ,  e x h i b i t s  r e c t i -  
f ication.  W h e n  the  m e t a l  is a n o d i c a l l y  po la r i zed ,  
t h e r e  is a " s m a l l "  cu r r en t ,  t he  l e a k a g e  c u r r e n t ;  
w h e n  the  m e t a l  is c a t h o d i c a l l y  po la r i zed ,  a "h igh"  
c u r r e n t  flows, t he  f o r w a r d  cu r ren t .  

V a r i o u s  theor ies ,  as  m e n t i o n e d  in S c h m i d t ' s  a r t i c l e  
(1 ) ,  h a v e  been  p r o p o s e d  to e x p l a i n  t he  p h e n o m e n o n  
of e l e c t ro ly t i c  rec t i f ica t ion ,  viz., s e m i c o n d u c t o r  
theor ies ;  m e c h a n i c a l  de fec t  t heo r i e s :  pores ,  f laws,  
microf i s sures ;  e l e c t r o c h e m i c a l  theor ies .  A conc lus ive  
e x p l a n a t i o n  has  no t  y e t  been  found.  

A n u m b e r  of m o r e  or  less  w e l l - k n o w n  p h e n o m e n a  
conce rn ing  the  e l e c t r o l y t i c  r ec t i f i ca t ion  h a v e  been  
co l lec ted  be low,  and  on th is  bas i s  a n e w  t h e o r y  is 
p r o p o s e d  ( p r o t o n  c u r r e n t  m e c h a n i s m ) .  

A. On  p o l a r i z i n g  Ta  a n o d i c a l l y  in an e l e c t r o l y t e  
an  o x i d e  f i lm is f o r m e d ;  i ts  t h i cknes s  is p r o p o r t i o n a l  
to the  f o r m i n g  p o t e n t i a l  a t  cons t an t  c u r r e n t  dens i ty .  
S u b s e q u e n t  ca thod ic  p o l a r i z a t i o n  causes  a "h igh"  
c u r r e n t  flow; h y d r o g e n  is deve loped ,  and  a f t e r  some 
t ime  the  Ta  m e t a l  becomes  h a r d  and  b r i t t l e  (2) .  

B. T h e  s y s t e m  A 1 / A l e O J m e t a l  or  T a / T a e O J m e t a l  
p r o b a b l y  e x h i b i t s  no rec t i f i ca t ion  in  an  a b s o l u t e l y  
d r y  s ta te .  The  p r e s e n c e  of m o i s t u r e  (HeO) seems  es-  
s en t i a l  for  r ec t i f i ca t ion  (3) .  

C. Anod ic  o x i d e  films, o b t a i n e d  b y  fo rming ,  a r e  
not  porous  if  w e l l  p r e p a r e d .  W i t h  the  e l ec t ron  
mic ro scope  one can  d e t e c t  v e r y  f e w  or  no  pores ;  
f u r t h e r m o r e  i t  is k n o w n  t h a t  AleO8 m e m b r a n e s  a re  
ab le  to w i t h s t a n d  gas  p r e s s u r e  d i f fe rences  of 0.14 
a t m  w i t h o u t  l e a k a g e  (1) .  

D. The  sys tem,  T a / T a 2 O j e v a p o r a t e d  Pt ,  exh ib i t s  
a h i g h e r  c o n d u c t a n c e  in  a H2 a t m o s p h e r e .  A u  or  A1 
c o u n t e r e l e c t r o d e s  do no t  e x h i b i t  th is  effect (1) .  

E. I t  is poss ib le  to s e p a r a t e  A120~ f i lms f rom the  
u n d e r l y i n g  A1 m e t a l  b y  an  excess ive  He d e v e l o p -  
men t ,  e.g., b y  swi t ch ing  d.c. or  a.c. The  d e v e l o p e d  
H2 h a r d l y  d i s so lves  in A1 a t  r o o m  t e m p e r a t u r e  and  
acts  as a w e d g e  b e t w e e n  the  A1 and  the  ox ide  f i lm 
(4) .  

These  p h e n o m e n a  can  be  i n t e r p r e t e d  in t e r m s  of 
t he  fo l lowing  m e c h a n i s m :  

M 

e+H+--> 
4-- 

M ox ide  

H H + ~  
H ) 

+ 

e l e c t r o l y t e  or  o the r  
p r o t o n  donor ,  e.g., 
HeO or  P t / H  

Hq-H -~ He 

W h e n  the  v a l v e  m e t a l  is n e g a t i v e l y  po la r i zed ,  
p ro tons  f r o m  the  e l e c t r o l y t e  can  diffuse t h r o u g h  the  
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ox ide  f i lm u n d e r  the  inf luence  of t h e  a p p l i e d  f ie ld 
(see  a b o v e ) .  The  l a t t e r  is c o n s i d e r a b l y  s m a l l e r  t h a n  
the  f o r m i n g  field, a n d  t h e r e f o r e  t h e  a s s u m p t i o n  is 
m a d e  t h a t  t he  m o b i l i t y  of t he  p r o t o n s  in  t he  ox ide  
is c o n s i d e r a b l y  l a r g e r  t h a n  t h a t  of t he  Ta  or  A1 ions. 
The  p ro tons  a r r i v i n g  a t  t he  m e t a l / m e t a l  ox ide  i n t e r -  
face  wi l l  be  n e u t r a l i z e d  to H a toms.  

