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DEFINITION OF TERMS AND SYMBOLS 

Rat ional  i zed MKS u n i t s  are used throughout. Thermodynami c formul as 
such as dU = TdS + Xdx + EdP are w r i t t e n  f o r  a u n i t  volume o f  mater ia l .  Th is  
procedure i s  no t  exac t l y  proper because the thermodynamic system ( t h e  exper i -  

mental 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  inapprec iab le  e r r o r s  

r e s u l t .  

C = Cur ie  constant. 
cE = S p e c i f i c  heat  a t  constant  f i e l d  (and zero s t ress) .  
cp = S p e c i f i c  heat a t  constant p o l a r i z a t i o n  (and zero s t ress) .  
D = E l e c t r i c  displacement. 
E = App l ied  e l e c t r i c  f i e l d .  
G1 = E l a s t i c  Gibbs funct ion.  
Gl0 = G1 a t  some ( a r b i t r a r y )  re ference temperature. 
K = D i e l e c t r i c  constant. 
p = E l e c t r i c  d ipo le  moment. 
P = E l e c t r i c  p o l a r i z a t i o n  per  volume. Ps = Spontaneous e l e c t r i c  p o l a r i z a t i o n  

pE = 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  constant  f i e l d  (and s t ress) .  
S = Entropy per  volume. 
S' = That p a r t  o f  the ent ropy which i s  associated w i t h  P. 
T = Temperature i n  degrees Kelv in .  

Curie-Weiss Law i s  K S x = C/(T - TP) . 

D = c0E t P. 

G, = U - TS - xX. 

per  vo l  ume. 

- 
Tc - 

Tf - 
- 

Tp = 

C r i t i c a l  Temperature. 
e l e c t r i c  substance. 
p y r o e l e c t r i c  substance. 
F e r r o e l e c t r i c  Cur ie  temperature = the  temperature a t  which P, disappears 
when the substance i s  heated. 
P a r a e l e c t r i c  Cur ie  temperature as defined by the Curie-Weiss Law, 

Loosely speaking, e i t h e r  T f  o r  T f o r  a fe r ro -  

The temperature a t  which Ps approaches zero i n  a 
P 

x = C/(T - T p ) .  
u = I n t e r n a l  e n e r b  per  volume. 
X = App l ied  s t ress.  
x = S t ra in .  
A = A measureable incremental change i n  a quan t i t y  such as AT o r  AP. 

(Tens i l e  stress. has a p o s i t i v e  sign.) 
(E longat ion has a p o s i t i v e  sign.) 

2 2  
= 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 lom1' coul /n m . €0 
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6 r = Devonshire's s ix th-order  coef f ic ient  ( o f  P ) i n  G-expansion. 

6 = Devonshire's fourth-order c o e f f i c i e n t  ( o f  P ) i n  G-expansion. 

p = Mass density.  

x = E l e c t r i c  s u s c e p t i b i l i t y .  

4 

dP = EoxdE. The symbol x MY car ry  subscripts 

as p ( p a r a e l e c t r i c )  , o r  superscripts such as T (constant  temperature) , 
x (constant  s t ress) ,  e tc .  

2 
w = Devonshire's second-order c o e f f i c i e n t  ( o f  P ) i n  G-expansion. 

2 



LIST OF EQUATIONS 

A l i s t  of the more important equations is  given below. They are numbered 
consecutively as they appear in t h i s  report. 
has been written as dQ dU + dW where a positive value of dW represents 
mechanical and/or electrical  work done on the system. 
are valid only i f  a l l  directional quantities are parallel o r  antiparallel to 
each other. 
would require appropriate tensor, matrix, or vector subscripts; they can be 

The f i r s t  law of thermodynamics 

The equations as written 

Complete specification of s t ress ,  s t ra in ,  f ie ld ,  and polarization 

( a T / a E ) S  = €,CTE/pcE(T - T ) L  

AT = E,CTAE n /2pcE(T - T D )  2 2p 

AT = T A P L / 2 ~ o C p C p  
P = f ( a )  = f[p(E + yP) /kT]  
dT = (y/pcp)PdP 
dG, = -SdT - xdX + EdP 

2 4 6 1 

G1 = GlO = UP /2  + {P /4 + gP /6 + 
( a G l / a P ) X , T  = E = ,,,(TIP + gp3 + C P  5 

( A T / A P ~ )  = (T/2pcD)( a d a T l p  
w(T > T c )  = ( a E / a P ) T  = l/Eoxp 
Ps2 = - w/c; 

u ( T  < Tc) = - 1/2cOxf 
( C E  .. C p )  = TdS' /pdT 

( C E  - cP) = - ( T / p ) ( a w / a T )  dP2/dT 
( C E  - cP) = - ( T / ~ E ~ C ) ( ~ P ~  k /dT) 

2 
( C E  - cp) = - ( f /Ep)dP /dT 

2 w ( T c )  = 35 /16c 
2 2 

dP = ( a P / a X )  E YT dX + ( a P / a E ) X , T d E  + (aP/aT)X,EdT 
dP = p X y E d T  

ps ( T J  = - 35 /4c 
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INTRODUCTION 

The electrocaloric effect i s  the change i n  temperature t h a t  i s  produced 
i n  a dielectric by an adiabatic change in the applied electr ic  field. 
a s t r i c t ly  therimdynamic point of view, t h e  electrocaloric effect  i s  analagous 
t o  the magnetocaloric effect ("adiabatic demagnetization") which has been so 

1 useful both as a means to  study the nature of magnetism and as a technique 
for obtaining very low temperatures. 

small t o  measure directly except in ferroelectric and pyroelectric substances. 
In 1930, before the current theories of ferroelectricity were developed, 
Kobeko and Kurtschatov studied the electrocaloric effect  in ferrelectric 
Rochelle sa l t .  They did not report numerical values, b u t  they found a maximum 

3 effect near the upper Curie temperature. 
t ive measurements of the effect in Rochelle sal t .  
d i  1 hydrogen phosphate and found an electrocaloric temperature change t h a t  was 
a quadratic function of the applied f ie ld  above the Curie temperature and a 
linear function of the applied field ( b u t  only 30% of the computed value) below 
the Curie temperature. Later, Baumgartner determined indirectly the electro- 
caloric effect i n  a crystal of KH2P04 from changes i n  i t s  resonant frequency. 
Roberts employed the electrocaloric effect t o  distinguish between a f i r s t -  
and second-order transition in ceramic BaTiOg. Schmidt made measurements of  
the same material near 4°K to  show t h a t  i ts  macroscopic polarization a t  low 
temperatures i s  thermodynamically i rreversi ble, and Karchevski i 
that the maximum electrocaloric effect in this substance occurs a t  the Curie 
temperature. Wiseman and Kuebler have measured the electrocaloric effect in 
crystalline Rochelle s a l t  throughout i t s  ferroelectric range ( i  .e., between i t s  
two Curie temperatures) and  thereby determined the Devonshire "dielectric 
stiffness" coefficient, the ferroelectric Curie temperatures, and the sponta- 
neous polarization close t o  both Curie temperatures. 
quantitatively consistent with the thermodynamic properties of Rochelle s a l t  
determined by s t anda rd  methods. 

and pyroelectricity,* the present study included some experiments with a pyro- 

From 

1 

The electrocaloric effect has not been widely used; i t  usually i s  too 

2 

I n  1943 Hautzenlaub made qualita- 
He also studied potassium 

4 

5 
6 

has shown 

8 

These results were 

Because of the reciprocal relationship between the electrocaloric effect 

*The pyroelectric effect i s  the change in the electrical polarization of a 
dielectric t h a t  i s  produced by a change i n  temperature. All ferroelectric 
materials are pyroelectric b u t  not I_- vice versa. 
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e l e c t r i c  substarce. 

been made by Chynoweth, 
r a d i a t i o n  detectors.  

We made t h i s  study t o  e x p l o i t  f u r t h e r  the  e l e c t r o c a l o r i c  e f f e c t  as a mean!; 
of obtai  n i  ng a b e t t e r  understandi ng of the spontaneous e l e c t r i c a l  p o l  a r i  z a t i  on 
i n  f e r r o e l e c t r i c  and p y r o e l e c t r i c  substances ; these substances have present  and 
p o t e n t i a l  uses i n  r a d i a t i o n  detectors ,  m i n i f i e d  e l e c t r o n i c  c i r c u i t s ,  and o p t i c a l  
modu 1 a tors . 

P y r o e l e c t r i c  measurements of  f e r r o e l e c t r i c  substances have 

and NASA has sponsored research on p y r o e l e c t r i c  
12,13,14 
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THERMODYNAMICS OF THE ELECTROCALORIC EFFECT 

The Basic  E l e c t r o c a l o r i c  Equations 

The combined f i r s t  and second laws o f  thermodynamics f o r  a d i e l e c t r i c  
s o l i d  which i s  subjected t o  a t e n s i l e  s t ress X and an e l e c t r i c  f i e l d  E i s  

dU = TdS t Xdx + EdP ( 1  1 

where U i s  the i n t e r n a l  energy, S the entropy, x the s t r a i n ,  and P the e l e c t r i c a l  
p o l a r i z a t i o n  o f  a u n i t  amount o f  mater ia l . *  

experiments, Eq, (1) can be reduced t o  
Since dU i s  exact and the  app l i ed  stresses are t o  be kept  small i n  these 

which f o r  very  small temperature changes becomes 

where p i s  t h e  dens i ty  and cp i s  the s p e c i f i c  heat  o f  the c r y s t a l  a t  constant  

p o l a r i z a t i o n .  This  equation w i l l  be c a l l e d  the " A P  form" o f  the e l e c t r o c a l o r i c  
equation. 

ta ined by employing the e l e c t r i c  Gibbs func t ion  G2 o f  Mason, 
Another expression f o r  the r e v e r s i b l e  e l e c t r o c a l o r i c  e f f e c t  can be ob- 

15 

G2 = U - TS - XX - EP. ( 3 )  

Adding the  d e r i v a t i v e  o f  t h i s  equation t o  Eq. (1) and choosing S = S(T, X, and 

E) y i e l d s  f o r  an ad iaba t i c  change i n  the f i e l d  app l ied  t o  an unclamped ( X  = 0) 
c r y s t a l ,  another p a i r  o f  expressions analagous t o  Eq. (2 )  and (2a )  f o r  the  

r e v e r s i b l e  e l e c t r o c a l o r i c  e f f e c t ,  

*The l a s t  te rm i n  Eq. (1 )  could have been w r i t t e n  EdO, b u t  t he  e l e c t r o s t a t i c  
energy EoEdE of  empty space has been excluded from the system f o r  convenience, 
1 eav i  ng EdP a1 1 ocated t o  the c r y s t a l  1 i n e  substance . 

7 



o r  

where cE i s  t he  s p e c i f i c  heat  o f  the substance a t  constant f i e l d .  
w i l l  be c a l l e d  the I'AE form'' o f  the e l e c t r o c a l o r i c  equation. 

o f  s ta te  whi ch re1 ates the thermodynami c v a r i  ab1 es , 

Eq. (4a) 

To apply these two equations t o  a s p e c i f i c  mater ia l ,  we need an equation 

The Parae1 e c t r i  c S ta te  

b u t  only above the Cur ie  temperature; t h a t  i s ,  above the Cur ie  temperature 
f e r r o e l e c t r i c  substances exhi  b i  t p a r a e l e c t r i  c behavior. When the p o l a r i z a t i o n  
i s  large compared t o  E ~ D ,  the  Curie law can be w r i t t e n  as P = E ~ C ( T  - TP) 
ins tead o f  D = cOC(T - 
Cur ie  constant C o f  a substance are o r d i n a r i l y  determined by measurements taken 
i n  i t s  p a r a e l e c t r i c  phase. 
a value f o r  t he  f a c t o r  (aP/aT)E appearing i n  Eq. (4 ) ,  which can then be w r i t t e n  

The Curie-Weiss Law i s  such an equation o f  s t a t e  f o r  f e r r o e l e c t r i c  substances 

. The p a r a e l e c t r i c  Cur ie  temperature T and the 
TP) P 

D i f f e r e n t i a t i o n  o f  the Curie-Weiss equations ye lds  

I n t e g r a t i o n  o f  t h i s  expression over a very small  range o f  temperature gives a 
useful expression f o r  the e l e c t r o c a l o r i c  e f f e c t  i n  the p a r a e l e c t r i c  phase, 

2 

which is notab le  f o r  i t s  quadra t ic  dependence on the app l i ed  f i e l d .  

and Eq. (2 )  becomes 
The Curie-Weiss law a l so  y i e l d s  a value f o r  the f a c t o r  (aE/aT),, i n  Eq. (2), 

(aT/aP)S = TP/s0Cpcp. 

