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Square  l a t t i ce  Triang~, l .~  l a t t i ce  

S~o B~ o 
L - -  x 0.14911 + x 1.5683 

(4~X)2 (4~X)2 

F o r  the  squa re  l a t t i ce  L < 0, which i m p l i e s  an in s t ab i l i t y .  R has  been  shown 3) that  L i s  s m a l l e r  
than K by  a f ac to r  (d/).) 2. Th i s  weaknes s  of the  s h e a r  modulus  can be  v e r y  impor t an t  fo r  the  t e chn i ca l  
behav iour  of m a t e r i a l s  of the  second  kind.  

We can nowgive  exp l i c i t  f o r m  of the  d i s p e r s i o n  r e l a t i o n  of the co l l ec t ive  m o d e s  p ropaga t i ng  p e r p e n -  
d i c u l a r l y  to the  app l i ed  f i e ld  (a qua l i t a t ive  fo rm of th i s  r e l a t i o n  for  a p o l y c r y s t a l  ha s  been  given in re f .  

3). We find 1 26 e2B ~ k  2. 
OJ = • r f /*C 
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In subs t ances  which conta in  h y d r o g e n - b o n d s  
between two O - a t o m s  (e. g . ,  Roche l le  sa l t )  the  
f e r r o e l e c t r i c  behav iour  i s  due to the  p ro ton  j u m p -  
ing f r o m  one p o s s i b l e  pos i t i on  be tween  the  O- 
a t o m s  to the  o the r  one. T h e r e f o r e  i ce  was  ex-  
pec t ed  to be  f e r r o e l e c t r i c  in su i t ab le  t e m p e r a t u r e  
r e g i o n s  because  i t  con ta ins  hyd rogen -bonds  1-3). 
However  no e x p e r i m e n t a l  ev idence  f o r  f e r r o e l e c -  
t r i c  behav iou r  of ice  h a s  been found a s  yet .  

E x p e r i m e n t s  which show f e r r o e l e c t r i c  behav-  
four  of ice  a r e  d e s c r i b e d  below. The  f e r r o e l e c -  
t r i c i t y  a p p e a r s  a t  v e r y  low t e m p e r a t u r e s  of about 
100OK with a r e l a x a t i o n  t i m e  of the  o r d e r  of 
hour s .  Th is  should be the  r e a s o n  that  f e r r o e l e c -  
t r i c i t y  of i ce  could not  be found be fo re .  

Exper iments :  The ice  s a m p l e  was  p l a c e d  into a 
c r y o s t a t  cooled  with l iquid n i t rogen .  By add i t iona l  
hea t ing  e v e r y  d e s t r a b l e  t e m p e r a t u r e  be tween 
77OK and 170OK could be  ma in ta ined .  E l e c t r o d e s  

(pol i shed  b r a s s  p l a t e s  o r  a lumin ium fo i l s )  w e r e  
f ixed  to the sample .  The capac i t i ve  c h a r g i n g  
c u r r e n t  was  m e a s u r e d  by us ing  an e l e c t r o m e t e r  
which a l lowed the de tec t ion  of c u r r e n t s  down to 
10-14 A. Two independent  s e r i e s  ef e x p e r i m e n t s  
we re  made  with th i s  a r r a n g e m e n t :  (a) c u r r e n t  
m e a s u r e m e n t s  a t  cons tan t  hea t ing  and cool ing  
r a t e s ,  (b) m e a s u r e m e n t s  of the  cha rg ing  o r  d i s -  
cha rg ing  c u r r e n t  a s  a funct ion of t i m e  at  a f ixed  
t e m p e r a t u r e  so  that  the  d i e l e c t r i c  cons tan t  was  
given by the t i m e  i n t e g r a l  of th is  c u r r e n t .  