These  H a t o m s  can  e i t h e r  d i s so lve  i n t e r s t i t i a l l y  
in  t he  m e t a l  ( p o i n t  A )  or  col lec t  a t  t he  in t e r face .  
The  H2 gas  so f o r m e d  can  e i t h e r  d i f fuse  b a c k  to the  
e l e c t r o l y t e  or  c r a c k  the  ox ide  f i lm a n d  d i s a p p e a r  as 
H2 gas  (po in t  E ) .  P o i n t  B is also cons i s t en t  w i t h  t he  
s u g g e s t e d  m e c h a n i s m  because  m o i s t u r e  (H20)  
m i g h t  act  as a source  of p ro tons .  

The  m e c h a n i s m  s u g g e s t e d  he re  d i f fers  c o n s i d e r -  
a b l y  f r o m  the  t h e o r y  b a s e d  on pores ,  etc.,  as  p r o -  
posed  b y  Y o u n g  (2) ,  V e r m i l y e a  (12) ,  a n d  K l e e f s t r a  
(14) .  P o i n t  C, h o w e v e r ,  i nd ica t e s  t h a t  a t  l eas t  in  
m a n y  cases,  t h e r e  a r e  v e r y  f e w  or  no  pores  in  t he  
ox ide  l a y e r  (15) .  I t  is b e l i e v e d  t h e r e f o r e  t h a t  t he  
m e c h a n i s m  s u g g e s t e d  in  th i s  p a p e r  is b e t t e r  jus t i f ied .  

A f u r t h e r  jus t i f i ca t ion  fo r  t he  p r o p o s e d  m e c h a n -  
i sm can  be  f o u n d  in t he  b e h a v i o r  of t he  glass  e l ec -  
t r o d e  w h i c h  is k n o w n  to ac t  as a m e m b r a n e  p e r m e -  
ab l e  for  H + ions. I t  is k n o w n  t h a t  anod ic  ox ide  films, 
o b t a i n e d  b y  f o r m i n g  at  m o d e r a t e  t e m p e r a t u r e s ,  a r e  
a m o r p h o u s  a n d  glassy .  The  a u t h o r  is t h i n k i n g  of a 
p a r a l l e l  w i t h  t he  g lass  e lec t rode .  The  d i f fus ion  of 
v e r y  s m a l l  c h a r g e d  p a r t i c l e s  ( p r o t o n s )  is m u c h  
m o r e  p r o b a b l e  t h a n  the  d i f fus ion of u n c h a r g e d ,  
b i g g e r  p a r t i c l e s  (H a t o m s )  as S c h m i d t  p roposes .  
Moreove r ,  t he  h y p o t h e s i s  of  S c h m i d t  neces s i t a t e s  an  
e l ec t ron ic  c u r r e n t  to flow t h r o u g h  the  ox ide  to p r o -  
m o t e  t h e  r e a c t i o n H  + ~- e - ~  H or  ( H 3 0 )  + -b e - ~  
H ~- H20 a t  t he  i n t e r f ace  o x i d e / e l e c t r o l y t e .  In  th i s  
case  i t  is a lso diff icul t  to  see  w h y  t h e  H2 shou ld  no t  
choose  the  m u c h  eas i e r  w a y  of e scap ing  v i a  t h e  l i q -  
u i d  e l ec t ro ly t e .  I t  m a y  be  r e m a r k e d  t h a t  in  p r i n c i p l e  
t he  s ame  t h e o r y  m a y  be  v a l i d  u n d e r  c e r t a i n  c o n d i -  
t ions  for  o t h e r  " s m a l l "  pos i t i ve  ions, e.g., N a  +. In  
t h a t  case  t he  d e h y d r a t i o n  e n e r g y  of  t he  ca t ion  m u s t  
p l a y  an  i m p o r t a n t  ro l e  a n d  acts  as an  e x t r a  b a r r i e r  

in  t h e  doub le  l a y e r  n e a r  t h e  o x i d e / e l e c t r o l y t e  i n t e r -  
face.  

A difficult  po in t  in  t he  a f o r e m e n t i o n e d  m e c h a n i s m  
was  the  fac t  t h a t  the  "so l id"  Ta  capac i t o r  e x h i b i t s  
r ec t i f i ca t ion  e v e n  w h e n  encased  in  a " m o i s t u r e - f r e e "  
can. I n  r ecen t  l i t e r a t u r e ,  h o w e v e r ,  i t  is f o u n d  t h a t  
p y r o l y t i c  MnO2 con ta ins  v a r i o u s  a m o u n t s  of  h y -  
d r o g e n  (16-19)  so t ha t  t he  MnO2 can  act  as  the  
p r o t o n  donor .  

T h e r e  a r e  s t r ong  ind i ca t ions  t h a t  the  e l e c t r o l y t i c  
r ec t i f i ca t ion  p h e n o m e n a  can  be  f u l l y  e x p l a i n e d  w i t h  
the  hypo the s i s  of p r o t o n  conduc t ion  t h r o u g h  b u l k  
ox ide ,  a l t h o u g h  m e c h a n i c a l  de fec t s  m a y  p l a y  a c e r -  
t a i n  m i n o r  role .  

Manuscr ip t  rece ived  Nov. 22, 1963. 

A n y  discussion of this  paper  wi l l  appear  in a Discus-  
sion Section to be publ i shed  in the  December  1964 
JOURNAL. 
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