I n t e g r a t i o n  o f  t h i s  expression over a small range o f  temperature gives another 
use fu l  expression f o r  the e l e c t r o c a l o r i c  e f f e c t  o f  a substance i n  i t s  paraelec- 
t r i c  phase, 

8 



This expression shows a quadra t ic  dependence o f  AT on the po la r i za t i on .  Note 
t h a t  A P ~  does n o t  mean (P2 - P1) b u t  ra ther  AP' = P2 - P1 . Fortunate ly ,  
the heat  capac i t i es  a t  constant  f i e l d  and a t  constant  p o l a r i z a t i o n ,  cE and cp, 
which appear i n  Eq. (6 )  and ( 7 )  are approximately equal t o  each o the r  above the 

Cur ie  temperature i f  t h e  p o l a r i z a t i o n  i s  not  t o o  large.  

2 2 2 

The Inne r  F i e l d  Equations f o r  the  Fe r roe lec t r i c  S ta te  

An equation of  s t a t e  f o r  f e r r o e l e c t r i c  substances i n  t h e i r  f e r r o e l e c t r i c  
phase i s  n o t  ava i lab le .  
equation o f  s t a t e  might be in fe r red .  

f e r r o e l e c t r i c  substance w i l l  l ead  t o  an equation o f  s ta te.  Although such a 
model based on cooperat i  ve i n t e r a c t i o n s  between r o t a t a b l e  d ipo les  o f  f i x e d  mom- 

16 
e n t  i s  u n r e a l i s t i c  f o r  a number o f  reasons, most theor ies  o f  f e r r o e l e c t r i c  
mechanisms invoke an i n n e r  f i e l d  o f  some so r t  t he  exp la in  the non- l inear  e f -  
f e c t s  t h a t  must e x i s t  t o  produce f e r r o e l e c t r i c  po la r i za t i on .  I n  some cases, 
the simple model i s  r a t h e r  successful.  I f  the f i e l d  F which i s  e f f e c t i v e  i n  
a l i g n i n g  a d i p o l e  o f  moment p p a r a l l e l  t o  the app l ied  f i e l d  E i s  w r i t t e n  as 
F = E + yP where y i s  the  i n n e r  f i e l d  constant and P i s  the p o l a r i z a t i o n  p e r  
u n i t  volume, then a Langevin-type expression, f ( a ) ,  can be der ived  f o r  the  

p o l a r i z a t i o n  as a func t i on  o f  temperature and f i e l d ;  i.e., 

Various "models" have been proposed f rom which an 

A Langevin-l ike i n n e r  f i e l d  model o f  a 

P = f ( a )  = f[p(E + yP)/kT]. 

S e t t i n g  dP/dT = 0 w i l l  y i e l d  the expression (aE/aT)p =(E + yP)/T. 
t h i s  expression w i t h  Eq. (2 )  y i e l d s  

Combining 

I n  or near the  f e r r o e l e c t r i c  reg ion where P i s  so l a r g e  t h a t  E/T i s  n e g l i g i b l e ,  

dT = ( y/pcp)PdP. (9) 

Thus, measurements of the  e l e c t r o c a l o r i c  e f f e c t  w i l l  y i e l d  values f o r  the i nne r  
f i e l d  constant  y. 

by Kobeko and Kurtschatov' together  w i t h  l a t e r  measurements i n  t h i s  labora tory  
p rov ide  one o f  t he  severe ind ic tments o f  the simple i n n e r  f i e l d  model. 

The e a r l y  d i r e c t  measurements of  the e l e c t r o c a l o r i c  e f f e c t  i n  Rochelle s a l t  
17 
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measurements y i e l d  values o f  y throughout the  f e r r o e l e c t r i c  range and reveal  
t h a t  y as determined from Eq. (9)  i s  s t r o n g l y  temperature dependent and has 
negative values below 2.5"C, the temperature o f  maximum spontaneous po l  a r i za -  
t i on .  The r e s u l t s  i n  a d d i t i o n  t o  o t h e r  reasons2 show t h a t  a d e s c r i p t i o n  o f  

f e r r o e l e c t r i c i t y  i n  Rochelle s a l t  i n  terms o f  the i n n e r  f i e l d  constant y i s  
o f  doubt fu l  value. 

c a l o r i c  e f f e c t  i n  KH2P04 (by means o f  changes i n  the  resonance frequency o f  h i s  
specimen) a re  cons is ten t  w i t h  a nea r l y  constant value o f  y over a smal l  range 
o f  temperature. Baumgartner was able t o  account f o r  the observed changes i n  y 

w i t h  temperature by p u t t i n g  a weak f u n c t i o n a l  dependence on temperature, $(T), 
i n t o  t h e  denominator o f  Eq. ( 8 )  

can throw some l i g h t  on the behavior o f  the thermodynamic parameters near the  
Cur ie  temperature. 
t r a n s i t i o n s  i s  n o t  ava i l ab le ,  and s ince the  r o l e s  played by thermal a g i t a t i o n ,  
strengths and d i r e c t i o n s  o f  covalent  o r  hydrogen bonds etc .  are n o t  w e l l  
understood , a more phenomenological approach i s  chosen which 1 eaves the de ta i  1 ed 
mechanisms unspecif ied. 

Phenomenological Desc r ip t i on  o f  F e r r o e l e c t r i c i t y  

introduces an e l a s t i c  Gibbs funct ion,  ( f r e e  energy) G1 = U - TS - Xx. 

t i o n  o f  t he  d e r i v a t i v e  o f  t h i s  equat ion f rom Eq. (1) gives 

On the o the r  hand, Baumgartner's4 i n d i r e c t  measurements o f  t he  e l e c t r o -  

Whether o r  n o t  the i n n e r  f i e l d  model i s  v a l i d ,  e l e c t r o c a l o r i c  measurements 

But s ince a genera l l y  v a l i d  mechanism o f  f e r r o e l e c t r i c  

A phenomenological d e s c r i p t i o n  has been formulated by Devonshire." He 
Subtrac- 

dG1 = -SdT - xdX + EdP. (10) 

For a substance t o  e x h i b i t  f e r r o e l e c t r i c  behavior, i t s  p o l a r i z a t i o n  must be a 
non- l inear func t i on  o f  the f i e l d ,  and t h e  value f o r  the Gibbs f u n c t i o n  must be 
independent o f  the d i r e c t i o n  o f  the p o l a r i z a t i o n .  
(i.e. , cont inu ing t o  omi t  t he  subsc r ip t s  on P), Devonshire pos tu la tes  

For t h e  one-dimensional case 

+ p2/2 + t4/4 + sP6/6 + G1 = G1o 

where Gl0 i s  t he  value G1 a t  some a r b i t r a r y  reference temperature and the coef- 
f i c i e n t s  a re  funct ions o f  the temperature a t  constant stress.  
f ac to rs  i n  introduced f o r  l a t e r  convenience. Terms beyond f o u r t h  crder are 

usua l l y  neglected. 

The numerical 

10 



A second-order ferroelectric transition can be explained i n  terms of G1 by 
assuming tha t  only the coefficient w i s  a function o f  T and that  the other coef- 
f icients are positive and relatively constant; then we have 

S u b s t i t u t i n g  this expression into Eq. (2a) gives 

or 

(AT/AP2)S = (T/2pcp)(aw/aT)p. (13 ' )  

The cmdition for  a stable s t a t e  is a min imum i n  G1 o r  ( a G l / a P )  X,T 
condition together w i t h  the fact  that  P is  small a t  the Curie temperature gives 
a boundary condition that u(Tc) = 0. Thus,  measurements of the electrocaloric 
effect  give values for  the important Devonshire coefficient w ( T ) .  
Curie temperature ( i n  the paraelectric phase) where the polarization is  small, 
w can be determined experimentally from t h e  paraelectric susceptibility x by P 
us ing  an expression that is  obtained by taking the derivative of E q .  (12),  

= 0 ;  th i s  

Above the 

T h u s ,  the Devonshire coefficient w is seen t o  be, aside from a numerical constant, 
the reciprocal suscepti b i  1 i ty or  the "dielectric s t i  ffness" in the parae1 ec t r i  c 
region. 
distinction needs t o  be made between the isothermal and the adiabatic susceptibil- 
i ty .  
ture, the susceptibil i ty obeying the Curie-Weiss law, w = l/cox = ( T  - T c ) / ~ o C ,  

down to the Curie temperature. The question i s  whether 0 continues to  be a well- 
behaved function of temperature right on through the Curie temperature and below 
as would be the case i f  the e l a s t i c  Gibbs function G1 describes the dielectr ic  
behavior below the Curi.e temperature where w i s  n o t  a directly observable quantity 
b u t  can be determined from the electrocaloric effect. 
suffer no discontinuity in value or slope near the Curie temperature ( t h o u g h  the 
reciprocal susceptibility may) as shown i n  the accompanying diagram. The dotted 

Fortunately, electrocaloric effects are so small in this  region that no 

The value of w in the paraelectric region i s  strongly dependent upon tempera- 

Hopefully, w ( T )  would 

11 



and solid lines serve t o  distinguish between behaviors above and below the Curie 
temperature. A smooth f i t  of the experimental values of w obtained above and 
below T, from electrocaloric data would corroborate the general picture. 

\ L '. 

w 

i1 - Gl0 

J 0 

TEMPERATURE POLAR1 ZATI ON 

Y TEMP. 

An expression for the spontaneous polarizat,ion P, i n  terms of the Devonshire 
coefficients can be gotten from Eq. (12) by sett ing E = 0; this gives 

(15) 
2 Ps = - w / s  

and 

where xf i s  the low-field reversible susceptibility i n  the ferroelectric region. 
Eq. (15) allows 5 t o  be determined from electrocaloric measurements, and Eq .  (16) 
provides a means of verifying the electrocaloric determination of ,,,(t) below the 
Curie temperature. 

near the  transition. 
entropy associated with dP in the temperature range dT, we can write the specific 
heat anomaly as 

The term ( a w / a T ) p  of Eq. (13) i s  also related t o  the specific heat anomaly 
Defining dS' as that  par t  of the differential  increase in 

( C E  - cp) = TdS'/pdT. (17) 

From Eq. (10) and (111, s = - ( a G l / a T ) p  = - (aGIO/aT)p  - (aw/aT)pPs /2. The term 
( a G I O / a T ) p  represents the ordinary "thermal" entropy, and the term ( aw/aT)pP /2 
represents S' the entropy of polarization. 

2 
2 

Consequently, 

(18) 2 
(CE - cp) - ( T / 2 ~ ) ( a ~ / a T ) ~ d P ~  /dT. 

