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Many papers have treated ferroelectric phenomena as a function of t~mperature, and the dielectric 

properties with temperature , namely the ferroelectric transition , the spontaneous polarization and 

hysteresis phenomena, etc . with temperature, have been dealt with in them. It is well known that 

these phenomena can be explained clearly by Devonshire's theory. 1) Recently, it was discovered 

by a few researchers including authors that the crystal phase of some dielectric materials was 

changed from paraelectric phase to ferroelectric phase at the pressure above transition. point under 

constant temperature by the variance of their atomic distances2 ,3). However, the analysis of this 

field has been scarcely seen. The purpose of this paper is to explain various dielectric phenomena 

with pressure successfully by using the expansion formula of the modified Devonshire's free energy 

with pressure. Namely, this paper treats analytically how dielectric materials behave and exhibit 

ferroelectricity, when hydrostatic pressure is applied to them . In such a way, the authors elucidated 

the pressure dependence of the permittivity & the spontaneous polarization and the electric field 

dependence of the pennittivity under constant pressure , etc. in the case of the second order transition 

& the first order transition concretely . Simultaneously, the authors tried to apply this analysis to 

the experimental resul ts obtained recently for BaTi03 , LiH3(Se03)2 & NaN03 , etc., and confirmed 

that this analysis was very useful. 

2. Phenomenological Analysis 

When the . ferroelectric materials whose nature is not piezoelectric in paraelectric phase have 

been strained by applied stress and then have polarization(p), its free energy(F) is expanded as a 

function of strain (x) and polarization(P), according to modified Devonshire's theory as follows4); 

F( )- I p 1 U x I I x 
x , P -- ~ Cij XiXj + -2 ~ ij PiPj + - .~ gijkXiPjPk + - L ~"kt PiPjPkPt 

2 I) I) 2,)k 4 ijkt I) 

I + - L (~kt PiPjPkPtPmPn + ...... . . . 6 ijktmn 1) mn 
(I) 

Here , as for strain (Xi , Xj) (i,j=l - q), the Xl , x2 and X3 are linear strains of x, y and z directions. 

The X4 , Xs and X6 are shear strains. As for polarization (Pj, PV ', Pm, Pn) (i=I - 3, j=I - 3, " ', 

n= 1- 3), PI, P2 and P3 are x, y and z components of polarization . The CG's are the tensor of 

elastic constant under the condition of constant polarization, and the gijk is the tensor of elec

trostrictive constant. The Ulj, ~i3kl & ~ijklmn are also the tensors of phenomenological coefficients 

concerning temperature under the condition of constan t strain. Under strain(x) being induced by 

hydrostatic pressure, the following assumptions are satisfied; 

(I) Applied stress is ideally hydrostatic pressure and the strain induced by hydrostatic pressure 

is proportional to pressure. Therefore, the expressions X4=XS=x6=O and xi=al P & xj=a2p or 
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Xj=a3Xj (where a1 , a2 & a3 are constant) (i , j=1~3) are assumed. 

(2) The strain is proportional to the square of· polarization for the crystal where the crystal 

structure in paraelectric phase is centrosymrnetry, as is observed for BaTi03 , etc .. Therefore, the 

relations xj=b1 Pf & Xj=b2Pf or Pt=baPf (where b1, b2 & b3 are constant) (i , j=1~3) are assumed. 

In order to transform F(x, P) into F(p, P), the following relation is obtained by putting above 

assumptions into eq. (1) and by neglecting the term less than p6 ; 

1 I 1 I 
F(p, P)="2 Cp2 +"2 (u + gp)p2 +"4 ~p4 + "6 tp6 (2) 

Here, C is new elastic constant, g is new electrostrictive constant and ll, ~ & t are new phenome-
nolOgical coefficients concerning temperature presented by deriving eq. (2). <. 

. First, the electric field(E) in the ferroelectrics is obtained by partially differentiating free 

energy(F) whose expression is given by eq. (2) with polarization(P); 

E = aF/ap = (ll + gp)P + ~p3 + tPS (3) 

And still more , dielectric susceptibilitY(K) is obtianed by partially differentiating electric field 

whose expression is given by eq. (3) with polarization ; 

I/K = aE/ap = u + gp + 3~p2 + 5tP4 (4) 

Here, the permittivity e=eoer= K +eo , therefore, K:;e because of e> >eo in ordinary ferroelectrics . 

Let's obtain various dielectric phenomenological equations in paraelectric and ferroelectric phase 

by using these equations. 

