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DEFINITION O F  T E R M S  A N D  SYMBOLS 

1 

R a t i o n a l i z e d  MKS u n i t s  a r e  use.d t h r o u g h o u t .  Thermodynamic 

fo rmulas  such a s  dU = T d S  + X d x  + E d P  a r e  w r i t t e n  f o r  a u n i t  

volume of m a t e r i a l .  T h i s  p rocedure  i s  n o t  e x a c t l y  p r o p e r  because  

t h e  thermodynamic system ( t h e  expe r imen ta l  c r y s t a l )  changes i t s  

volume s l i g h t l y ,  b u t  on ly  i n a p p r e c i a b l e  e r r o r s  r e s u l t .  

C = C u r i e  c o n s t a n t .  

c E  = S p e c i f i c  h e a t  a t  c o n s t a n t  f i e l d  ( a n d  z e r o  s t r e s s ) .  

cP  = S p e c i f i c  h e a t  a t  c o n s t a n t  p o l a r i z a t i o n  (and  z e r o  s t r e s s ) .  

D = E l e c t r i c  d i s p l a c e m e n t .  

E = Applied e l e c t r i c  f i e l d .  

G 1  = E l a s t i c  Gibbs f u n c t i o n .  G 1  = U - T S  - X X  

G l o  = G I  a t  some ( a r b i t r a r y )  r e f e r e n c e  t e m p e r a t u r e .  

p - E l e c t r i c  d i p o ! ~  moment .  

P = E l e c t r i c  p o l a r i z a t i o n  per volume. 

e l e c t r i c  p o l a r i z a t i o n  per volume. 

Curie-Weiss Law i s  x = C / ( T  - T p ) .  

D = E ~ E  + P .  

P s  i s  t h e  spon taneous  

P E  = P y r o e l e c t r i c  c o e f f i c i e n t  a t  c o n s t a n t  f i e l d  ( a n d  s t r e s s ) .  

S = Entropy p e r  volume. 

T = Temperature  i n  d e g r e e s  Kelv in .  

T c  = C r i t i c a l  t e m p e r a t u r e  ( l o o s e l y  s p e a k i n g ,  e i t h e r  T f  o r  T ) .  

Tf  = F e r r o e l e c t r i c  Cur i e  t empera tu re  = t h e  t e m p e r a t u r e  a t  which 
P 

P s  d i s a p p e a r s  when t h e  s u b s t a n c e  i s  h e a t e d .  

= P a r a e l e c t r i c  Cur i e  t empera tu re  as  d e f i n e d  by t h e  Cur i e -  T P  
Weiss Law, x = C / ( T  - T p ) .  

U = I n t e r n a l  energy  p e r  volume. 

X = Applied s t r e s s .  ( T e n s i l e  s t r e s s  has a p o s i t i v e  s i g n . )  
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I -  

v =  S t r ~ i n :  ( E l o n g a t i o n  h a s  a p o s i t i v e  s i g n . )  

E = E l e c t r i c  p e r m i t t i v i t y  o f  vacuum = 8.85 x c o u 1 2 / n - m 2 .  

5 = D e v o n s h i r e ' s  s i x t h - o r d e r  c o e f f i c i e n t  ( o f  P 6 )  i n  G - e x p a n s i o n .  

5 = D e v o n s h i r e ' s  f o u r t h - o r d e r  c o e f f i c i e n t  (of P 4 )  i n  G - e x p a n s i o n .  

0 

( J ,  a p p e a r s  as a m i s p r i n t  i n  p l a c e  o f  5 i n  E q .  7 a n d  9 o f  

S t a t u s  R e p o r t  N o .  1 . )  

p = Mass d e n s i t y .  

x = E l e c t r i c  s u s c e p t i b i l i t y .  dP = EoxdE. The s y m b o l  x may c a r r y  

s u b s c r i p t s  s u c h  a s  p ( p a r a e l e c t r i c ) ,  o r  s u p e r s c r i p t s  s u c h  a s  

T ( c o n s t a n t  t e m p e r a t u r e ) ,  X ( c o n s t a n t  s t r e s s ) ,  e t c .  

~1 = The n o n - l i n e a r  p o l a r i z a t i o n  f u n c t i o n  i n  t h e  D e v o n s h i r e  

e x p a n s i o n .  U s u a l l y  w r i t t e n  $ ( P ) .  

~ 1 '  = The d e r i v a t i v e ' o f  $ ( P )  w i t h  r e s p e c t  t o  P .  U s u a l l y  w r i t t e n  

J , ' ( P ) .  

w = D e v o n s h i r e ' s  s e c o n d - o r d e r  c o e f f i c i e n t  ( o f  P2) i n  G - e x p a n s i o n .  

N o t e :  E q u a t i o n s  i n  t h e  t w o  S t a t u s  R e p o r t s  a r e  numbered  i n  o r d e r  

b e g i n n i n g  w i t h  t h o s e  i n  S t a t u s  R e p o r t  No. 1 .  

1, 2, & 3 SUMMARY OF P R E V I O U S  S T A T U S  R E P O R T S  

S t a t u s  R e p o r t  No. 1 c o n t a i n e d  a t h e r m o d y n a m i c  d e s c r i p t i o n  o f  

t h e  e l e c t r o c a l o r i c  e f f e c t ,  t h e  p y r o e l e c t r i c  e f f e c t ,  a n d  t h e  r e l a -  

t i o n s h i p  b e t w e e n  t h e m . l  I t  was shown t h a t  t h e  same c r y s t a l l i n e  

p r o p e r t i e s  g i v e  r i s e  t o  b o t h  e f f e c t s  and t h a t  t h e  r e l e v a n t  t h e r m o -  

d y n a m i c  c o e f f i c i e n t s  c a n  be d e t e r m i n e d  f r o m  e l e c t r o c a l o r i c  meas- 

u r e m e n t s .  S o - c a l l e d  " t e r t i a r y  e f f e c t s "  w h i c h  a r i s e  f r o m  i n h o m o -  

g e n e o u s  t e m p e r a t u r e s  o r  f i e l d s  c a n  be s o  l a r g e  a t  t o  mask t h e  
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" r e a ! "  effects; the tertiary effects are more easily eliminated 

in the electrocaloric than in the pyroelectric measurements. 