12 



Rewriting Eq.  (11) in terms of the Curie-Weiss law which the substance obeys a t  
T > Tc, gives w = ( T  - Tc)/c0C where C i s  the Curie constant. E q .  (15) then 
becomes 

which i s  a less general relationship than Eq. (18) because constancy of ( a w / a T ) p  
below Tc is assumed. 
anomaly would reduce t o  the well-known expression, 

I f  the inner f ie ld  description were valid, the specific heat 

Eq. (12) through (19) are applicable t o  a substance which undergoes a second 
order ferroelectric transition. A f i r s t  order transition can be described in 
terms o f  G1 by assuming that w i s  a function of temperature (as before) and t h a t  
ei ther 5 or 5 i s  negative. 
transition gives the following relationships near the Curie temperature: 

An analysis similar to  t h a t  for the second order 

and 

The Pyroelectric Effect 

evident from their  definitions. 
t o  depend upon the experimental conditions under which the effects were observed, 
in particular, which of the s ta te  variables (X ,  x ,  E ,  P ,  S ,  and T )  are held 
constant. 
example, the "primary" pyroelectric effect  (dT -f dP) a t  constant strain i s  

usually less t h a n  half as large as the nsecondary" effect  (dT + d x  -f dp)  in which 
thermal expansion (dT + dx)  produces a piezoelectric effect  (dx  -f dP).  
relative importance of the various possible paths i s  determined by the experimental 
conditions imposed (constant s t ress ,  constant f i e ld ,  constant entropy, etc.) and 

c ,  etc.)  
condi t i  ons , 

A relationship between pyroelectricity and the electrocaloric effect  i s  
The  nature of this relationship would be expected 

Most processes can take place by a1 ternative roundabout paths; for 

The 

by the magnitude of the coeff 
involved. This situation can 
and by distinguishing between 

cients (thermal expansion, piezoelectr 
be clarified by specifying the imposed 
independent and dependent variables. 

13 



, 

A convenient choice o f  independent va r iab les  s u f f i c i e n t  t o  speci fy the 

s t a t e  o f  p y r o e l e c t r i c  ( e l e c t r o c a l o r i c )  ma te r ia l  i s  X, E ,  and T; the dependent 
var iables are then x, P ( o r  D), and S. 

t i o n  dP(X,E,T,) i s  then w r i t t e n ,  

A d i f f e r e n t i a l  change i n  the p o l a r i z a -  

I f  t h e  c rys ta l  i s  s h o r t - c i r c u i t e d  ( E  = 0)  and mechanical ly f r e e  (X = 0) ,  on l y  
the dT t e r m  remains which i s  commonly w r i t t e n  

dP = pXsEdT (24) 

Another view of the same process i s  obtained by choosing x, E, and T as the 
i ndependent v a r i  ab1 es whi ch g i  ves 

subs ti t u t i  ng  dx = ( ax/ aT) X,EdT 

gives 

This equation s i g n i f i e s  t h a t  the p y r o e l e c t r i c  p o l a r i z a t i o n  can be regarded as 
the sum o f  a pr imary e f f e c t  (dT + dP) for a clamped ( x  = 0) c r y s t a l  superimposed 
upon a secondary e f f e c t  which occurs v i a  a roundabout path (dT + dx + dP) , a 
path which i s  i n t e r p r e t e d  as a thermal expansion dx = aX'EdT which produces a 
p i e z o e l e c t r i c  charge eE sTdx. W r i t i n g  pXsE f o r  ( aP/aT)x,E, t he  pr imary pyro- 

e l e c t r i c  c o e f f i c i e n t  o f  the clamped c r y s t a l ,  gives 

dP = (eE9TaXE + pXSE)dT 

and so pX,E - pX,E = eE,TaX,E (26)  

Continuing the analys is  reveals  t h a t  eEsT can be regarded as s t ra in- induced s t ress  
(dX -f dx) which induces a d i r e c t  p i e z o e l e c t r i c  e f f e c t :  

14 



. .  

which can be written as eEsT = dESTcEsT s o  tha t  

T h u s  the pyroelectric effect  in a free,  short-circuited crystal can be regarded 
constant strain plus a round- as being comprised of a primary effect  (dT + dP) a t  

about virtual p a t h  (dT + dx + dX + dP).  
12  

impedance into which the  pyroelectric device i s  del 
Studies of pyroelectric radiation detectors has 

ver 
shown t h a t  the external 
n g  i t s  signal is  import- 

The case jus t  discussed (dE % 0)  i s  relevant t o  the use of a low-impedance ant .  
detector. 
Eq. (23) will give 

I f  a high-impedance detector i s  used, dD % 0 rather t h a n  dE 5 0 ,  and 

where coxX’’ i s  written i n  place of (aP/aE)X,T. 

which appears in the dE form of the electrocaloric equation, Eq. ( 4 )  as well as 
i n  the pyroelectric equations, Eq. (24) and (28). 
property gives r ise  t o  b o t h  effects. 

In  addition t o  distinguishing between the primary and secondary effects 
which can occur in b o t h  pyroelectric and electrocaloric measurements, one must 
recognize the ter t iary effects which ar ise  from inhomogeneous temperatures or 
f ie lds .  These effects are much more easily eliminated in the electrocaloric 
experi ments t h a n  in the pyroel ectri  c experiments. 

The important feature i s  the appearance of the factor p X s E  = ( a P / a T ) E , X  

Thus the same crystalline 

1 5  
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APPARATUS AND TECHNIQUES 

Crystalline Samples 

caloric measurements, and they must also be oriented with their  major faces 
perpendicular t o  the polar axis. 
needed because they frequently crack when subjected t o  high fields near the 
cr i t ical  temperature. 
tor ies ,  b u t  most of the da ta  used were taken from commercially-grown specimens. 

major surfaces. The lower surface was then sprayed with a very thin insulating 
layer of Formvar t o  which a copper-constantan thermocouple was attached. This 
thermocouple was used t o  measure the electrocaloric effect. The crystal was 
suspended by cotton threads in a massive copper chamber which i s  depicted in 
Fig. 1. The  sandwich-like mount previously used for Rochelle s a l t  proved t o  
be impractical f o r  most of these studies because the large piezoelectric stresses 
between the two plates and the cement between them caused the crystals t o  
shatter. 
occurred until the high voltage lead connecting the outside layers of the sand- 
wich would be short-circuited t o  one of the central electrodes. 

A cr i t ical  feature of the mounting of the crystal i s  the compromise t h a t  
must be made in attempting t o  achieve both high electrical  resistance a n d  
intimate thermal contact  between the thermocouple and the specimen's electrodes; 
a leakage signal of a few hundredths of a microvolt per second could invalidate 
the measurements, and several t r i a l s  are sometimes needed t o  achieve the desired 
conditions. 

Prevention of electrical  arcs by evacuating the inner chamber a t  the lower 
temperatures and higher applied fields was sometimes unsuccessful. 
instances arcing was prevented by adding  nitrogen or helium gas a t  atmospheric 
pressure. 
specimen, b u t  the temperature recorder responded t o  the 1 argest temperature change 
observed in about  one second which was fas t  enough t o  permit identification and 

elimination of spurious effects due t o  non-adiabatic conditions as well as 
switching pulses , etc.  

Large crystals, about  1 cm x 1 cm x 2 mm, are needed for accurate electro- 

Moreover, several equivalent specimens are 

Many of the crystals tested were grown in these labora- 

Each crystal was given a coat of air-drying si1 ver paste over i t s  enti re 

8 

Without the cement, cumulative slippage between the two crystals 

In these 

Of course such gas greatly decreased the thermal insulation of the 
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Temperature Regulat ion of  the Sample Chather 

degree range, so t h a t  very s t a b l e  r e g u l a t i o n  o f  the sample chamber was required. 
An a-c Wheatstone b r idge  and phase-sensi t ive t h y r a t r o n  c o n t r o l l e r  s i m i l a r  t o  the  
k i n d  described by Brooks” was used which c o n t r o l l e d  the reference j u n c t i o n  t o  
about 0.01 m i c r o v o l t  (approximately 4 x 10m40K). 

E l e c t r o c a l o r i c  temperature changes are smal l ,  o f t e n  i n  the f r a c t i o n a l  m i l l i -  

Measurements of  E lec t roca l  o r i  c Temperature Changes 

was made o f  No. 50 copper vs. No. 45 constantan and was glued t o  be e l e c t r i c a l l y  
i nsu la ted  f r o m  the lower electrode. See Fig. 2. The massive copper chamber 
served as the reference junc t i on .  
e i t h e r  a Liston-Becker breaker a m p l i f i e r  o r  a K e i t h l e y  Nanovolt N u l l  Detector and 
then displayed on an l l - i n c h  s t r i p - c h a r t  recorder. A t  the h ighest  s e n s i t i v i t y  
employed, the peak-to-peak noise s igna l  was about 3 nanovol t s  which corresponds 

t o  a temperature d i f f e r e n c e  o f  about 8 x 10-50K. Any des i red a m p l i f i c a t i o n  was 
obtainable,  and the appearance o f  t he  noise on the s t r i p  c h a r t  was such t h a t  
e l e c t r o c a l o r i c  s igna ls  as small  as the noise l e v e l  could be observed. 

capaci ty o f  the specimens, and the heat  losses were so low t h a t  no c o r r e c t i o n  
f o r  them (which could have been made by e x t r a p o l a t i n g  the temperature record 
backwards) was necessary. 

E l e c t r o c a l o r i c  temperature changes were measured w i t h  the  thermocouple which 

The emf o f  the thermocouple was a m p l i f i e d  by 

The heat  capaci ty  o f  the leads, electrodes, e tc .  i s  small  compared t o  heat 

Measurement o f  E l e c t r i c a l  P o l a r i z a t i o n  

The e l e c t r i c a l  p o l a r i z a t i o n  o f  the specimen was measured by means o f  a 
breaker preamp1 i f i e r  o r  Kei t h l e y  e lect rometer  connected across the polystyrene- 
f i l m  capaci tor  CD as shown i n  Fig. 2. The charge was read on a s t r i p - c h a r t  
recorder. 

loops as presented on an osc i l loscope.  
i n a r y  measurements and general survey purposes only. 

Prov is ion was a l so  made f o r  observing and photographing 60-hz hys te res i s  
The observat ions were used f o r  pre l im-  

Procedure o f  Measurement 
Simultaneous records were made o f  the temperature o f  the chamber ( t h e  

ambient temperature), changes i n  the e l e c t r i c a l  p o l a r i z a t i o n  o f  t he  specimen and 
changes i n  the temperature t h a t  occurred i n  the specimen. A t  each ambient 

temperature, several  cycles o f  p o l a r i z a t i o n  were t raversed i n  order  t o  e s t a b l i s h  
steady-state condi t ions before data were taken. A f t e r  t ha t ,  t he  hys te res i s  c y c l e  
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was ordinarily traversed "point-by-point" in a series of pre-determined step- 
wise changes in the applied field.  Each step required about  one second, fas t  
enough t o  insure adiabatic processes and slow enough t o  avoid sudden crystall ine 
strains and spurious electrical  pulses. 
two minutes apart. 
f ie ld  was switched completely on o r  off. 

O u t  in the t a i l  of the hysteresis loop where measurements are especially 
valid because the polarization i s  thermodynamically reversible b u t  where measure- 
ments are d i f f icu l t  because the polarization i s  nearly saturated, the sensit ivity 
of the measurements was greatly increased by applying a known biasing charge t o  
the capacitor Cp t o  supress the zero of the charge-measuring equipment and then 
increasing the amplification of the electrometer. 

A program for processing the d a t a  obtained from the recorder traces and 
automatically plotting the more important computed quanti t i es  was written in 
Fortran IV for IBM 7040 computer and was modified l a t e r  for use with a GE 625. 
For each temperature, b o t h  a graph of the hysteresis loop ( P  - vs. E )  and the 
electrocaloric effect  (cumulative changes in T - vs. E )  were obtained together with 
tables of other significant quantities. 
report were redrawn by hand. 

cribed later i n  this report. 