In the  f i r s t  s e r i e s  of e x p e r i m e n t s  a t  a cons tant  
hea t ing  r a t e  the c u r r e n t  i n c r e a s e d  s t r o n g l y  a t  
f i r s t  and a f t e r  p a s s i n g  through a m a x i m u m  at  a 
d i s t i nc t  t e m p e r a t u r e  a v e r y  s teep  d e c r e a s e  se t  
in y ie ld ing  a change in d i r e c t i o n ,  so  that  the  
c u r r e n t  f lowed a g a i n s t  the  app l ied  vo l tage  (see  
f ig.  1). On fu r t he r  hea t ing ,  the  nega t ive  c u r r e n t  
d imin i she d  and b e c a m e  z e r o ,  and a t  s t i l l  h igher  
t e m p e r a t u r e s  the o r d i n a r y  pos i t i ve  c u r r e n t  due 
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to protoniC conduct ivi ty  was  obse rved .  
This  behaviour  of ice  can be unders tood  as  a 

consequence  of f e r r o e l e c t r i c i t y  with Cur iepoin t  
at about 100OK. The cu r r en t  m e a s u r e d  at t e m p e r -  
a tu r e s  h igher  than 150OK is  due to the o rd ina ry  
pro tonic  conduct ivi ty ,  as  ment ioned above. This  
cu r r e n t  r i s e s  at f i r s t  m o r e  s teep ly  than would be 
expected f rom the wel l  known exponent ia l  t e m p e r -  
a tu re  dependence of conduct ivi ty  of ice .  It m a y  be 
poss ib le  that an addit ional  Cur iepoint  at about 
135OK causes  this  sharp  i n c r e a s e  in cur ren t .  
On cooling the ice  c r y s t a l  down we obse rved  the 
same ef fec ts  with r e v e r s e d  signs.  
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Fig. 1. Current observed in a slowly heated ice sample. 
(Applied field 400 V/cm). Full line - current in field 
direction, dashed line - current against field direction. 

To t e s t  whether  the ef fec t  d e s c r i b e d  above is  
due to f e r r o e l e c t r i c  behav iour ,  a second s e r i e s  
of e x p e r i m e n t s  was p e r f o r m e d .  A vol tage  of 
about 400 V was applied ins tan taneous ly  to the 
sample  and the capac i t ive  c u r r e n t  due to the ice  
c r y s t a l ,  which d e c r e a s e d  down to z e r o  with t ime ,  
was measu red .  F r o m  the t i m e - i n t e g r a l  of th is  
c u r r e n t  the value  of e was ca lcula ted .  Such m e a s -  
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Fig. 2. Dielectric constant ¢ of ice as a function of 
temperature. Sample: 2.0 cm, distance between elec-  

trodes 1.0 cm, applied electric field 400 V/cm, 

u r e m e n t s  w e r e  made for  d i f ferent  t e m p e r a t u r e s .  
The r e s u l t s  a r e  shown in fig. 2. The curve  shows 
that the d i e l ec t r i c  constant c p a s s e s  through a 
max imum at about 100OK. This  t e m p e r a t u r e  de-  
pendance of e is  c h a r a c t e r i s t i c  for  f e r r o e l e c t r i c s .  

The re laxa t ion  t ime  of the f e r r o e l e c t r i c ,  yield- 
ing o r ien ted  r eg ions ,  was es t ima ted  roughly f rom 
the t ime  dependance of the capaci t ive  cur ren t .  
The log I v s  t - c u r v e s  do oot show a pure  exponen- 
t ia l  shape,  p robably  because  the e l e m e n t a r y  p r o -  
c e s s e s  a r e  not independent of each other .  

The f e r r o e l e c t r i c  behaviour  of ice  desc r ibed  
above could be obse rved  only if the water  used 
fo r  the c ry s t a l  growth was not e x t r e m e l y  pure.  
This  indica tes  that  fo re ign  a toms  p romote  the ap-  
pea rance  of f e r r o e l e c t r i c i t y  in a ce r t a in  way. It 
cannot be decided whether  this inf luence is  due 
only to a shor tening of the re laxa t ion  t ime  of the 
f e r r o e l e c t r i c  po la r i za t ion  o r  whether  the fore ign  
a toms  t h e m s e l v e s  contr ibute  to the charge  d i s -  
p lacement .  
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