2.1 Para electric phase 

Since the crystal structure in paraelectric phase is centrosymmetry and then the spontaneous 

polarization does not exist, putting zero into P in eq. (4) , the following equation is easily obtained; 

l/e:; II + gp (5) 

The eq. (5) predicts that the reciprocal permittivity is proportional to hydrostatic pressure at the 

given temperature. Here, the pressure(po) under l/e=O which is called characteristic pressure is 

obtianed from eq. (5) as follows; 

Po = - u/g (6) 

When the permittivity varies with temperature according to Curie-Weiss' law at the given pressure , 

the reciprocal permittivity is expressed as follows ; l/e=Co(T -To), where Co is Curie constant 

and To is characteristic temperature. If the transition is the second order, To is equal to transition 

temperature(Tc). Combining this relation and eq. (5), the reciprocal permittivity is expressed as 

follows; 

(7) 

, where Co & To are function of pressure and II & g are function of temperature in general. 

2.2 Ferroelectric phase 

The spontaneous polarization(ps) exists even when applied electric field is removed away, 

because the crystal in ferroelectric phase is polar. Therefore, the spontaneous polarization is 

obtianed by putting zero into E and by putting Ps into P in eq. (3); 
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(u + gp + ~P~ + ~P:)Ps = 0 (8) 

Now, let's consider dielectric phenomena in the case of the second order transition and the first 

order one by using eq. (8). 

2.2.1 Second order transition 

If the phase transition is the second order, free energy(F) is considered till the term of p4 

and then the p6 term of the right hand side in eq. (3), eq. (4) & eq. (8) is negligible, based on 

the Devonshire's phenomenological theoryl) . Accordingly, the square of the spontaneous polarization 

is obtained from eq. (8) as follows; 

P;=-(u+gp)/~ (9) 

The eq. (9) indicates that the square of the spontaneous polarization is proportional to pressure 

at constant temperature. The pressure where the spontaneous polarization becomes zero is defined 

the transition pressure(pc), that is, p" = -u/g from eq. (9). If the transitoin is the second order, 

the pc is equal to Po by comparison with eq. (6). Still more, the reciprocal permittivity is obtained 

from eq. (4) as follows; 

(10) 

By eliminating Ps from eq. (9) & eq. (10), I IE becomes the following expression; 

liE = - 2(u + gp) (11) 

The eq. (II) shows that the reciprocal permittivity is a linear function of pressure with the slope 

of -2g at the given temperature, and its slope is twice of that in paraelectric phase in comparison 

with eq. (5). The spontaneous polarization(Ps) and the reciprocal permittivity liE in ferroelectric 

phase are zero at the transition pressure Pc ('''Po) =- u/g from eq. (9) & eq. (I 0) . In paraelectric 

phase , the spontaneous polarization is not present and the reciprocal permittivity is zero at the 

transition pressure Pc (=Po) from eq. (5). Accordingly, the spontaneous polarization and the re

ciprocal permittivity are shown to vary continuously with pressure at the transition pressure under 

constant temperature, and then its transition is considered to belong to the second order. 

P: PdTdeiectric 

phase 

rerroelectrlc 

phase 

(a) Typ' I 

P 
T 

I 
I-erroelectric • Paraelectric 

I 
phase ; phase 

(b) Typ' U 

Fig. 1. Schematic temperature & pressure variations (type I, type 0) of 

the spontaneous polarization & the reciprocal permittivity for the 

second order transition. 
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The schematic pressure dependence of the square of the spontaneous polarization & the re

ciprocal permittivity in the state of ferroelectric phase above the transition pressure(pc) is shown 

in Fig. lea), while that in the state of ferroelectric phase below the transition pressure(pc) is 

shown in Fig. I (b). If ferroelectric phase is present in the state of P> Pc=Po=-u/g>O, the slope 

g must be negative in paraelectric phase like Fig. lea). Therefore, the relation u + gp < O holds 

good in ferroelectric phase because of u > 0 that is, -gp > u from above condition. On the other 

hand, if ferroelectric phase is present in the state of p< Pc=Po=-u/g >0, the slope g must be 

positive in paraelectric phase like Fig: l(b). Accordingly, the relation u+gp < O also holds good in 

ferroelectric phase because of u < 0, that is, pg< -u . Moreover, the value of the right hand side 

of eq. (9) must be positive. These conditions require ~ > 0, which is the condition of the second 

order transition. 