The steps were spaced ei ther  one o r  
Some "single-step" measurements were taken in which the 

The plotted results presented in this 

Special procedures required for the experiments with t a r t a r i c  acid are des- 
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DISCUSSION OF RESULTS 

Potassium D i  hydrogen Phosphate KH2P04 
Potassium dihydrogen phosphate i s  one of a dozen o r  so phosphates o r  

arsenates t h a t  a re  known t o  become fe r roe lec t r i c .  The d i e l e c t r i c  p roper t i es  
20 o f  c r y s t a l l i n e  KH2P04 have been ex tens i ve l y  studied by Busch and Scherrer, 

by Baurngartner,'l and by Bark la  and Finlayson." The s p e c i f i c  heat  anomaly wa 
was observed by Stephenson and Hooley. 23 

Chemical formula 
Dimensions o f  c r y s t a l  
Densi ty 
Crys ta l  symmetry (above Tc) 
F e r r o e l e c t r i c  ax is  
Speci f i  c heat 
Cur ie  temperature 
Range o f  temperature s tud ied  

KH2P04 
23.85 mm x 13.93 mm x 2.974 mn 

2.32 g/cm3 
Te tragona 1 
Tetragonal c 
From Stephenson and Hooley 
123°K 
78OK t o  136°K 

23 

KH PO i n  the P a r a e l e c t r i c  Phase 44 
Eq. (6) and (7)  f o r  the e l e c t r o c a l o r i c  e f f e c t  i n  a p a r a e l e c t r i c  substance 

are p a r t i c u l a r l y  usefu l ;  i f  the  Cur ie  constant, densi ty,  and s p e c i f i c  heat  o f  

a sample are known, then the degree o f  agreement between t h e  measured e l e c t r o -  
c a l o r i c  e f f e c t  and these two equations serves as 8. c r i t e r i o n  f o r  the v a l i d i t y  
o f  t he  e l e c t r o c a l o r i c  measurements. 
method i s  estab l ished,  t h e  e l e c t r o c a l o r i c  measurements can be used t o  determine 
p r o p e r t i e s  such as the  Cur ie  constant. 

i n  the  app l i ed  f i e l d ,  

Conversely, once the v a l i d i t y  o f  t he  

Eq. (6)  p r e d i c t s  t h a t  t he  e l e c t r o c a l o r i c  temperature change i s  quadra t i c  

AT = E,CTAE 2 /2pCE(T - 

Fig. 3 d i sp lays  t y p i c a l  r e s u l t s  o f  step-by-step d i e l e c t r i c  and e l e c t r o c a l o r i c  
measurements above the Cur ie temperature. The p l o t t e d  values o f  AP and AT are 

cumulat ive changes so t h a t  any e r r o r  o f  c losure f o r  a complete cyc le  o f  e l e c t r o -  
c a l o r i c  (AT)  measurements represents the cumulative e r r o r s  i n  the measurements 
o f  AT f o r  t h e  i n d i v i d u a l  steps, i r r e v e r s i b l e  e f f e c t s  i n  t h e  specimen being 
r u l e d  o u t  i n  t h i s  instance because o f  t h e  obvious r e v e r s i b i l i t y  e x h i b i t e d  by 
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the polarization. The excel lent agreement between the experimental results and 
those predicted by the theory is  evident: P is  a l inear function of E ,  and AT 
i s  a quadratic function of E. A parabola (not drawn i n  F i g .  3) that  was f i t t e d  
to  the maximum value of polarization f e l l  neatly between the two traces for  
positive values of E. The other measurements i n  the paraelectric region gave 
similar results a t  temperature ranging from 136°K (where the e f fec t  becomes 
very small) down to  w i t h i n  a few tenth. , .  f a degree above the Curie temperature. 

Eq. ( 7 )  predicts that  the electrocaloric effect  has a quadratic dependence 
on the polarization, 

(7) 2 AT = TAP / 2 ~ ~ C p c ~ .  

2 T h i s  seems obvious from the dependence of AT on E and the l inear dependence o f  
P upon E .  

the validity of the measurements. 
mental values of AT were plotted against AP w i t h  the results shown i n  Fig. 4. 
The s t r a i g h t  lines which intersect the origin are i n  agreement w i t h  E q .  ( 7 ) .  
These 'data can be used to  determine the Curie constant: Eq .  (7 )  together w i t h  
the known values of density and specific heat a t  constant polarization, yields 
values fo r  l/EoC that are i n  f a i r  agreement w i t h  Baumgartner's measurements 
and w i t h  the values we obtain from dielectric measurements. F ig .  5 represents 
these comparisons. 

The use of Eq .  (13) i n  obtaining the f i r s t  Devonshire coefficient w from 
electrocaloric measurements can be i 11 ustrated for KH2P04 in the paraelectric 
state.(Of course, a more accurate value can be obtained directly from the 
dielectric measurements i n  this instance.) 
range of temperature AT gives 

However, a different specific heat appears i n  Eq. 7 ,  cp instead of 
and the measurements on KH2P04 above Tc were taken primarily t o  determine CE'  

So,  w i t h  the use of E q .  ( 7 )  i n  mind, experi- 
2 

21 

Integration of Eq. (13) over a small 

The value of w a t  the paraelectric Curie temperature is practically zero because 
the Curie-Weiss law gives inf in i te  susceptibility a t  this temperature. 
w + 0 as T -t T as a boundary condition, A ( T )  can be determined from the electro- 
caloric measurements. 
i n  the paraelectric range are established. 

With 

P 
Fig. 5 gives the values o f  aw/aT ,  s o  the values of w ( T )  
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KH PO, i n  the  Ferroelectric Phase 
4 r  

as an equation of s ta te ;  the electrocaloric effect  obtained below the Curie 
temperature, shown i n  Fig.  6 ,  i s  qualitatively different from the effect  obtained 
above the Curie temperature, shown in Fig. 3. 
though taken jus t  below the Curie temperature for contrast with Fig. 3 ,  i l lus-  
t r a t e  the type of results obtained down to  the lowest temperature, 78'K. 

are s t i l l  valid. 

Below the Curie temperature, the Curie-Weiss law will obviously n o t  serve 

The measurements shown in Fig. 6 ,  

Of course, the more general thermodynamic relations of E q .  ( 2 )  and (4 )  
Consider f i r s t  the AP form of the electrocaloric equation, 

ATIAP = ( T / P c ~ )  ( A E / A T ) ~ .  (2a)  

One would  expect t o  be able t o  evaluate ( A E / A T ) ~  directly from E q .  2a by measur- 
i n g  the electrocaloric effect  and obtain an equation of s ta te ,  E = f(T,P), by 
integrating Eq. (2a) .  
other effects for t h a t  matter) cannot be measured a t  arbi trarily-selected values 
of P ;  in particular, values of P smaller t h a n  Ps are n o t  experimentally accessible, 
values of P corresponding t o  low values of E are n o t  thermodynamically reversible 
because of hysteresis, and P does not  change much beyond i t s  saturation value 
a t  high values of E. 

The recourse employed was t o  look a t  the general features of the ferro- 
e lectr ic  transition ( i .e . ,  whether i t  i s  of f i r s t  or second order), assume a 
physically reasonable expression for the equation of s ta te  (or an equivalent 
expression for the Elastic Gibbs function G 1 ) ,  and then compare the computed 
values of t h e  electrocaloric effect  t o  the measured values. 

temperature-dependent coefficient in the expansion of G1 i s  w (see Eq.  ( l l ) ) ,  
then Eq.  (2a)  becomes identical t o  E q .  (13) which can be written for a pa th  
a + b a s  

The difficulty i s  t h a t  the electrocaloric effect  (or 

I f  KH2P04 undergoes a second order ferroelectric transition and i f  the only 

2 Therefore, a plot of AT vs. Pa obtained when the applied f ie ld  i s  removed should 
yield a straight l ine which intersects the P2 axis a t  Pg .  Fig. 7 shows such 
plots. The departures from linearity a t  low values of P are due t o  i r revers ibi l i ty  
(hysteresis ) ; they shoul d disappear as the Curie temperature i s  approached as 
indeed they do. Extrapolation of the l inear portions of Fig. 7 give values f o r  
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These " e l e c t r o c a l o r i c "  values a re  shown i n  Fig. 8 together  w i t h  the values ps 
obtained from s t a t i c  d i e l e c t r i c  measurements o f  t he  hys te res i s  cyc le  on the  

same specimen. The agreement i s  good; moreover, the e l e c t r o c a l o r i c  data requ i re  
l e s s  e x t r a p o l a t i o n  and g ive t h e i r  most r e l i a b l e  values f o r  P,(T) near the Cur ie 
temperature, t he  very reg ion  where the  ex t rapo la t i on  o f  the hys te res i s  curve 

t o  E = 0 i s  l e s s  ce r ta in .  The f e r r o e l e c t r i c  Cur ie temperature given by these 
e l e c t r o c a l o r i c  data i s  123'K. The sho r t  l i n e s  on Fig. 8 are values o f  aP/aT 

computed from the  e l e c t r o c a l o r i c  measurements by means o f  Eq. (4a).  The values 
o f  P and T (represented by open t r i a n g l e s )  thrnugh which the  l i n e s  represent ing 
aP/aT a re  drawn are l oca ted  above the curve represent ing Ps vs. T because the  
e l e c t r o c a l r o i c  measurements were made i n  the r e v e r s i b l e  reg ion near the t i p s  

8 o f  the  hys te res i s  loops. These r e s u l t s  i n d i c a t e  t h a t ,  u n l i k e  Rochelle s a l t ,  
the value o f  aP/aT i s  approximately independent of e l e c t r i c  f i e l d  even w i t h i n  
a few- degrees o f  t h e  Cur ie  temperature. 

Unfor tuante ly  these data are n o t  s u f f i c i e n t l y  accurate t o  permi t  a 
determinat ion o f  aw/aT throughout the  f e r r o e l e c t r i c  region. The inaccuracy 
l i e s  n o t  i n  the  measurements o f  AT b u t  i n  the measurement o f  t he  r e l a t i v e l y  

small  changes i n  p o l a r i z a t i o n  t h a t  occur near the t i p s  o f  t he  hys te res i s  loops, 
i.e. i n  the near l y  r e v e r s i b l e  region. The accuracy o f  the measurements i n  t h i s  
reg ion were improved by apply ing a known b ias ing charge t o  supress the zero o f  
t he  charge-measuring equipment, i nc reas ing  the s e n s i t i v i t y  o f  the charge measure- 
ments and then measuring AP and AT f o r  stepwise changes i n  E i n  the  t i p s  o f  the 
hys te res i s  loops. Typ ica l  r e s u l t s  a t  t he  highest f i e l d s  are shown i n  Fig. 9 on 
a magnif ied scale. An i n c i d e n t a l  conclusion i s  ev iden t  f rom Fig. 9: the 
p o l a r i z a t i o n  o f  KH2P04 does n o t  become l i n e a r  i n  E a t  the  h ighes t  f i e l d s  used. 