The apparatus and techniques that were devised for accu- 

rately regulating the temperature of the experimental chamber 

and making simultaneous measurements of the changes in electric 

polarization and temperature that occur with changes in applied 

field where described. 

Status Report N o .  2 included an account of the measurements 

of the electrocaloric effect i n  KH2POL,over the temperature 

range from 78°K to 136°K. Numerical values for the pyroelectric 

coefficient and its variation with temperature were determined 

from the measured electrocaloric effect. Reliable values for the 

Devonshire coefficients could not be determined from the electro- 

caloric effect because their determination depends upon measured 

values of changes in polarization, and the polarization of KH2P04 

is nearly saturated in the nearly-reversible tail of the hyster- 

esis loops where the electrocaloric measurements are valid. 

(E.g., see Fig. 4 of Status Report No. 2.) 

Report No. 3 describes the changes made in the apparatus and 

techniques that permitted electrocaloric measurements of AT/AP in 

the nearly-reversible tails of the hysteresis loops (i.e., in the 

"saturation" region). These were the use of (1) a well-regulated, 

high-voltage d-c power supply, (2) a much more sensitive d-c am- 

plifier with a much higher input resistance for measurements o f  

polarization, and ( 3 )  a charge-biasinq procedure to suppress the 

zero of the charge-measuring equipment. 
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I "  

The  deGree of r e v e r s i b i l i t y  of t h e  e l e c t r o c a l o r i c  e f f e c t  i n  

t h e  t a i l s  of t h e  h y s t e r e s i s  loops  f o r  po tass ium dihydrogen  phos- 

p h a t e  was obse rved ,  and e l e c t r o c a l o r i c  measurements of b o t h  A T / A P  

a n d  A T / A E  were made of  t h i s  s u b s t a n c e  ove r  t h e  e n t i r e  t e m p e r a t u r e  

range  f o r  which t h e  e l e c t r o c a l o r i c  e f f e c t  i s  a p p r e c i a b l e  ( 7 7 ° K  t o  

1 3 6 ° K ) .  Maximum s e n s i t i v i t y  f o r  low-impedance p y r o e l e c t r i c  de-  

t e c t o r s  used i n  t h e  f e r r o e l e c t r i c  s t a t e  i s  no t  o b t a i n e d  u n t i l  t h e  

a p p l i e d  b i a s i n g  f i e l d  i s  s u f f i c i e n t l y  l a r g e  t o  b r i n g  t h e  specimen 

i n t o  t h e  n e a r l y - r e v e r s i b l e  t a i l  of t h e  h y s t e r e s i s  l o o p .  When 

o p e r a t e d  i n  t h e  p a r a e l e c t r i c  s t a t e ,  t h e  p y r o e l e c t r i c  c o e f f i c i e n t  

can be c o n t r o l l e d  a t  w i l l  by a s u i t a b l e  b i a s i n g  f i e l d ,  t h e  sen -  

s i t i v i t y  i n c r e a s i n g  wi th  t h e  f i e l d .  

A r e l a t i v e l y  s imple  e x p r e s s i o n  w a s  found which gave a good 

f i t  t o  measured v a l u e s  of ( A T / A P ) ~  o v e r  t h e  e n t i r e  t e m p e r a t u r e  

range  r i g h t  th rough t h e  Cur ie  t e m p e r a t u r e .  I t  i s  

( a E / a P ) T  = ( ~ c ~ / T ) ( A T / A P ) ~  = 3 . 6 3  x 1 0 7 ~  - 4 . 8 0  x iO12p5.  

However, we d i d  no t  succeed i n  f i n d i n g  a Gibbs f u n c t i o n  G 1  t h a t  

a c c u r a t e l y  d e s c r i b e s  both t h e  f e r r o e l e c t r i c  behav io r  and t h e  pyro- 

e l e c t r i c  c o e f f i c i e n t  over  t h e  e n t i r e  range  of t e m p e r a t u r e .  

The v a r i a t i o n  w i t h  t empera tu re  a n d  f i e l d  o f  a n  i n n e r  f i e l d  

c o e f f i c i e n t  y t h a t  can be used t o  d e s c r i b e  t h e  spon taneous  p o l a r -  

i z a t i o n  and t h e  e l e c t r o c a l o r i c  e f f e c t  was de t e rmined .  

A computer program u s i n g  F o r t r a n  IV was w r i t t e n  f o r  a n  IBM 

7 0 4 0  computer ;  i t s  use  v a s t l y  i n c r e a s e d  the  speed a n d  accu racy  

of some of t h e  t e d i o u s  computa t ions  a n d  c u r v e - p l o t t i n g .  
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LIST OF EOUATIONS 

A l i s t  o f  t h e  most  i m p o r t a n t  e q u a t i o n s  f r o m  p r e v i o u s  

r e p o r t s  i s  g i v e n  b e l o w .  E q u a t i o n s  a r e  numbered c o n s e c u t i v e l y ,  

b e g i n n i n g  w i t h  t h e  f irst r e p o r t .  

dU = TdS + Xdx + EdP 

G I  s G l o  + wP2/2  + E P 4 / 4  + s P 6 / 6  

( a G ~ / a p ) ~  = E 

dP - p X B E d T  w h e r e  p x * E ( a P / a T ) x , E  

w ( T ) P  + CP3 + sP’ 



. 
. 
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EXPERIMENTAL PROCEDURE 

. 