The square of the spontaneous polarization is obtained under constant pressure by pu tting eq. (7) 

into eq. (9) as follows; 

(12) 

The reciprocal permittivity is obtained under constant pressure by putting eq. (7) into eq. (10) 

and by using eq. (12) as follows ; 

(13) 

If the temperature dependence of the coefficient ~ is assumed to be negligible, the square of the 

spontaneous polarization & the reciprocal permittivity are proportional to temperature from eq. (J 2) 

& eq. (I 3), respectively. The slope of the reciprocal permittivity to temperature in ferroelectric 

phase is twice of that in paraelectric phase from eq. (13) in comparison with eq. (7). In ferroelectric 

phase, the spontaneous polarization & the reciprocal permittivity are zero at the transition temper

ature Tc (=To) under constant pressure from eq. (12) & eq. (13). In paraeiectric phase, the 

spontaneous polarization is not present and the reCiprocal permittivity is zero at the transition 

temperature T c (=To) from eq. (7). Therefore, the spontaneous polarization & the reciprocal 

permittivity change continuously at the transition temperature Tc (=T 0). Above facts confirm 

that the transition is the second order. 

The schematic temperature dependence of the square of the spontaneous polarization & the 

reciprocal permittivity is shown too, in Fig. 1. When ferroelectric phase is present at temperature 

T>Tc (=To), the slope Co must be negative in paraelectric phase like Fig. lea). Therefore, the 

relation -Co(T -To) >0 holds good in ferroelectric phase. When ferroelectric phase is present at 

the temperature of T < Tc (=To), the slope Co must be positive in paraelectric phase like Fig. l(b) . 

Therefore, the relation -Co(T-To»O holds good in this case, too. Accordingly, the relation ~ >0 

is required from eq. (12). If the transition is the second order, the coefficient ~ must be positive 

as well as in the case of pressure. 

Furthermore, the electric field in ferroelectric phase is obtianed from eq. (3) as follows; 

(14) 

The dielectric hysteresis loop can be predicted under constant pressure, because the electric field 

is expressed as the equation of 3th power of Ps. The relation between the electric field and the 

permittivity is obtained by combining eq. (14) and eq. (10) and by eliminating Ps as follows; 
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{ } 

1 
11211 12" E= -(- + -) - (- - - ) 
3 € €2 3~ € €2 

(I5) 

Here 

(16) 

1/€2 is constant under the given temperature & pressure. The eq. (15) indicates the electric field 

dependence of the permittivity in ferroelectric phase under constant pressure, and it is found that 

the permittivity decreases with increasing electric field. In the special case , the permittivity at no 

electric field is expressed by putting zero into E of eq. (15) and by using eq. (16) as follows; 

Therefore , the permittivity at no electric field depends on pressure & coefficient g. 

2.2.2 First order transition 

When the following two conditions are satisfied in the case of the first order transition, the 

. spontaneous polarization is present at the transition pressure(pc). 

(1) The free energy of ferroelectric phase must be equal to that of paraelectric phase at the 

transition pressure(pc). Accordingly , from eq. (2) , the relation 

[ F(p, P) ] P=Pc [ F(P, P) ] P=Pc 

P=Ps=O P=Ps 

must be satisfied. That is, 

u + gpc + ~ ~P; + ~ ~P: 0 (17) 

holds good. 

(II) The free energy of ferroelectric phase must have the minimized value with polarization. 

Accordingly, from eq. (2), the relation 

[oF lap] P=Pc = 0 
P=Ps 

must be satisfied. That is, 

u + gpc + ~P; + ~P: = 0 (l8) 

holds good. Combining eq. (I7) and eq. (18), and eliminating (u + gpc), the square of the spon

taneous polarization at the transition pressure is expressed as follows; 

P; = -3~/4~>0, therefore H < O (19) 

On the other hand , the spontaneous polarization in paraelectric phase does not exist. Hence, the 

spontaneous polarization changes discontinuously at the transition pressure. This is the character 

of the first order transition. The following expression is obtained by putting the P; of eq. (19) 

into that of eq. (17); 

Pc = Po + 3e I 16 ~ (20) 

Here, the Po is given by Po = -u Ig >0, and Pc is the transition pressure as mentioned above . 

Schematic pressure variation of Ps & 1/€ for the first order transition is shown in Fig. 2. 
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Fig. 2(a) corresponds to the transition from paraelectric phase to ferroelectric phase at Pc with 

incr~asing pressure , and Fig. 2(b) corresponds to the transition from ferroelectric phase to para

eleckic phase. In Fig. 2(a), the following conditions exist; Po> Pc , g < 0 from paraelectric phase 

and u> O because of Po=-u/g > O. By putting these relations into eq. (20), the relation t>O is 
obtained and then ~ < 0 is obtained from eq. (19) . In Fig. 2(b), the following conditions exist; 

Pc > Po , g > O from paraelectric phase and u < O because of Po=-u/g> O (corresponding to , for 

example, BaTiD3)' By putting these relations into eq. (20), the relation t> 0 is obtained and then 

~< 0 is obtained from eq. (19) , too. Therefore , in the case of the first order transition, these 

relations t>O & ~ < O hold good. 