This i s  cons i s ten t  w i t h  t h e  Devonshire formalism. 
With Eq. ( 2 )  i n  mind, measured values o f  t he  q u a n t i t y  ( P C ~ / T ) ( A T / A P ) ~  

which i s  equiva lent  t o  (aE/aT)p  are p l o t t e d  as a f u n c t i o n  o f  temperature (Fig. 10) 
and of p o l a r i z a t i o n  (F ig .  11) over the  e n t i r e  temperature range o f  i n t e r e s t .  
These f i g u r e s  show t h a t  (aE/aT)p  i s  n o t  a funct ion o f  temperature alone o r  o f  
p o l a r i z a t i o n  alone. 
(pcp/T)(AT/aP)S t o  an a n a l y t i c a l  expression f o r  ( aE/aT)p t h a t  was de r i vab le  f rom 
an expansion o f  G1 according t o  Eq. (11) , 

Attempts were made t o  f i t  the  measured values o f  

(11 1 2 4 6 G1 = Gl0 + UP /2 + (P /4  + gP /6 + * e -  

from which 
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E = ( a G / i P ) T  = UP + gP3 + sP5 + * * -  

7 12 The best f i t  was obtained fo r  w = 3.63 x 10 , g = 0 ,  and r = -4.80 x 10 , 
the degree of f i t  being evident from Figs .  10 and 11. W i t h  these constants, 
Eq. ( 1 1 )  f i t s  the high-field electrocaloric measurements f a i r ly  well r i g h t  on 
t h r o u g h  the Curie temperature, b u t  i t  predicts erroneously t h a t  the value of 
( a E / a T ) p  should increase a t  lower values of E and P. A non-zero value f o r  6 

(a  P 
The cause of the discrepancy i s  n o t  known. 

effects: 
yields only 469 joules of heat which would increase the temperature of a 
specimen only 6 x 10-40K, and F ig .  9 shows t h a t  the polarization is  nearly 
reversible in the t ips  of the hysteresis loops. 
of irreversibil i ty tend t o  be cancelled by our averaging of the measured values 
of AT/AP for polarization and depolarization a t  each f ie ld  step. 

we f e l t  t h a t  i t  was interesting t o  determine the inner f ie ld  constant y from 
the electrocaloric measurements, i.e. from E q .  ( 9 )  which can be written 

3 term in the equation for E )  d i d  n o t  correct this  dtfscrepancy. 
I t  is  n o t  due t o  irreversible 

integration of the en t i re  hysteresis cycle a t  115.19"K, for  example, 

Moreover, the small effects 

In spite of the inadequacy of the inner-field model of ferroelectricity,  

y = PC,,(AT/AP)/P. ( 9 )  

Measured values of Y (below the Curie temperature only) are shown i n  F igs .  12 
and 13. The solid l ine of Fig.  13 represents the equation 

3 
y = 5.15 x 10 exp (0.1085T). 

Comparison of these two figures shows that y ,  f a r  from being a simple constant, 
i s  not even dependent upon temperature alone. Thus  the electrocaloric measure- 
ments confirm the idea t h a t  an internal f ie ld  parameter y which i s  based on 
long-range electrostatic forces between dipoles i s  n o t  a proper foundation on 
which t o  build a model of  ferroelectric polarization. 

The Pyroelectric Coefficient for  KH2% 

ea r l ie r  i n  this report reduces t o  
For a stress-free crystal ,  the pyroelectric coefficient pX,E discussed 

pE ( a P / a T ) E .  

The subscript and superscript E denote a constant-field process; e.g., this 
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expression i s  app l i cab le  when a p y r o e l e c t r i c  s i g n a l  i s  d e l i v e r e d  t o  a low-impedance 
E detector .  Combining the d e f i n i t i o n  of  p w i th  the  E form o f  t h e  e l e c t r o c a l o r i c  

equat ion Eq. (4a),  gives 

pE = - (+T)(AT/AE). (29) 

E We computed p a t  var ious temperatures from measured values o f  the e l e c t r o c a l o r i c  
e f f e c t  as suggested by Eq. (29). 
f rom Stephenson and Hooley. 

The r e s u l t s  o f  t h i s  computation are shown i n  Fig. 14 and should be compared 
w i t h  qual i t a t i  v e l y  s imi  1 a r  resu l  t s  f o r  other substances t h a t  a re  discussed 1 a te r .  
Values o f  p i n  the  p a r a e l e c t r i c  reg ion are n o t  p lo t ted ;  they can be computed from 

the Curie-Weiss law. 

Values of the s p e c i f i c  heat cE were obtained 
23 

E 

T r i  g l y c i n e  S u l f a t e  (NH2CH2COOH)3*H2S04 

322.60"K (49.54"C). 
T r i  g l y c i n e  s u l f a t e  undergoes one second order  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  

24 I t s  d i e l e c t r i c  proper t ies have been i n v e s t i g a t e d  by Hoshino 
and others.25 

Group 12,13914 and by Chynoweth. 

I t s  use as a p y r o e l e c t r i c  detector has been considered by the Sperry 
11 

Chemical formula 
Dimensions o f  c r y s t a l  
Densi ty  
Crys ta l  symmetry (above Tc) 
Ferroel  e c t r i  c ax i  s 
Speci f i  c heatz4 
Cur ie  temperature 
Range o f  temperature s tud ied 

( N H ~ C H ~ C O O H )  3*H2S04 
2.82 cm2 x 3.19 mm 
1.68 g/cm3 
Monocl i n i  c 
Monocl i n i  c b 

322.60°K( 45.45"C) 
273°K t o  334°K 

= 419 + 1.747T joules/Kg cP 

TGS i n  t h e  P a r a e l e c t r i c  Phase 

s u l f a t e  (hereaf ter  c a l l e d  TGS) i n  i t s  pa rae lec t r i c  phase are shown i n  Fig. 15. 
The measurements f o r  TGS are cons is ten t  w i th  the Curie-Weiss law as shown i n  
Fig. 16. The s o l i d  l i n e  represents t h e  Curie-Weiss law w i t h  Tc = 322.6"K (49.45"C) 
and C = 3260. Both o f  these values are i n  reasonable agreement w i t h  publ ished 
determinat ions by a-c methods; t he  most recent measurements are those o f  Gonzalo 
who gives Tc = 49.4OoC and C = 3560. HoshinoZ4 repo r t s  Tc = 48°C and C = 3280. 
Measured values f o r  the e l e c t r o c a l o r i c  e f f e c t  i n  the p a r a e l e c t r i c  phase are d i s -  
p layed below, along w i t h  those f o r  the f e r r o e l e c t r i c  phase. 

The t y p i c a l  d i e l e c t r i c  and e l e c t r o c a l o r i c  behavior observed f o r  tri g l y c i n e  

26 
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TGS i n  the  F e r r o e l e c t r i c  Phase 

changes ab rup t l y  from be ing  quadra t i c  i n  E (see Fig. 15) t o  be ing l i n e a r  i n  E 

as shown by the  t y p i c a l  measurements displayed i n  Fig. 17. I n  t h i s  instance the  
hys te res i s  e f f e c t  i s  n e g l i g i b l e  except f o r  small values o f  E. 

The e l e c t r o c a l o r i c  e f fect  and the p o l a r i z a t i o n  i n  bo th  o f  the two specimens 

s tud ied  ex tens i ve l y  was asymmetrical w i t h  respect t o  E as shown i n  Fig. 17. The 
asymmetry disappears as the c r y s t a l  i s  heated above the  Cur ie  temperature b u t  
reappears again i n  t h e  same d i r e c t i o n ,  though n o t  always i n  the  same amount, when 
the  c r y s t a l  i s  re-cooled. There are two aspects t o  t h i s  asymmetry: one i s  the  
o f ten- repor ted  i n t e r n a l  b ias  o f  the f e r r o e l e c t r i c  phase, and the o t h e r  i s  a 
gradual ly-s lowing d r i f t  o f  charge t h a t  fo l lows the  " instantaneous" p o l a r i z a t i o n  
accompanying each change i n  E. The ra tes  and magnitudes o f  these d r i f t s  are a l so  

asymmetrical i n  E. We a t t r i b u t e  these d r i f t s  t o  a conhinat ion 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 conduction w i t h i n  the  c rys ta l .  
t h e  p o l a r i z a t i o n  o f  TGS has a l so  been observed by Hoshinoe4 and by Chynoweth". 
Chynoweth hav ing observed asymmetry i n  the  p y r o e l e c t r i c  e f f e c t  as we l l .  
d i f f e rences  e x i s t  between the hys te res i s  loops taken a t  60 hz, a t  1 f i e l d  step/ 
minute, and 1 f i e l d  step/5 minutes (see Status Report No. 4)17. For example, the  
s h o r t  v e r t i c a l  s o l i d  and broken l i n e s  i n  Fig. 17 show the coerc ive f i e l d  f o r  the 

hys te res i s  loops taken a t  60 hz and 1 step/5 min. respec t ive ly .  
These r e l a x a t i o n  e f fec ts  a re  p a r t i c u l a r l y  vex ing t o  us because they preclude 

accurate determinat ions o f  the  "instantaneous" values o f  P from the  recorder  
trace. Moreover, t he  a s y m t r y  and re laxa t i on  p roper t i es  o f  the  c r y s t a l s  are no t  

constant, t h e i r  behavior  becoming somewhat more cons is ten t  w i t h  use. 
Fig. 18  shows the e l e c t r o c a l o r i c  e f f e c t  observed a t  var ious temperatures. 

The upper curve represents the cumul a t i  ve sum o f  the  s tep-wi se e l  ec t roca l  o r i  c 
temperature changes f o r  a maximum app l ied  f i e l d  o f  305.6 kV/m, and the  lower curve 
represents  corresponding values f o r  a f i e l d  o f  128.4 kV/m. 

Fig. 19 shows the v a r i a t i o n  o f  s t a t i c  p o l a r i z a t i o n  w i t h  temperature a t  
E = 306 kV/m and a t  E = 0. 

De ta i l ed  measurements o f  AP and AT vs. E near the t i p s  o f  t he  hys teres is  
loops were made a t  increased s e n s i t i v i t y  by employing the charge-biasing techniques 

p rev ious l y  c i t ed .  
When the e l e c t r o c a l o r i c  measurements taken a t  increased s e n s i t i v i t y  were 

compared t o  values computed from Eq. ( l l ) ,  i t  was found t h a t  on ly  the  P term 

which inc ludes  the  f i r s t  Devonshire c o e f f i c i e n t  w i s  needed t o  g ive  the  bes t  fit, 

As TGS i s  cooled through the  Curie temperature, the e l e c t r o c a l o r i c  e f f e c t  

Asymmetry i n  
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2 
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That i s ,  u n l i k e  KH2P04, TGS i s  reasonably wel l  descr ibed by Eq. (13) which can be 
r e w r i t t e n  

( a d  aT) = ~ c ~ A T / T P A P  

i f  AT << T and AP << P as i s  the case fo r  measurements taken near the t i p s  of t he  

hys te res i s  loops. 
temperature range over which the  e l e c t r o c a l r o i c  e f f e c t  i s  appreciable. 

which make cons is ten t  measurements of AP d i f f i c u l t ,  b u t  i t  i s  due most ly t o  
actual  changes i n  the c r y s t a l  produced by the e l e c t r i c a l  and thermal treatment. 
The values i n d i c a t e d  by the c i r c l e s  i n  Fig. 20 were obtained w i t h  a " f resh"  speci-  
men before i t  had ever been heated above the Cur ie temperature, and these values 
were given l e s s  weight i n  drawing the  s o l i d  l ine.  

i s  c o n t i n u i t y  i n  the value o f  aw/aT a t  the Curie temperature, and (2) t he  value 
o f  b / a T  begins t o  drop appreciably a t  low temperatures. This  c o n t i n u i t y  i n  the  
value o f  aw/aT through the Cur ie temperature i s  g r e a t l y  d i f f e r e n t  from the be- 

h a v i o r  o f  potass i  um d i  hydrogen phosphate. 

Weiss law so t h a t  Eq. (12) reduces t o  

Fig. 20 shows the measured values ~ c ~ A T / T P A P  throughout t h e  

The s c a t t e r  o f  t h e  p o i n t s  i n  Fig. 20 i s  due p a r t l y  t o  the r e l a x a t i o n  e f f e c t s  

Some u n c e r t a i n t i e s  notwithstanding, t w o  conclusions can be drawn: (1) t he re  

As shown by i n fo rma t ion  contained i n  Figs. 15 and 17, TGS obeys the  Curie- 

E = UP = (T  - T )P/E,,C 
P 

above the Cur ie  temperature. 
ture.  The value of w ( T )  can then be obtained from Fig. 20 be i n t e g r a t i o n .  
r e s u l t i n g  values o f  w are d isp layed i n  Fig. 21 together w i t h  the values (shown by 
the  broken l i n e )  p red ic ted  from the  Cur ie  constant. 