S i n g l e  c r y s t a l s  o f  t r i g l y c i n e  s u l f a t e  ( N H 2 C H 2 C O O H ) 3 . H 2 S 0 4  

( a b b r e v i a t e d  TGS h e r e a f t e r )  were  o b t a i n e d  f r o m  t h e  C l e v i t e  C o r p o -  

r a t i o n .  O t h e r  TGS c r y s t a l s  were g r o w n  i n  t h i s  l a b o r a t o r y ,  b u t  

w e r e  n o t  u s e d  t o  o b t a i n  t h e  d a t a  p r e s e n t e d  h e r e .  A s i n g l e  c r y s t a l  

( r a t h e r  t h a n  a s a n d w i c h )  was u s e d  w i t h  m a j o r  f a c e s  o r i e n t e d  p e r -  

p e n d i c u l a r l y  t o  t h e  m o n o c l i n i c  b a x i s  ( t h e  t w o - f o l d  p o l a r  a x i s ) .  

The m a j o r  f a c e s  o f  t h e  c r y s t a l  w e r e  c o a t e d  w i t h  a i r - d r i e d  s i l v e r  

p a s t e  a n d  t h e  c r y s t a l  moun ted ,  c o m p l e t e  w i t h  a c o p p e r - c o n s t a n t a n  

t h e r m o c o u p l e ,  i n  t h e  manner  d e s c r i b e d  i n  p r e v i o u s  r e p o r t s .  1,293 

Some i m p o r t a n t  p r o p e r t i e s  o f  t h i s  c r y s t a l  a r e  t a b u l a t e d  b e l o w :  

A r e a  o f  m a j o r  s u r f a c e s  2 .82  cm2 

T h i c k n e s s  3 . 1 9  mm. 

Dens i t y  1 . 6 8  g / c m 3  

C r y s t a l  s y m m e t r y  ( a b o v e  T c )  M o n o c l  i n i  c 

F e r r o e l e c t r i c  a x i s  M o n o c l i n i c  b 

Cp = 419 + 1 .747T  j o u l e s / k g m 3  ( i n t e r p o l a t e d  f r o m  R e f .  4 )  

T r i g l y c i n e  s u l f a t e  u n d e r g o e s  one s e c o n d - o r d e r  f e r r o e l e c t r i c  

t r a n s i t i o n  a t  322.60"K ( 4 9 . 4 5 " C ) .  I t s  d i e l e c t r i c  p r o p e r t i e s  h a v e  

b e e n  i n v e s t i g a t e d  b y  H o s h i n o 4  and o t h e r s 5 .  I t s  u s e  a s  a p y r o -  

e l e c t r i c  d e t e c t o r  h a s  b e e n  c o n s i d e r e d  by t h e  S p e r r y  g r 0 u p ~ 9 ~  a n d  

b y  C h y n o w e t h s .  A t  e a c h  t e m p e r a t u r e ,  b e f o r e  a n y  r e a d i n g s  w e r e  

t a k e n ,  t h e  c r y s t a l  was c y c l e d  s e v e r a l  t i m e s  o v e r  t h e  r a n g e  o f  

e l e c t r i c  f i e l d  t o  b e  u s e d .  Then e q u a l  s t e p - w i s e  c h a n g e s  i n  e l e c -  

t r i c  f i e l d  w e r e  a p p l i e d  a t  o n e - m i n u t e  i n t e r v a l s ,  and s i m u l t a n e o u s  

c h a n g e s  i n  e l e c t r i c  p o l a r i z a t i o n  and t e m p e r a t u r e  w e r e  r e c o r d e d  on 

I 



7 
4 

. 

. 

a p a i r  of 11 - inch  s t r i p - c h a r t  r e c o r d e r s . 1 , 2 , 3  More than  one com- 

p l e t e  h y s t e r e s i s  c y c l e  was t r a v e r s e d  s t e p - w i s e  a t  each  tempera-  

t u r e ,  b u t  no t  a l l  o f  t h e s e  s t e p s  were used f o r  t h e  c o m p u t a t i o n s .  

Twenty-e ight  s e p a r a t e  runs a t  e s t a b l i s h e d  base  t e m p e r a t u r e s  were 

made, some of  which were r e - r u n s  a t  a p r e v i o u s l y - o b s e r v e d  temper-  

a t u r e .  The range  of t e m p e r a t u r e s  s t u d i e d  was from 273°K t o  334°K. 

A l l  t o g e t h e r ,  t h e  r e s u l t s  of 2 ,335  f i e l d  s t e p s  were r e c o r d e d .  

G E N E R A L  DESCRIPTON OF RESULTS 

The t y p i c a l  d i e l e c t r i c  a n d  e l e c t r o c a l o r i c  b e h a v i o r  observed  

i n  TGS i n  t h e  p a r a e l e c t r i c  r e g i o n  i s  shown i n  F i g .  1 .  

The t e m p e r a t u r e  s c a l e ,  A T ,  r e p r e s e n t s  t h e  c u m u l a t i v e  s t e p -  

w i se  e l e c t r o c a l o r i c  changes i n  t e m p e r a t u r e .  T h e  e r r o r  of c l o s u r e  

f o r  t h e  c y c l e  conveys an i d e a  of  t h e  accu racy  of  t h e  t e m p e r a t u r e  

measurements .  Note t h a t  t h e  e l e c t r o c a l o r i c  e f f e c t  a p p e a r s  t o  be 

a q u a d r a t i c  f u n c t i o n  of  both E a n d  P .  

Below t h e  Cur i e  t e m p e r a t u r e ,  i n  t h e  f e r r o e l e c t r i c  r e g i o n ,  t h e  

e l e c t r o c a l o r i c  e f f e c t  appea r s  t o  be n o t  q u a d r a t i c  b u t  approximate-  

l y  l i n e a r  i n  E a s  shown by t h e  t y p i c a l  r e s u l t s  d i s p l a y e d  i n  F i q .  2. 

D u r i n g  t h e  c o u r s e  o f  t h e s e  e x p e r i m e n t s ,  s e v e r a l  i n c i d e n t a l  

b u t  n o t a b l e  c h a r a c t e r i s t i c s  of  TGS were obse rved .  I n  t h e  f i r s t  

p l a c e ,  t h e  e l e c t r o c a l o r i c  e f f e c t  i s  asymmetr ica l  w i t h  r e s p e c t  t o  

t h e  d i r e c t i o n  o f  t h e  a p p l i e d  f i e l d .  The asymmetry d i s a p p e a r s  

above  t h e  Cur i e  t e m p e r a t u r e  b u t  r e a p p e a r s  a g a i n  i n  t h e  same d i r e c -  

t i o n  b u t  n o t  i n  e x a c t l y  t h e  same amount when t h e  c r y s t a l  i s  
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r e - c o o l e d .  Secondly ,  t he  d i e l e c t r i c  b e h a v i o r  i s  a s y m m e t r i c a l .  