Let's obtain the spontaneous polarization in ferroelectric phase under above conditions. The 

square of the spontaneous polarization is obtained from eq. (8) & PsfO as follows; 

~P; = - 2~ {I + j ] -4~2 (u + gp) } (2]) 

Paraelectric 

p. pha se 

I 
i 

~ ~ 
, < 0 

{C. < 0) 

I Ferroelectric I 
I phase I 
I 

r', , 
" 

(a) Type I 

p. 

p 
T 

p. 

I 
i 

Fe rroelectric 

phas e 

P. 
T. 

p. 

(b) Type U 

I 
I 
I 
I 
I 

p, 
T, 

Pa rae l e-ctric 

phase 

P 
T 

Fig. 2. Schematic temperature & pressure variations (type I, type U) of 
the spontaneous polarization & the reciprocal permittivity for the 
first order transition. 

The eq. (2]) shows the fact that the square of the spontaneous polarization varies according to 

irrational function with pressure . The reciprocal permittivity is obtained by putting P; of eq. (21) 

into that of eq. (4) ; 

1 ~2 { J 4t } "€=-4(u+ gp)+I 1+ l-?(U+ gp) (22) 

The value of the reciprocal permittivity l/€c[ in ferroelectric phase' at the transition pressure(pc) 

is expressed by putting Pc of eq. (20) into p of eq. (22) ; 

l/€c[ = 3~2 /4t 

The value of the reciprocal permittivity l/€cp in paraelectric phase at the transition pressure is 

obtained by putting Pc of eq. (20) into p of eq. (5) ; 
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The temperature dependence of the spontaneous polarization and the reciprocal permittivity is 

expressed by putting eq. (7) into eq. (21) & eq. (22) respectively as follows; 

P; = -(~/2n {I + J 1-(4~Cole)(T - To) } (23) 

liE = -4Co (T - To) + (e In {I + J 1 -(4fCole) (T - To)} (24) 

From eq. (23), when the temperature dependence of the coefficients ~ & ~ is negligible, the square 

of the spontaneous polarization varies with temperature according to irrational function. 

The value of the spontaneous polarization at the transition temperature(Tc) is obtained in the 

same manner as in the case of the transition pressure. Therefore, the following relations are obtained 

from the expressions 

[F(T,P)lT=Tc = [F(T, P)lT=Tc and [ aFlaplT=T
c 

=0 
P=Ps=o P=Ps P=Ps 

by putting eq. (7) into eq. (2); 

Co(Tc - To) + (1/2)~P; + (1/3)~Ps4 = 0 

By eliminating (Tc - To) from above two formulas, the same formula as eq. (19) is obtained for the 

spon taneous polarization at T c, and the transition temperature(T c) is obtained by putting it into 

P; of above formula; 

(25) 

The sign of the coefficients ~ & ~ in this case is determined similarly as in the case of pressure 

for the first transition by substituting T, To, T c & Co for p, Po, Pc & g respectively in the case 

of pressure like Fig. 2. 

Moreover, the relation between permittivity and electric field of the first order transition is 

obtained under constant pressure & temperature by combining eq. (3) & eq. (4) and by eliminating 

P as follows; 

(26) 

Here I /E J = U + gp, and l /E J is constant under the given pressure & temperature. 

3. Application of This Analysis to the Measured Value 

Let's examine the suitability of above mentioned analytic results in the cases of LiH3(Se03) 

(briefly L. H. S.) & NaN03 which belong to the second order transition, and of BaTi03 & 

Pb(Ti + Sn)03 which belong to the first order transition. The details of these samples are shown 

in ta.ble 1. 
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Preparati9n 

Thickness 
Di· d (mm) 

mension Area 
S (cm2) 

Space group 

High pressure 
apparatus 

Table 1. Samples and high pressure apparatus. 

LiH3(Se03h NaN0 3 

Evaporat ion from Bridgman's method . 
saturated water so- using powder NaN03 
lution of L.H.S. obtained by recrys· 
(Cry stal) tallization . 