Consequently, w must be zero a t  t he  Cur ie tempera- 
The 

The P y r o e l e c t r i c  C o e f f i c i e n t  f o r  TGS 

e l e c t r o c a l o r i c  e f f e c t  v i a  Eq. (29) , 
The p y r o e l e c t r i c  c o e f f i c i e n t  pE was determined from measurements o f  t he  

pE = - ( p c E / ~ ) ( ~ ~ / ~ ~ ) .  (29) 

E Values of cE were obtained from Hoshino and M i t ~ u i . ' ~  The v a r i a t i o n  o f  p w i t h  
temperature i s  shown i n  Fig. 22. 
independent o f  t he  f i e l d .  
t u r e  r i s e  i s  quadra t i c  i n  E as p red ic ted  by the Curie-Weiss law. 

E I n  the f e r r o e l e c t r i c  phase p i s  approximately 
I n  the pa rae lec t r i c  phase the  e l e c t r o c a l o r i c  tempera- 

Consequently 
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FIG. 22 PYROELECTRIC COEFFICIENT O F  T G  S FROM 
ELECTROCALORIC D A T A  



the sensi t ivi ty  of a radiation detector used i n  i t s  paraelectric phase could be 
adjusted a t  will by changing the biasing field. The sensi t ivi ty  a t  the maximum 
f ie ld  used i n  these experiments (305.6 k V / m )  i s  shown i n  F ig .  22. 

Potassium D i  hydrogen Arsenate KH2As04 

As pointed out i n  the preceding sections of this  report, the electrocaloric 
effect  i n  KH PO appeared to  be unlike the effect in Rochelle s a l t  and i n  t r i -  
glycine sulfate. In particular, we were unable t o  find a Gibbs function G1 
that  would predict both the variation of t h e  electrocaloric effect  and the ferro- 
e l ec t r i c  behavior w i t h  temperature; moreover, the f i r s t  Devonshire coefficient w 

for  KH2P04 was not well-behaved near the Curie temperature. 

27,28 T h i s  substance was selected for study because i t  is  similar t o  KH2P04. 

8 
412 

Chemical formul a 
Dimensions of crystal 
Density 
Crystal symnletry 
Ferroel ec t r i  c axi s 
Speci f i  c heat 
Curie temperature 
Range of temperature studied 

KH 2As 0 
0.868 cm2 x 2.65 mm 
2.87 g/cm3 
Tetra gon a1 
Tetragonal c 
From Stephenson & Zettlemoyer 
96°K 
90.45"K t o  100.57"K 

29 

KH As0 in the Paraelectric Phase 4 1 

tri c and ferroelectric phases, thus corroborating the work on KH2P04. 
s t a t i c  polarization and electrocaloric temperature changes for  KH2As04 above the 
Curie temperature are shown i n  Fig. 23. Potassium dihydrogen arsenate obeys the 
Curie-Weiss law, the Curie temperature being 94.25"K and the Curie constant being 
2349 as determined from the electrocaloric measurements. 

The behavior o f  KH2As04 proved to  be similar t o  KH2P04 in b o t h  the paraelec- 
Typical 

KH AsO, in the Ferroelectric Phase -2 

ture. 
tion, the values of P a t  E = 0 ,  as read from our step-wise hysteresis loops 
(e.g. F ig .  24). 

( 1 )  the 
polarization attained a t  the maximum applied f i e ld ,  ( 2 )  the spontaneous polariza- 
tion P, obtained by extrapolating the t i p s  of the hysteresis loops to  E = 0 ,  and 

F i g .  24 i l l u s t r a t e s  the behavior o f  this substance below the Curie tempera- 
The lowest of the three curves in Fig.  25 represents the remanent polariza- 

The middle curve represents a near-coincidence of three values: 
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( 3 )  values o f  P, determined from the e l e c t r o c a l o r i c  measurements by e x t r a p o l a t i n g  
p l o t s  o f  AT c vs. P2 t o  the  AT = 0 ax is  i n  the manner depic ted i n  Fig. 7. 

which i s  f o l l owed  by a slow " re laxa t i on "  p o l a r i z a t i o n  s i m i l a r  t o  t h a t  observed 

w i t h  KH2P04 b u t  much smal ler .  Normally, only the p a r t  o f  t he  p o l a r i z a t i o n  t h a t  
appeared t o  be " instantaneous" on the s t r i p  c h a r t  was measured. 
i n d i c a t i o n  t h a t  a slow temperature change accompanied the slow p a r t  o f  t he  d ie-  
l e c t r i c  p o l a r i z a t i o n ,  b u t  on l y  the  *instantaneous" changes were i nc luded  i n  the 

measurements.) The upper curve i n  Fig. 25 gives t h e  p o l a r i z a t i o n  a t  maximum f i e l d  
w i t h  the  slow " re laxa t i on "  p a r t  of t h e  p o l a r i z a t i o n  included. 

E v i d e n t l y  the f e r r o e l e c t r i c  Cur ie  temperature Tf, t he  temperature a t  which 
Ps disappears when t h e  substance i s  heated, i s  nea r l y  2°K h ighe r  than the  para- 
e l e c t r i c  Cur ie  temperature T 
r a t h e r  than a second-order t r a n s i t i o n .  

i s  equ iva len t  t o  (aE/aT)p are p l o t t e d  as a funct ion o f  temperature i n  Fig. 26 
which i s  analagous t o  Fig. 10 f o r  KH2P04. 
s i o n  o f  t he  Gibbs func t i on  t h a t  agreed w i t h  the measured values both above and 
below the  Cur ie  temperature could n o t  be found. Above Tc, the Curie-Weiss law 
agrees w i t h  t h e  experimental values f a i r l y  w e l l  (see Fig. 26) , b u t  below Tc a 
b e t t e r  f i t  was obtained by p u t t i n g  t h e  temperature dependence i n t o  t h e  c o e f f i c i e n t  
5 r a t h e r  than w so t h a t  

Each f i e l d  s tep  app l i ed  t o  KH2As04 produces a sudden change i n  p o l a r i z a t i o n  

(There was a s l i g h t  

This behavior i s  c h a r a c t e r i s t i c  o f  a f i r s t - o r d e r  
P' 

With Eq. (2) i n  mind, measured values o f  t he  q u a n t i t y  ( ~ c ~ / T ) ( A T / A P ~ ) ~  which 

As was t h e  case f o r  KH2P04, an expan- 

8 
w = 3.66 x 10 

and 5 = - 4.00 x 10 10 (Tc - T) 1 /4 

E = 3.66 x 10 8 P - 4.00 x 10 10 (Tc - T) 1/4 p3 which gives 
(aE/aP),- = 3.66 x lo8 = 12.0 x 101o (Tc - T ) l l 4 P 2 ,  

and (aE/aT)p = 1.00 x 10 10 P 3 / (Tc  - T)3/4. 

The l a t t e r  expression i s  represented i n  Fig.  26 by the s o l i d  l i n e  below Tc. 
S e t t i n g  the  preceding expression f o r  E equal t o  zero, c o r r e c t l y  p r e d i c t s  a p o l a r i -  
z a t i o n  catastrophe a t  T = Tc, 

pS = 9.15 x lOs3/(Tc - T)li4. 
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The Order o f  t h e  T r a n s i t i o n  i n  KH,-,% 
I n  p rac t i ce ,  t h e  d i s t i n c t i o n  between a f i r s t  and second order  phase t rans  

t i o n  i s  o f t e n  d i f f i c u l t ;  t he  l a t e n t  heat  may be small  and confused by thermal 
hys te res i s  o f  the t r a n s i t i o n  temperature and d i s c o n t i n u i t i e s  i n  spontaneous PO a r- 
i z a t i o n ,  t he  phase change may be a slow process, o r  s u s c e p t i b i l i t y  may be reduced 

t o  n e g l i g i b l e  values by the  f i n i t e  measuring f i e l d .  Moreover, the t r a n s i t i o n  may 
be spread over  an appreciable temperature range because o f  c r y s t a l  l i n e  s t r a i n s ,  

i m p u r i t i e s ,  o r  o the r  defects.  Our measurements show a d i s c o n t i n u i t y  i n  the 

spontaneous p o l a r i z a t i o n  (Fig. 25), a discrepancy between Tc and T 
anomalous behavior o f  w; a l l  o f  these suggest t h a t  the 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  KH2As04 i s  o f  f i r s t  r a t h e r  than second order. Consequently, we looked f o r  a 
l a t e n t  heat  o f  t r a n s i t i o n  by the method o f  cool ing. 

f o l l o w i n g  features:  the constant r a t e  o f  cool ing except i n  the t r a n s i t i o n  reg ion:  
t he  smal l  "hook" i n  the c o o l i n g  curve which suggests some supercooling, and the 
regressions i n  the behavior o f  p o l a r i z a t i o n  w i t h  respect  t o  both t ime and 
temperature t h a t  appear i n  t h e  reg ion o f  the "hook." Our r e s u l t s  d i f f e r  from the 
c a r e f u l  measurements o f  Stephenson and Z e t t l e ~ n o y e r ~ ~  i n  two d e f i n i t e  respects : 

our " t r a n s i t i o n  temperature" i s  spread over about 1.3'K whereas t h e i r s  i s  spread 
over 9.2OK, and t h e i r  c o o l i n g  curves show no evidence o f  supercool ing. We b e l i e v e  

t h a t  these discrepancies a r i s e  because our  measurements were made on a shor t -  
c i r c u i t e d  s i n g l e  c r y s t a l  whereas t h e i r s  were made on granular  o r  powdered ma te r ia l  
i n  which the  format ion o f  domains and the lack o f  f i e l d - f r e e  condi t ions would 
smear o u t  t h e  t r a n s i t i o n .  
tend t o  con f i rm  the  evidence from ou t  d i e l e c t r i c  and e l e c t r o c a l o r i c  measurements 
t h a t  the 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  KH2P04 i s  o f  f i r s t  order  and t o  v e r i f y  our 
r e s u l t s  obtained w i t h  KH2P04. 

and an 
P '  

Only enough of such a c o o l i n g  curve i s  reproduced i n  Fig. 27 t o  d i sp lay  the 

These discrepancies and the "hook" i n  our  c o o l i n g  curves 

The P y r o e l e c t r i c  C o e f f i c i e n t  f o r  KH9% 

f i c i e n t  p agrees w i t h  the  value computed from the  Curie-Weiss law. 

the needed accurate values of cE f o r  a s h o r t - c i r c u i t e d  s i n g l e  c r y s t a l  are n o t  
avai 1 ab1 e f o r  t he  c a l c u l  a t i  on. 