Two e f f e c t s  seem t o  be invo lved  h e r e .  One i s  t h e  o r d i n a r y  f e r r o -  

e l e c t r i c  p o l a r i z a t i o n  - -  i t s  asymmetry i s  d i f f i c u l t  t o  a p p r a i s e  

because  of unknown b i a s i n g  cha rges  r e s i d i n g  i n  o r  on t h e  c r y s t a l .  

The o t h e r  i s  t h e  r e l a t i v e l y  slow d r i f t  o f  c h a r g e  t h a t  accompanies 

each  change i n  a p p l i e d  f i e l d :  each f i e l d  s t e p  produces  a n  i n i t i a l  

ru sh  of p o l a r i z a t i o f l  ( n e a r l y  " i n s t a n t a n e o u s "  o n  t h e  s t r i p - c h a r t  

r e c o r d e r )  which i s  fo l lowed  by a g r a d u a l l y - s l o w i n g  d r i f t .  The 

r a t e s  a n d  magni tudes  of these  d r i f t s  a r e  d i f f e r e n t  f o r  t h e  two 

d i r e c t i o n s  of a p p l i e d  f i e l d .  These d r i f t s  a p p e a r  t o  be a combi- 

n a t i o n  o f  f e r r o e l e c t r i c  r e l a x a t i o n  p o l a r i z a t i o n  and ohmic conduc- 

t i o n  w i t h i n  t h e  c r y s t a l .  S i m i l a r  asymmetry i n  t h e  d i e l e c t r i c  

b e h a v i o r  of TGS h a s  ' been  observed  by Hoshino4 a n d  by Chynoweths, 

t h e  l a t t e r  having obse rved  asymmetry i n  t h e  p y r o e l e c t r i c  e f f e c t  

a s  we1 1 .  

These r e l a x a t i o n  e f f e c t s  a r e  p a r t i c u l a r l y  vexing t o  us 

because  t h e y  p r e c l u d e  a c c u r a t e  d e t e r m i n a t i o n s  of t h e  " i n s t a n t a -  

neous"  changes i n  p o l a r i z a t i o n  A P  f r o m  our  r e c o r d e r  t r a c e .  E lec-  

t r o c a l o r i c  e f f e c t s  ( o r  p o s s i b l e  i r r e v e r s i b l e  h e a t i n g )  a s s o c i a t e d  

w i t h  t h e s e  s low d r i f t s  a r e  n e g l i g i b l e ,  b u t  ou r  r e s u l t s  have u n -  

u s u a l l y  l a r g e  u n c e r t a i n t i e s  i n  t h o s e  q u a n t i t i e s  t h a t  i n v o l v e  

measurements  of A P ;  t h e s e  i n c o n s i s t e n c i e s  were many t imes  l a r g e r  

t h a n  t h o s e  o b t a i n e d  w i t h  KDP o r  R o c h e l l e  S a l t .  Moreover,  d i s c r e p -  

a n c i e s  s e v e r a l  t imes  a s  l a r g e  as  t h o s e  a t t r i b u t a b l e  t o  f a u l t y  

judgement  i n  s e p a r a t i n g  o u t  t h e  " i n s t a n t a n e o u s "  p a r t  o f  A P  occurred  

when a t t e m p t s  were made t o  r e p e a t  t h e  r e s u l t s  o b t a i n e d  a t  a p r e -  

v i o u s l y - s t u d i e d  t e m p e r a t u r e ;  t h a t  i s ,  t h e  p r o p e r t i e s  o f  t h e  c r y s t a l  



1 1  

c h a n g e d  w i t h  use ,  i t s  b e h a v i i r  b e c o m i n g  somewhat  more  c o n s i s t e n t  

and  A T / A P  t e n d i n g  ( w i t h  e x c e p t i o n s )  t o  become g r e a t e r .  

A s  a r e s u l t  o f  t h e s e  r e l a x a t i o n  e f f e c t s ,  t h e  a p p a r e n t  v a l u e  

o f  t h e  c o e r c i v e  f i e l d  f o r  TGS i s  s t r o n g l y  d e p e n d e n t  upon  t h e  f r e -  

q u e n c y  o f  t h e  a p p l i e d  f i e l d  ( o r  t h e  d u r a t i o n  o f  t h e  f i e l d  s t e p s )  

a n d  u p o n  t h e  maximum f i e l d  a p p l i e d .  F i g .  3 i s  a t r a c i n g  o f  a 

6 0 - c p s  h y s t e r e s i s  l o o p  t a k e n  a t  273°K f o r  c o m p a r i s o n  w i t h  F i g .  2 .  

I t  i l l u s t r a t e s  t h e  a s y m m e t r y  i n  t h e  c o e r c i v e  f i e l d ,  t h e  s a t u r a t i o n  

f i e l d ,  a n d  t h e  shape  o f  t h e  s w i t c h i n g  t r a c e .  These  e f f e c t s  a r e  

made a b n o r m a l l y  e v i d e n t  i n  t h e  p h o t o g r a p h  b y  a p p l y i n g  b a r e l y  

e n o u g h  f i e l d  t o  show t h e  r e v e r s i b l e  r e g i o n s  - -  a t  h i g h e r  f i e l d s ,  

t h e  6 0 - c p s  l o o p s  a p p e a r  t o  be n o r m a l .  F o r  c o m p a r i s o n ,  t h e  c o e r -  

c i v e  f i e l d  f o r  t h e  6 0 - c p s  l o o p  and f o r  a s t e p - w i s e  l o o p  t a k e n  a t  

1 s t e p / 5  m i n  a r e  shown on  F i g .  2 b y  t h e  s m a l l  v e r t i c a l  s o l i d  and  

b r o k e n  l i n e s  r e s p e c t i v e l y .  