Above t h e  Cur ie temperature, the measured values o f  t he  p y r o e l e c t r i c  coef- 
E Below Tc, 

T a r t a r i c  Ac id  C4H606 

because i t  i s  known t o  be p y r o e l e c t r i c .  
The e l e c t r o c a l o r i c  e f f e c t  i n  c r y s t a l l i n e  t a r t a r i c  a c i d  was i n v e s t i g a t e d  

T a r t a r i c  a c i d  presumably possesses a 
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spontaneous o r  i n t r i n s i c  e l e c t r i c a l  p o l a r i z a t i o n  which, l i k e  the p o l a r i z a t i o n  i n  

a f e r r o e l e c t r i c  substance, i s  temperature dependent b u t  u n l i k e  the p o l a r i z a t i o n  i n  
a f e r r o e l e c t r i c  substance i s  n o t  r e v e r s i b l e  by the a p p l i c a t i o n  o f  an e l e c t r i c  

f i e l d .  E 30,31 The p y r o e l e c t r i c  c o e f f i c i e n t  p o f  t a r t a r i c  a c i d  i s  known t o  be l a rge ,  

and t h i s  q u a n t i t y  (aP/aT)E appears i n  the dE form o f  t he  e l e c t r o c a l o r i c  equat ion 

One would expect t h a t  t a r t a r i c  ac i  d w i t h  i t s  non-reversi b l  e po l  a r i  z a t i  on, would 
e x h i b i t  e l e c t r o c a l o r i c  behavior l i k e  t h a t  o f  a f e r r o e l e c t r i c  substance which had 
been e l e c t r i c a l l y  biased w e l l  i n t o  the reve rs ib le  t a i l  o f  i t s  hys te res i s  loop. 
Thus the des i rab le  cond i t i on  i n  which the re  i s  n e g l i g i b l e  motion o f  domain w a l l s  
( o r  perhaps no w a l l s  a t  a l l )  would be automat ica l ly  achieved. 

Chemical formul a C4H6062 
Dimensions o f  c r y s t a l  s (several  used) 1.5 cm x 2 mm (approx.) 
Dens i t y  
Crys ta l  s y m t r y  
P y r o e l e c t r i c  ax i s  
Speci f i  c heat 
Range o f  temperature s tud ied 

1.760 g/cm3 
Monocl in ic 
Along [ l l O ]  
Unknown 
91.1°K - 441°K 

The I n t r i n s i c  P o l a r i z a t i o n  o f  T a r t a r i c  Acid 

The on ly  publ ished value t h a t  we have found f o r  the i n t r i n s i c  p o l a r i z a t i o n  
2 Ps o f  a p y r o e l e c t r i c  c r y s t a l  i s  Vo ig t ' s  estimated lower l i m i t  o f  33 esu/cm 

(0.11 m i l l i cou l /m2)  c i t e d  by Cady3O f o r  tourmaline a t  24°C. Voigt  obta ined t h i s  

value by c leav ing  a c r y s t a l  perpendicular t o  i t s  p y r o e l e c t r i c  ax i s  and immersing 
the two p a r t s  i n  cups o f  nlercury t h a t  were connected t o  an electrometer.  
method i s  sub jec t  t o  much e r ro r .  

can be obta ined by measuring " thermal ly  induced currents." 

cooled a t  t he  r a t e  a T / a t  i s  given by the expression 

This 
We have found t h a t  reproducib le  values o f  Ps 

The the rma l l y  induced cu r ren t  i n  a po lar ized d i e l e c t r i c  which i s  heated o r  

i = AdP/dt = A(aP/aT)(aT/at); 
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i t  i s  t h e  current that  flows when a short-circuited crystal i s  heated or cooled. 
In principle, i f  the crystal i s  heated until Ps i s  reduced t o  zero, the value of 
Ps as a function of temperature can be determined by integrating the thermally 
induced current; however, there i s  no way t o  know from measurements of the external 
current whether P, really disappears or i s  masked by internal conductivity as the 
temperature i s  raised. 
mingled w i t h  currents arising from excessive temperature gradients (so-called 
tert iary pyroelectricity) or by internal migration o f  charge caused by previous 
electric fields,  f o r  example fields t h a t  were generated by the crystal 's  own 
pyroelectric effect. 

A number of bothersome effects were found t o  occur near the temperature a t  
which Ps disappears: 
ance changes sl i ght ly  , and the thermal l y  induced currents become quant i  t a t i  vely 
i rreversible w i t h  respect t o  temperature. The onset of i rreversi b i  1 i t y  was 
chosen as the criterion for determining the temperature a t  which Ps disappeared. 

currents was tried on triglycine sulfate for which P s ( T )  i s  known from b o t h  
hysteresis and electrocal ori c measurements. 24917 A t  temperatures below about 
323°K the  crystal chamber described i n  F i g .  1 and Fig.  2 was used b u t  with the 
electrometer used as an ammeter rather than a coulombmeter. 
tures where the Wood's-metal seals f a i l ,  the apparatus shown i n  Fig.  28 was 
used. 
P s ( T )  can be obtained w i t h  good accuracy by measuring thermally induced currents. 

Values for the polarization o f  t a r t a r i c  acid t h a t  were obtained by integrat- 
ing the thermally induced depolarization current are shown i n  F ig .  29. 
represents measurements on two v i r g i n  samples; one was heated from 298°K through 
i t s  t rans i t ion  temperature, the other was cooled from 328.9"K t o  104.8", and the 
two sets of data were f i t ted a t  305.4"K. Our values for Ps are much larger than 
the value 0.11 millicoul/$, previously cited. 

reveals a similarity between Ps (T)  for pyroelectric tar tar ic  acid and ferro- 
electric substances which undergo a second-order transition. This phase change 
occurs a t  396°K i f  deviation from thermally reversible polarization i s  taken as 
the criterion ( b u t  see Fig .  33 i n  the next section). 

Moreover, the true thermally induced currents may be 

large errat ic  currents flow, the crystal ' s  surface appear- 

To test i t s  validity, the method of determining Ps(T)  from thermally induced 

A t  higher tempera- 

A number of trial runs w i t h  triglycine sulfate demonstrated t h a t  

I t  

30 

Comparison of F i  g. 29 w i t h  the we1 1 -known behavior of ferroelectric substances 
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The P y r o e l e c t r i c  C o e f f i c i e n t  f o r  C,H& 
The p y r o e l e c t r i c  c o e f f i c i e n t  p f o r  a s h o r t - c i r c u i t e d  unstressed c r y s t a l  i s  'E 

g iven by t h e  s lope (aP/aT)X,E of Fig. 29. 
i s  shown i n  Fig. 30. 

I t s  value as a 

The E l e c t r o c a l o r i c  E f f e c t  i n  T a r t a r i c  Acid 
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  measurements were made 

a c i d  from 91.10"K t o  320.16"K. Typica l  r e s u l t s  f o r  two d 

f u n c t i o n  of temperature 

on c r y s t a l l i n e  t a r t a r i c  
f f e r e n t  temperatures 

a re  shown i n  Figs. 31 and 32. The ev iden t  l i n e a r i t y  o f  both the  changes i n  
p o l a r i z a t i o n  and the  e l e c t r o c a l o r i c  e f f e c t  w i th  a p p l i e d  f i e l d  would be expected 
by analogy w i t h  a f e r r o e l e c t r i c  substance t h a t  i s  biased near l y  t o  "saturat ion,"  
Moreover, t he  reversa l  o f  t he  s i g n  o f  AT a t  E = 0 shows t h a t  t he  p o l a r i z a t i o n  o f  
t a r t a r i c  a c i d  does n o t  reverse under the  i n f l uence  o f  the appl ied f i e l d ;  examina- 
t i o n  o f  the equat ion 

AT = -(TpcE)( aP/aT)E, 

reveals  t h a t  unless (aP/aT+ f o r t u i t o u s l y  changes s i g n  a t  E = 0, the s i g n  o f  P 

does n o t  change w i t h  E. 
w i l l  tend t o  increase the  entropy o f  the c rys ta l  , so i t s  temperature w i l l  tend t o  
f a l l .  
a f e r r o e l e c t r i c  c r y s t a l  which i s  compensated f o r  by a r i s e  i n  temperature. 

w i t h  the  spontaneous p o l a r i z a t i o n  can be obtained from the f o l l o w i n g  numbers: 

A f i e l d  appl ied a d i a b a t i c a l l y  and a n t i p a r a l l e l  t o  P 

By contrast ,  a f i e l d  i n  e i t h e r  d i r e c t i o n  tends t o  decrease the  entropy o f  

Some idea o f  t h e  r e l a t i v e  magnitude o f  the f i e ld - i nduced  p o l a r i z a t i o n  compared 

Induced P 
Temperature f o r  E = 3kV/cm Pq(E = a )  

90" K 13.5 pCoul/m2 7,300 Joul /m2 
300" K 13.5 uCoul/n? 3,670 Joul /m2 

No t i ce  a l so  t h a t  the s t a t i c  e l e c t r i c  s u s c e p t i b i l i t y  seems t o  be independent o f  

temperature, a r e s u l t  t h a t  was confirmed f r o m  the  d i e l e c t r i c  measurements from 
90°K t o  320°K and which i s  d i s t i n c t l y  d i f f e r e n t  from t h a t  obtained f o r  f e r r o -  

e l e c t r i c  substances. 
d i f f e r e n t i a l  s t a t i c  d i e l e c t r i c  constant which corresponds t o  x = 4.22. 

value i s  somewhat l a r g e r  than Mason's!5 b u t  h i s  value was e v i d e n t l y  obtained a t  
a frequency o f  1000 hz, so our ' ' s t a t i c "  value should be h ighe r  than h i s .  

We obtained a mean value o f  K = AD/c0E = 5.22 f o r  the 
This  

Mason's 
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value f o r  the temperature c o e f f i c i e n t  of K i s  1.9 x 10m4/"C which i s  doub t fu l l y  

p e r c e p t i b l e  i n  our  measurements. 
Because t a r t a r i c  a c i d  presumably does not break up i n t o  domains l i k e  f e r r o -  

e l e c t r i c  substances do, t he re  i s  a b e t t e r  chance t o  obta in  v a l i d  measurements of 

P and then ob ta in  an equation of s t a t e  by f i t t i n g  measured values t o  a p h y s i c a l l y  
reasonable a n a l y t i c  expression. 

expression came from the well-known expression f o r  the spontaneous p o l a r i z a t i o n  
o f  a f e r r o e l e c t r i c  substance, 

I n  our case, a cue t o  o b t a i n i n g  such an a n a l y t i c a l  

where w i s  a Curie-Weiss term, (T  - T,)/E~C, and 5 i s  a constant ( f o r  a substance 

which undergoes a second o rde r  t r a n s i t i o n ) .  Accordingly, the measured values 
f o r  Ps2 t h a t  we p rev ious l y  obtained f o r  t a r t a r i c  a c i d  by the method o f  thermal 

d e p o l a i i z a t i o n  were p l o t t e d  E. T w i t h  the r e s u l t  shown i n  Fig. 33. 
e x h i b i t i n g  a l i n e a r  r e l a t i o n s h i p  between P and T, a notable proper ty  o f  t a r t a r i c  
a c i d  e x h i b i t e d  i n  Fig. 33 i s  the disappearance o f  the spontaneous p o l a r i z a t i o n  
a t  a c r i t i c a l  temperature Tc. 
because we have no evidence t h a t  the c r y s t a l  obeys a Curie-Weiss law above Tc; i n  
f a c t  , the c r y s t a l  r a p i d l y  becomes e l e c t r i c a l l y  conduct ive as i t  approaches Tc. 

eous p o l a r i z a t i o n  o f  t a r t a r i c  a c i d  as a funct ion o f  temperature i s  w e l l  represented 

by a l i n e a r  expression i n  the temperature, 

Besides 
2 

We r e f r a i n  f r o m  c a l l i n g  Tc a "Cur ie temperature'' 

Except i n  t h e  small  reg ion c lose t o  t h e  c r i t i c a l  temperature Tc, t h e  spontan- 

2 4  
= 0.182 x lom6 (375 - T) Coul /m . ps 

An expression f o r  the f i e ld - i nduced  p o l a r i z a t i o n  o f  t a r t a r i c  a c i d  can be 
obtained d i r e c t l y  f rom the  experimental values presented i n  Fig. 32; i t  i s  

A P  = 37.3 x 10-12AE. 