I 

F i g .  4 shows t h e  t o t a l  e l e c t r o c a l o r i c  e f f e c t  o b s e r v e d  a t  

v a r i o u s  t e m p e r a t u r e s .  The u p p e r  c u r v e  r e p r e s e n t s  t h e  c u m u l a t i v e  

sum o f  t h e  i n d i v i d u a l  e l e c t r o c a l o r i c  t e m p e r a t u r e  changes  f o r  a 

maximum a p p l i e d  f i e l d  o f  305.6 kv/m,  and  t h e  l o w e r  c u r v e  r e p r e -  

s e n t s  t h e  v a l u e s  f o r  a f i e l d  o f  1 2 8 . 4  kv/m.  I 
F i g .  5 shows t h e  v a r i a t i o n  w i t h  t e m p e r a t u r e  o f  t h e  p o l a r i z a -  

t i o n  a t  maximum f i e l d  P 3 ~ 6  and a t  z e r o  f i e l d  P o .  

t a i n e d  f r o m  t h e  c u m u l a t i v e  s t e p - w i s e  c h a n g e s .  

p o l a r i z a t i o n  a t  z e r o  f i e l d  r a t h e r  t h a n  t h e  v a l u e  o b t a i n e d  b y  

e x t r a p o l a t i n g  t h e  t i p s  o f  t h e  h y s t e r e s i s  l o o p s  t o  z e r o  f i e l d ;  

s u c h  a v a l u e  w h i c h  f o r  many s u b s t a n c e s  c a n  be  t a k e n  t o  b e  t h e  

These  w e r e  ob-  

P o  i s  t h e  r e s i d u a l  
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! -  s p c n t 2 n e n u s  p o l a r i z a t i o n  h a s  l i t t l e  meaning f o r  TGS because  a t  

t e m p e r a t u r e s  f a r  below t h e  Cur ie  t e m p e r a t u r e  P o  and P s  a r e  i n -  

d i s t i n g u i s h a b l e  on the  s c a l e  of F i g .  5.  A t  t e m p e r a t u r e s  c l o s e  

t o  t h e  C u r i e  t e m p e r a t u r e ,  P vs E i s  a smooth c u r v e  w i t h  no f l a t -  

t e n i n g  n e a r  t h e  t i p s  of the  h y s t e r e s i s  l o o p s .  

- 

The s c a t t e r i n g  o f  t h e  p o i n t s  i s  due p r i m a r i l y  t o  the a f o r e -  

ment ioned changes i n  t h e  p r o p e r t i e s  of  t h e  sample d u r i n g  t h e  

c o u r s e  of  t h e  work. Even s o ,  t h e  a v e r a g e  c u r v e  d r a w n  i s  r eason-  

a b l y  c o n s i s t e n t  w i t h  the  behav io r  u s u a l l y  c i t e d  as t y p i c a l .  

F ig .  6 shows t h e  v a r i a t i o n  of t h e  r e c i p r o c a l  s t a t i c  dielectric 

s u s c e p t i b i l i t y  ( o r  r a t h e r  A E / A P )  w i t h  t e m p e r a t u r e  above t h e  C u r i e  

t e m p e r a t u r e  a s  de t e rmined  from t h e  s l o p e s  of t h e  p l o t s  of  P - vs E 

n e a r  E = 0 .  

322.6"K (49.45"C) and C = 3260. Both of  t h e s e  v a l u e s  a r e  i n  

r e a s o n a b l e  agreement  wi th  pub l i shed  d e t e r m i n a t i o n s  of t h e  same 

q u a n t i t i e s  by a -c  methods;  t h e  most r e c e n t  measurements a r e  

t h o s e  of Gonzalog who g i v e s  T c  = 49.42"C and C = 3560. 

r e p o r t s  T c  = 48°C a n d  C = 3280. 

Weiss law i n  t h e  p a r a e l e c t r i c  r e g i o n  a n d  t h e  l a c k  of a d i s c o n t i n -  

u i t y  i n  t h e  spon taneous  p o l a r i z a t i o n  P s  a t  t h e  Cur i e  t e m p e r a t u r e  

a r e  c h a r a c t e r i s t i c s  of a s econd-o rde r  phase t r a n s i t i o n .  

The s o l i d  l i n e  r e p r e s e n t s  a Curie-Weiss law f o r  T c  = 

Hoshino4 

This  agreement  w i t h  t h e  Cur i e -  
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THERMODYNAMIC DESCRIPTION OF RESULTS 

The " d P  Form" of t h e  E l e c t r o c a l o r i c  Equat ion  

T h e  thermodynamic t h e o r y  of Devonshire  can b e  used a s  a 

framework f o r  d e s c r i b i n g  t h e  r e s u l t s  of t h e  e l e c t r o c a l o r i c  mea- 

su remen t s  of TGS. Cons ide r  t h e  " d P  form" of t h e  e l e c t r o c a l o r i c  

e q u a t i o n ,  

d T  = ( T / ~ c ~ ) ( ~ E / ~ T ) ~  d P .  (2) 

One would e x p e c t  t o  be a b l e  t o  e v a l u a t e  ( a E / a T ) p  f rom E q .  ( 2 )  

d i r e c t l y  by measur ing  a l l  of t h e  o t h e r  q u a n t i t i e s  i n c l u d i n g  t h e  

e l e c t r o c a l o r i c  e f f e c t  A T / A P  a n d  t hen  o b t a i n  an e q u a t i o n  of s t a t e ,  

E = f ( T , P ) ,  s imp ly  by i n t e g r a t i o n .  The d i f f i c u l t y  w i t h  t h i s  

method i s  t h a t  t h e  e l e c t r o c a l o r i c  measurements ( o r  any o t h e r s  f o r  

t h a t  m a t t e r )  c a n n o t  be measured a t  a r b i t r a r i l y - s e l e c t e d  v a l u e s  of 

P ;  i n  p a r t i c u l a r ,  v a l u e s  of  P s m a l l e r  t h a t  P s  a r e  n o t  experimen- 

t a l l y  a c c e s s i b l e  below the  Cur i e  t e m p e r a t u r e ,  and v a l u e s  of P 

c o r r e s p o n d i n g  t o  low v a l u e s  o f  a p p l i e d  f i e l d  a r e  n o t  thermodynam- 

i c a l l y  r e v e r s i b l e .  (Because o f  t h e  long r e v e r s i b l e  t a i l s  on t h e  

h y s t e r e s i s  l oop  of  TGS,  i r r e v e r s i b i l i t y  was no t  a major  problems 

w i t h  TGS.  I t  was a major  problem w i t h  po ta s s ium dihydrogen  

p h o s p h a t e . )  

One r e c o u r s e  i s  t o  assume a p h y s i c a l l y  r e a s o n a b l e  e x p r e s s i o n  

f o r  t h e  e q u a t i o n  of  s t a t e  ( o r  f o r  t h e  e l a s t i c  G i b b s  f u n c t i o n  from 

which an e q u a t i o n  of s t a t e  can be o b t a i n e d  by d i f f e r e n t i a t i o n )  a n d  

t h e n  compare t h e  c a l c u l a t e d  v a l u e s  f o r  t h e  e l e c t r o c a l o r i c  e f f e c t  

w i t h  t h e  expe r imen ta l  v a l u e s .  
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4 f r c q E e n t ! y - l l s e d  e x p r e s s i o n  f o r  t h e  e l a s t i c  G i b b s  f u n c t i o n  

G 1  f o r  a s u b s t a n c e  which undergoes a s econd-o rde r  f e r r o e l e c t r i c  
t r a n s i t i o n  i s 1  

G 1  = G l o  + UP'  + 6 P 4 / 4  + 5P6/6  + * * '  . ( 8 )  

S i n c e  G 1  = - S d T  - xdX + E d P  a n d  s i n c e  t h e  s t r e s s e s  X on t h e  

c r y s t a l  a r e  n e g l i g i b l e ,  the  f i e l d  E = ( a G l / a P ) T  becomes 

s o  t h a t  f o r  small  e l e c t r o c a l o r i c  t e m p e r a t u r e  changes ,  Eq. 2 y i e l d s  

Our measured v a l u e s  of  t h e  e l e c t r o c a l o r i c  t e m p e r a t u r e  changes 

were compared t o  Eq'. ( 1 0 ' )  by c u r v e - p l o t t i n g .  The m a i n  problem 

above T c  i s  due t o  t h e  a forement ioned  r e l a x a t i o n  e f f e c t s  and ohmic 

d r i f t  which p r e c l u d e  a c c u r a t e  measurements of A P .  

r e l a x a t i o n  e f f e c t s  a r e  somewhat l e s s ,  b u t  t h e  v a l u e s  of A P  a r e  

Below T c  t h e  

s m a l l ,  P changing  by on ly  2 . 1 %  o v e r  t h e  e n t i r e  r ange  from E = 0 

t o  E = 3 0 5 . 6  k V / m  a s  would be seen  i n  F i g .  2 i f  t h e  s c a l e  could  

b e  blown u p  e n o u g h .  I t  i s  f o r  t h i s  r eason  t h a t  t h e  r e v e r s i b l e  

t a i l  of each h y s t e r e s i s  loop was t r a v e r s e d  step-wise s e v e r a l  t i m e s  

w i t h  g r e a t l y  i n c r e a s e d  s e n s i t i v i t y ,  a s u i t a b l e  l a r g e  b i a s i n g  

c h a r g e  being a p p l i e d  t o  keep t h e  r e a d i n g s  on s c a l e .  The p o l a r i -  

z a t i o n  nea r  E = 0 i s  no t  r e v e r s i b l e ,  s o  r e a d i n g s  a t  ve ry  low f i e l d s  

were  not  made. 

Cumulat ive v a l u e s  of A T  - vs P 2  were p l o t t e d  o v e r  t h e  e n t i r e  

r a n g e  of t e m p e r a t u r e s  (273°K t o  334"K),  and i t  was found f o r  t h e  

most  p a r t  t h a t  o n l y  t h e  f i r s t  term i n  E q .  ( 1 0 ' )  seems t o  be 
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needed t o  g i v e  2 r e a s z n a h l e  f i t  t o  t h e  d a t a  both above and below 

the  C u r i e  t e m p e r a t u r e  as  i l l u s t r a t e d  by F i g s .  7 ,  8 ,  and 9 .  The 

d a t a  f o r  F i g .  7 were t aken  a t  t h e  n e x t - t o - t h e - h i g h e s t  t e m p e r a t u r e  

employed. ( A t  t h e  h i g h e s t  t e m p e r a t u r e s  t h e  e l e c t r o c a l o r i c  e f f e c t s  

were t o o  s m a l l ,  app rox ima te ly  0.16 x d e g / s t e p ,  t o  g i v e  con- 

s i s t e n t  d a t a . )  A t  s u c c e s s i v e l y  lower  t e m p e r a t u r e s ,  b u t  s t i l l  

above t h e  Curie t e m p e r a t u r e ,  t h e  p l o t s  became more c o n s i s t e n t  and 

more l i n e a r  ( i n  P2). The d a t a  f o r  F i g .  8 were t aken  j u s t  below 

t h e  Cur i e  t e m p e r a t u r e ,  and t h o s e  f o r  F i g .  9 were t aken  a t  t h e  low- 

e s t  t e m p e r a t u r e  employed. A t  lower  t e m p e r a t u r e s  t h e  c u r v e s  t e n d  

t o  become concave upwards f o r  lower v a l u e s  of  E .  T h i s  d e v i a t i o n  

from l i n e a r  b e h a v i o r  i n  P 2  s u g g e s t s  i r r e v e r s i b l e  h e a t i n g  e f f e c t s .  