A t  t h i s  p o i n t  we assume t h a t  the values o f  (aE/aP) a t  constant entropy and a t  
constant temperature are p r a c t i c a l l y  the same, a r e s u l t  t h a t  can be v e r i f i e d  l a t e r  
f rom the observat ion t h a t  the e l e c t r o c a l o r i c  temperature changes a re  on ly  about 
one m i l l i d e g r e e ;  i.e., we presume t h a t  (aP/aE)T = 37.3 x lo-''. 

I n t e g r a t i o n  of the above expression gives an equation o f  the form 

P(T) = BE + $(T) 
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where B i s  t h e  constant 37.3 x and @(T) i s  an a r b i t r a r y  f u n c t i o n  o f  
temperature. Knowing t h a t  P(T)  approaches Ps(T) as E approaches zero, and 
employing t h e  experimental values f o r  Ps(T)  shown i n  Fig. 33, we have 

P(T) = BE + A(Tc - T ) l l 2  (31) 

where A = (0.182 x 10-6)1/2 = 0.426 x Coul/m 2 Odeg 1/2 , 
2 2  and B = 37.3 x 10-l‘ coul / N - m  . 

This i s  t he  equat ion o f  s t a t e  f o r  t a r t a r i c  ac id  i n  the reg ion o f  i n t e r e s t  except 
f o r  the small  reg ion c lose t o  the c r i t i c a l  temperature. 

expression f o r  the Gibbs f r e e  energy. 
I t  i s  i n s t r u c t i v e  t o  see whether Eq. (31) leads t o  a p h y s i c a l l y  reasonable 

Combining Eq. (10) and (31),  we have 

( aG/aP lT  = (P/B) - ( A / B ) ( T ~  - T)’/*. 

I n t e g r a t i o n  o f  t h i s  expression gives 

where Gl0 i s  t he  f r e e  energy o f  an unpolar ized c r y s t a l  a t  the temperature T. 
The s a l i e n t  f ea tu re  o f  the above expression i s  t h a t  i t  i s  an odd f u n c t i o n  

of the p o l a r i z a t i o n  i n  con t ras t  t o  the analogous expression f o r  the Gibbs f r e e  

energy o f  a f e r r o e l e c t r i c  c r y s t a l .  
expected because the even func t i on  t h a t  i s  w r i t t e n  f o r  a f e r r o e l e c t r i c  c r y s t a l  
describes the  symmetrical r e v e r s i b i l i t y  o f  the d i r e c t i o n  o f  i t s  p o l a r i z a t i o n  
whereas t h e  p o l a r i z a t i o n  o f  a p y r o e l e c t r i c  c rys ta l  does n o t  reverse. The q u a l i t a -  
t i v e  behaviors o f  the even and odd func t i ons  o f  p o l a r i z a t i o n  a t  temperatures near 
the c r i t i c a l  temperature are shown below. 
e l e c t r i c  c r y s t a l s  the  magni tude o f  the lower-order (negat ive)  term diminishes w i t h  

i nc reas ing  temperature u n t i  1 a t  some c r i t i c a l  temperature the  spontaneous p o l a r i -  
z a t i o n  i n  the  s t a b l e  s t a t e  ( the  s t a t e  o f  minimum f r e e  energy) diminishes t o  zero. 

An impor tant  d i f f e rence  between these two f r e e  energy funct ions i s  t h a t  Eq. (11) 
f o r  a f e r r o e l e c t r i c  c r y s t a l  p red ic t s  c o r r e c t l y  t h a t  the rec ip roca l  isothermal 

whereas Eq. (32) f o r  a p y r o e l e c t r i c  c r y s t a l  p red ic t s  t h a t  the isothermal 

This odd func t i on  f o r  P might have been 

I n  both the f e r r o e l e c t r i c  and pyro- 

s u s c e p t i b i l i t y ,  l/? = E O ( a  2 Gl/aP 2 )T approaches zero a t  the c r i t i c a l  temperature 
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Pyroelectric Crystals. 

susceptibility will be constant r i g h t  up  t o  the c r i t i ca l  temperature. We have 
already pointed out that  the susceptibil i ty was found t o  be practically constant 
from 90°K t o  320°K; we d i d  not verify this prediction by extending our suscepti- 
b i l i t y  measuremnts t o  the c r i t i ca l  temperature (375°K) because of the low melt- 
i n g  point of our Woods mta l  seals and because other measurements showed that  
the conductivity increases rap i  d l  y i n t h i  s regi on. 

fields up to 3,629 V/cm from 320.62"K down to  218.85"K and a t  f ie lds  up to  
1,790 V/cm a t  temperatures down t o  91.10"K. 
ments, displayed in F i g s .  30 and 31, show that the polarization i s  practically 
reversible i n  the thermodynamic sense and that the temperature changes were 
significantly smaller than those ordinarily obtained w i t h  ferroelectr ic  substances. 

Eq.  (32 )  for  the Gibbs free energy i s  correct,  then measured values of the electro- 

The electrocaloric effect  i n  crystall ine t a r t a r i c  acid was measured a t  

The typical results of these measure- 

I f  the general considerations already outlined are correct, i n  particular i f  
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c a l o r i c  e f f e c t  should agree w i t h  the values t h a t  can be p red ic ted  from the general 

thermodynamic equation, 

But  from Eq. (32) o r  from the  equation of s ta te  we have 

I f  t h i s  expression i s  s u b s t i t u t e d  i n t o  Eq. (32) and i f  Eq. (4)  i s  i n teg ra ted  
w h i l e  assuming t h a t  the  e l e c t r o c a l o r i c  temperature change i s  much smal le r  than 
T, the  r e s u l t  i s  

AT = (AT/pcE)(TC - T)-'/' AE. (33) 

Unfor tuante ly ,  the  publ ished values o f  cE f o r  t a r t a r i c  ac id  do n o t  cover the f u l l  
range o f  temperatures needed here and they are n o t  i n  good agreement w i t h  each 

These values a re  shown i n  Fig. 35, the ho r i zon ta l  l i n e s  i n  the  
f i g u r e  represent ing  the temperature ranges over which the  var ious authors niade 
t h e i r  measurements. 
our ca l cu la t i ons ,  e x t r a  weight be ing given t o  the values a t  309.2"K and 323°K 

because o f  t h e i r  consistency. 
anomolously high. 

A s t r a i g h t  l i n e  was drawn t o  represent  the values used f o r  

The value a t  301.5" was ignored because i t  i s  
The r e s u l t i n g  l i n e a r  re la t i onsh ip  t h a t  was used i s  

= 120 + 3.50T Joules/kg-deg. CE 

Fig. 36 was drawn t o  compare the  measured values o f  the e l e c t r o c a l o r i c  e f f e c t  

and the  values ca l cu la ted  f rom Eq. (33). The agreement i s  b e t t e r  than we have a 
r i g h t  t o  expect, e s p e c i a l l y  near 300°K where the two publ ished values of the heat 
capaci ty  are i n  agreement, bu t  the  curvature o f  the pa t te rns  o f  the experimental 
and ca l cu la ted  values appear t o  be opposi te  t o  each other .  
ments a t  h ighe r  temperature ( i f  they are  poss ib le)  and b e t t e r  values f o r  the 
s p e c i f i c  heat  would be requ i red  t o  v e r i f y  t h i s  trend. 
temperatures would be d i f f i c u l t  t o  measure because the measured thermal emf be- 

comes smaller. 
Fig. 36. 

o f  the  Gibbs f r e e  energy of t a r t a r i c  a c i d  f r o m  90°K t o  320°K. 

E l e c t r o c a l o r i c  measure- 

Values a t  much lower 

Thermal emf's f o r  10-4"K are  shown f o r  several temperatures i n  

Our conclus ion i s  t h a t  Eq. (32) i s  a reasonable q u a n t i t a t i v e  representa t ion  
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We have n o t  made e l e c t r o c a l o r i c  measurements between 320°K and 375°K and are 
n o t  able t o  exp la in  the s i g n i f i c a n c e  of the dev ia t i on  o f  Ps2 from l i n e a r i t y  i n  T 

t h a t  i s  ev ident  i n  Fig. 33. P a r t  of the  dev ia t i on  could be due t o  a small e r r o r  
i n  determining Ps; on ly  changes i n  Ps can be measured by the method o f  thermal 

depolar izat ion,  and i t  i s  d i f f i c u l t  t o  t e l l  when the thermal depo la r i za t i on  

cur ren ts  a c t u a l l y  became zero. 
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CONCLUSIONS 

Quantitative measurements of the  el ectrocal ori c effect  in ferroelectric and 
pyroelectric substances are feasible over a wide range of temperature. 
mation obtained from these measuremnts contributes t o  an understanding of the  
phase transition and the thermodynamic properties of ferroelectric and pyroel ectri  c 
substances. 
observing the effect  in a substance while i t  was i n  i t s  paraelectric phase where 
the results are quantitatively predictible from the Curie-Weiss law. 

further confirm the idea t h a t  the Langevin-type model which i s  based on long- 
range intereactions between dipoles characterized by an inner f ie ld  parameter 
i s  n o t  sound. 

phosphate and i t s  isomorph, potassium dihydrogen arsenate, t h a t  was consistent 
with i t s  dielectr ic  and electrocaloric behavior b o t h  above and below the Curie 
temperature; in fac t ,  n o t  even the f i r s t  Devonshire coefficient w for these 
crystals was a smooth function of temperature t h r o u g h  the transition region. 
Therefore, we suspect t h a t  K H 2 P 0 4  undergoes a f irst-order rather than  a second- 
order transition a t  i t s  Curie temperature, a suspicion t h a t  i s  in agreement with 
the recent calorimetric measurements of Reese and May.35 Our studies o f  K H 2 A s 0 4  
revealed a discontinuity in i t s  spontaneous polarization a t  T c ,  a value of T 
t h a t  i s  less t h a n  T c ,  anomalous behavior of the Devonshire coefficients a t  T,, 
and a "hook" in the cooling curve. 
transition i n  K H 2 A s 0 4  i s  of f i r s t  rather t h a n  second order. 

behaved differently. 
are in accord with the Devonshire theory and are in reasonable agreement with 
dielectr ic  masurements. The f i r s t  Devonshire coefficient w i s  continuous with 
no change in slope right t h r o u g h  the Curie temperature, a w / a T  being constant down 
to  about 312°K where i t  begins t o  diminish significantly. 

and more reliable t h a n  previously reported were obtained. 
375°K we obta in  

The infor- 

The accuracy and validity of  such measurements were established by 

Our measurements of  the electrocalori c effect in the ferroelectric region 

We were unable t o  find an e las t ic  Gibbs func t ion  G1 for potassium dihydrogen 

P 

All o f  these indicate t h a t  the ferroelectric 

Triglycine sulfate which undergoes a well-confirmed second order transition 
Measurements of t h e  electrocaloric effect  in this substance 

Values for the intr insic  polarigation of t a r t a r i c  acid t h a t  are much larger 
Between 91.1"K and 

Ps(T) = 0.426 x lOm3(375 - T)l j2  coul/m 2 . 
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which i s  u n l i k e  the analagous expressions f o r  a f e r r o e l e c t r i c  substance i n  t h a t  
i t  i s  an odd func t i on  o f  P. 

detector  d e l i v e r i n g  i t s  s igna l  i n t o  a low-impedance detector  i 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  p . 
measurements o f  the  e l e c t r o c a l o r i c  e f f e c t  f o r  each o f  the  substances studied. 

Under ce r ta in  cond i t ions  the s e n s i t i v i t y  o f  a p y r o e l e c t r i c  r a d i a t i o n  de tec to r  
can be changed by a change i n  the app l ied  f i e l d  whereas under others i t  can be 
made independent o f  app l ied  f i e l d .  

A useful  c h a r a c t e r i s t i c  o f  a mater ia l  which i s  t o  be used as a r a d i a t i o n  

E I t s  value and i t s  dependence on temperature were determined from 
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