L i n e a r  b e h a v i o r  i n  P 2  i s  c o n s i s t e n t  w i t h  t h e  u s u a l l y - c i t e d  thermo- 

dynamic e x p r e s s i o n s  o f  Devonshire  and o t h e r s  ( s e e  Ref.  5 )  i n  which 

5 and 5 a r e  independen t  of  t e m p e r a t u r e .  On t h e  o t h e r  hand,  Gon- 

z a l o q  p roposes  a s t a t i s t i c a l  t h e o r y  i n  which 5 and 5 a r e  p ropor -  

t i o n a l  t o  t h e  a b s o l u t e  t e m p e r a t u r e .  W i t h  ou r  enhanced s e n s i t i v i t y  

and c h a r g e - b i a s i n g  t e c h n i q u e ,  we c o n s i s t e n t l y  o b s e r v e  c o n s i d e r a b l e  

d e v i a t i o n  from l i n e a r i t y  i n  P - vs E even n e a r  t h e  t i p s  of  t h e  hys- 

t e r e s i s  l o o p s .  F u r t h e r  s tudy  i s  r e q u i r e d  t o  d e t e r m i n e  whether  

t h i s  d e v i a t i o n  from l i n e a r i t y  can be measured t o  s u f f i c i e n t  accu-  

r a c y  t o  d e t e r m i n e  c ( T ) .  I n  s h o r t ,  t h e  e l e c t r o c a l o r i c  d a t a  on ly  

s u g g e s t  t h a t  5 i s  t e m p e r a t u r e  dependen t ;  t h e  i n a c c u r a c i e s  due t o  

r e l a x a t i o n  e f f e c t s  a n d  age ing  of  t h e  specimen p r e c l u d e  d e f i n i t e  

c o n c l u s i o n s .  

The combined r e s u l t s  from a l l  of t h e  p l o t s  of A T  - vs 8 P 2  a r e  

shown i n  F i g .  1 0 .  The va lues  a c t u a l l y  shown h e r e  were de te rmined  
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I *  b y  t h e  c o m p u t e r  di id t hey  e s n z f s t  c f  t h e  mean s l o p e ,  A T / A P 2 ,  o f  

t h e  t w o  f i e l d  s t e p s  j u s t  p r e c e d i n g  and j u s t  f o l l o w i n g  t h e  m a x i -  

mum v a l u e  o f  E. The a v e r a g e  v a l u e  o f  E f o r  t h e s e  d e t e r m i n a t i o n s  

was 261.2 kv/m. The v a l u e s  i n d i c a t e d  b y  t h e  o p e n  c i r c l e s  w e r e  

o b t a i n e d  w i t h  a ' ' f r e s h "  c r y s t a l  b e f o r e  t h e  s p e c i m e n  h a d  b e e n  

h e a t e d  a b o v e  t h e  C u r i e  t e m p e r a t u r e  f o r  t h e  f i r s t  t i m e ,  and t h e s e  

v a l u e s  e r e  g i v e n  l e s s  w e i g h t  i n  d r a w i n g  t h e  s o l i d  l i n e .  

O f  c o u r s e  t h e  s c a t t e r  o f  p o i n t s  i n  F i g .  1 0  i s  d i s a p p o i n t i n g .  

T h i s  s c a t t e r  i s  due p a r t l y  t o  t h e  r e l a x a t i o n  e f f e c t s  w h i c h  make 

c o n s i s t e n t  r e a d i n g s  o f  p o l a r i z a t i o n  d i f f i c u l t ,  b u t  i t  i s  due 

m o s t l y  t o  a c t u a l  c h a n g e s  i n  t h e  p r o p e r t i e s  o f  t h e  c r y s t a l  t h a t  

a r e  p r o d u c e d  b y  t h e  e l e c t r i c a l  a n d  t h e r m a l  t r e a t m e n t  o f  t h e  c r y s -  

t a l  s p e c i m e n .  Such u n c e r t a i n t i e s  n o t w i t h s t a n d i n g ,  t w o  c o n c l u s i o n s  

c a n  b e  d r a w n :  ( 1 )  t h e r e  i s  no a b r u p t  d i s c o n t i n u i t y  i n  t h e  q u a n t i l y  

aw/aT u p o n  p a s s i n g  t h r o u g h  t h e  C u r i e  t e m p e r a t u r e ,  and ( 2 )  t h e  

v a l u e  o f  a W / a T  b e g i n s  t o  d r o p  a p p r e c i a b l y  a t  l o w e r  t e m p e r a t u r e s .  

T h i s  c o n t i n u i t y  i n  t h e  v a l u e  o f  h / a T  t h r o u g h  t h e  C u r i e  tem-  

p e r a t u r e  i s  g r e a t l y  d i f f e r e n t  f r o m  t h e  b e h a v i o r  o b s e r v e d  w i t h  

p o t a s s i u m  d i h y d r o g e n  p h o s p h a t e . 3  

As shown b y  i n f o r m a t i o n  c o n t a i n e d  i n  F i g s .  1 and 6, t r i g l y -  

c i n e  s u l f a t e  o b e y s  t h e  C u r i e - W e i s s  l a w  s o  t h a t  Eq. ( 9 )  r e d u c e s  t o  

E = W P  = (T-Tp)P/€,C a b o v e  t h e  C u r i e  t e m p e r a t u r e .  

w i s  known t o  b e  z e r o  a t  t h e  C u r i e  t e m p e r a t u r e ,  and w ( T )  c a n  b e  

o b t a i n e d  f r o m  F i g .  1 0  by i n t e g r a t i o n .  The r e s u l t s  o f  s u c h  an 

i n t e g r a t i o n  a r e  d i s p l a y e d  i n  F i g .  1 1 .  

C o n s e q u e n t l y ,  
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The P y r o e i e c t r i c  C a e f f f c i e n t  

The " d E "  form of the  e l e c t r o c a l o r i c  e q u a t i o n  i s  

and i t  has  been shown t h a t  t h e  p y r o e l e c t r i c  e f f e c t  and t h e  e l e c -  

t r o c a l o r i c  e f f e c t  a r e  m a n i f e s t a t i o n s  of t h e  same c r y s t a l l i n e  pro-  

p e r t i e s . '  The p y r o e l e c t r i c  c o e f f i c i e n t  a t  c o n s t a n t  f i e l d  a n d  

s t r e s s  p ( h e r e a f t e r  w r i t t e n  p E  because  t h e  s t r e s s e s  h e r e  a r e  

I ~ n e g l i g i b l e )  i s  by d e f i n i t i o n  a n d  f rom E q .  4 g iven  by 

p E  = ( a P / a T ) E  = - ( p c E / T )  A T / A E  (4') 

f o r  smal l  e l e c t r o c a l o r i c  t e m p e r a t u r e  changes  A T .  The v a r i a t i o n  

of  t h e  p y r o e l e c t r i c  c o e f f i c i e n t  w i t h  t e m p e r a t u r e  was de te rmined  

from measured v a l u e s  of t h e  e l e c t r o c a l o r i c  e f f e c t  a s  s u g g e s t e d  by 

E q .  ( 4 ' ) .  The r e s u l t s  a r e  shown i n  F i g .  1 2 .  Values of c E  were 

o b t a i n e d  from Hoshino, e t  a 1 . 4  Above t h e  C u r i e  p o i n t ,  t h e  e l e c -  

t r o c a l o r i c  t e m p e r a t u r e  r i s e  i s  p a r a b o l i c  w i t h  r e s p e c t  t o  the  f i e l d  

( s e e  F i g .  1 )  so t h a t  d i f f e r e n t i a l  v a l u e s  of A T / A E  (o r  p ) n e a r  a 

p a r t i c u l a r  v a l u e  o f  f i e l d  E i s  t w i c e  t h e  a v e r a g e  v a l u e  f o r  t h e  

f u l l  f i e l d  s t e p  from 0 t o  E .  Below t h e  Cur i e  p o i n t ,  on t h e  o t h e r  

hand,  t h e  e l e c t r o c a l o r i c  t e m p e r a t u r e  r i s e  i s  approx ima te ly  l i n e a r  

w i t h  r e s p e c t  t o  f i e l d  so t h a t  t h e  d i f f e r e n t i a l  and ave rage  v a l u e s  

of  A T / A E  (and  p ) a r e  approx ima te ly  e q u a l .  Consequen t ly ,  t h e  

s e n s i t i v i t y  of a TGS p y r o e l e c t r i c  r a d i a t i o n  d e t e c t o r  could  be 

a d j u s t e d  a t  w i l l  by changing t h e  b i a s i n g  f i e l d  i f  t he  d e t e c t o r  i s  

o p e r a t e d  above t h e  C u r i e  t e m p e r a t u r e ,  whereas  t h e  s e n s i t i v i t y  of 

such  a d e t e c t o r  i s  n e a r l y  independen t  of t h e  f i e l d  i f  i t  i s  

E 

E 
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o p e r a t e d  below i t s  Curie t z ~ p e r 2 t f i r e .  

S U MM A R Y 

E l e c t r o c a l o r i c  measurements of t r i g l y c i n e  s u l f a t e  were made 

from 273°K t o  334°K a t  f i e l d s  u p  t o  306 k i l o v o l t s  per m e t e r .  

R e l a x a t i o n  p o l a r i z a t i o n ,  ohmic l e a k a g e ,  a n d  asymmetry i n  t h e  

p o l a r i z a t i o n  (which p e r s i s t s  even a f t e r  temporary  h e a t i n g  above 

the  C u r i e  t e m p e r a t u r e )  make a c c u r a t e  i n t e r p r e t a t i o n  o f  t h e  p o l a r -  

i z a t i o n  measurements d i f f i c u l t .  Moreover, t h e  e l e c t r i c a l  prop-  

e r t i e s  of t r i g l y c i n e  s u l f a t e  change w i t h  i t s  e l e c t r i c a l  a n d  t h e r -  

mal t r e a t m e n t  d u r i n g  t h e  measurements .  

N e v e r t h e l e s s ,  t h e  observed e l e c t r o c a l o r i c  measurements i n  

,TGS a r e  i n  a cco rd  w i t h  the  Devonshire  t h e o r y  and y i e l d  v a l u e s  of 

322.6"K (49.45"C) f o r  the  Cur ie  t e m p e r a t u r e  a n d  4280°K f o r  t h e  

C u r i e  c o n s t a n t  C .  Both t h e  e l e c t r o c a l o r i c  and d i e l e c t r i c  o b s e r -  

v a t i o n s  conf i rm t h e  accep ted  b e l i e f  t h a t  t h e  f e r r o e l e c t r i c  t r a n -  

s i t i o n  i n  TGS i s  of second o r d e r .  The f i r s t  Devonshi re  c o e f f i -  

c i e n t  w i s  c o n t i n o u s  w i t h  no change i n  s l o p e  r i g h t  th rough t h e  

C u r i e  t e m p e r a t u r e ,  a w / a T  being c o n s t a n t  down t o  a b o u t  312°K where 

i t  b e g i n s  t o  d i m i n i s h  s i g n i f i c a n t l y .  

R e l a x a t i o n  e f f e c t s  p reven ted  an a c c u r a t e  d e t e r m i n a t i o n  of 

t h e  second Devonshi re  c o e f f i c i e n t  5. The e l e c t r o c a l o r i c  d a t a  

gave  an i n d i c a t i o n  t h a t 5  i s  t e m p e r a t u r e  dependen t .  

Values  f o r  t h e  p y r o e l e c t r i c  c o e f f i c i e n t  p E  were de te rmined  
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. from t h e  e l e c t r o c a l o r i c  measurements f s r  t h e  e n t i r e  t e m p e r a t u r e  

r ange .  Above the  Cur i e  t e m p e r a t u r e ,  t h e  p y r o e l e c t r i c  c o e f f i c i e n t  

can be c o n t r o l l e d  by changing  the b i a s i n g  f i e l d ;  below t h e  C u r i e  

t e m p e r a t u r e  t.he p y r o e l e c t r i c  c o e f f i c i e n t  i s  independen t  of  f i e l d .  t 
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