(Crystal) 

0.5 - 1.0 0.28 

0.3 - 0.7 0.3 

P2i/n R3C 
(Paracicctric phase) ' (Paraelcctric phase) 
Cen trosy mmetry Centrocymmetry 

a 30·kbar hydrostatic a I O()'kbar six·anvil 
pressure apparatus, 
liquid pressure trans
mitting medium 

(
a 50·50 mixture ) 
of n~Imal pentane 
dnd Isopentanc 

cubic press, solid 
pressure transmitting 
medium 
(Pyrophy llile) 

BaTi03 

Melting method , 
using KF as a flux. 
(Crystal) 

0.5 

0.2 - 0.6 

Pm 3m 
(l'araeiectric phase) 
Centrosymmctry 

The same as in the 
case of L.H .S. 

3.1 Second order transition 

Pb(Ti+Sn)O 3 

Press and caJcination 
of the mixture of 75 
% Sn02 and 25 % 
Ti02 , using PhO as a 
flu x. 
(Ceramic) 

0.2 

0.5 - 0.6 

(Ceramic) 

(A tmospheric pressure) 

(i) The pressure dependence of the permittivity and the spontaneous polarization ; The pressure 

dependence of the reciprocal permittivity of 1. H. S. obtained by G. A. Samara is shown as a 

dotted line in Fig. 3(a), and the pressure dependence of the spontaneous polarization(Ps) & the 

square of Ps is shown as a dotted line in Fig. 3(b)5). The 1. H. S. belongs to type n in Fig. J(b), 

and then the second order transition. Above the transition pressure Pc(=Po) = 20.8 kbar, 1. H. S. 

belongs to P2dn in the space group, and is centrosymmetry and paraelectric phase. Below the 

transition pressure , L. H. S. is ferroelectric phase. The g is obtained from the slope of lIE to p 

28 

24 

20 r-

16 

12 

\ , , , , , 
\ 

measured value 

calculated value 

, , 
\ I 
\ I 
\ I 
, I 
, I 
, I 
, I 
, I 
, I 
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u - - S 46 .... I08m/F 

t. I .M "' IOI0'f-(~l)l 

I S ~ ... 
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.... ... ... ... 
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...... \ pi ... \ 

'" 
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\ 

0 ~~1~_1~_~1~1~_~1 I I I I " J " 8 " 

Fig. 3. 

16 20 24 28 12 16 20 

Pressure P (kbar) 

<aJ 
Pressure p(kbat) 

(bl 

(a) The pressure dependence of the reciprocal relative permittivity 
of LiH3 (Se03h at 23 ·C. (b) The pressure dependence of the 
spontaneous polarization & the square of spontaneous polarization 
of LiH3 (Se03h at 22 ·C. 

80 ~ .. 

60 

40 

20 

I 
24 
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in paraelectric phase above the transition pressure in Fig. 3(a); g = 2.62 /( 107 m/F. kbar or 

1.85 X lO-s /kbar CGSesu. The U is obtained by eq. (6); U =-5.46 X 108 mlF or -:3.85 X 10-4 

CGSesu. The ~ is given by putting the value of the square of Ps which is obtained at arbitrary 

pressure from Fig.3(b) and the values of g & U into eq. (9); ~=1.65 X 10lom s IF·C2 or 1.29 X 10-13 

cm4 /esu 2 CGSesu. The calculated curve of the pressure dependence of the reciprocal relative 

permittivity is obtained by putting above values into eq. (11), and is expressed as a solid line in . ., 

Fig.3{a). The solid line coincides approximately with the dotted line w!Uch stands for the 

measured value. While the slope g of I Ie to p in ferroelectric phase should be twice of that in 

paraelectric phase by comparing eq. (J 1) with eq. (5), the value in measurement is 2.4 times from 

Fig.3(a). The calculated curve of Ps versus p obtained by putting above values of g, U & ~ into 

eq. (9) is shown as a solid line in Fig . 3(b). From this figure, it is found· that the measured value 

which is shown as the dotted line follows to eq. (9) approximately. 

(ii) The electric field dependence of the permittivity; Below the transition pressure, NaN03 

belongs to R3C in the space group, and is centrosymmetry and shows paraelectric phase. However, 

above the transition pressure, the crystal structure of NaN03 changes to R3C and non·centro

symmetry and then NaN03 shows ferroelectric phase. Therefore, it belongs to the type I in 

Fig. l(a). The pressure dependence of the reciprocal relative permittivity of NaN03 is shown in 

the paper reported by the authors2 ,3) and is expressed as the straight line which passes through 

the coordinates of (p=37 kbar, 1/€r=0.093) & (45 kbar, 0 .019) in paraelectric phase. The values 

of g & u are obtained similarly as in the case of L. H. S. from these data ; g=-8.81 X 108 m/F·kbar, 

u=4.14 xlO lO m/F. Furthermore, the value of ~ is calculated from eq. (9) by using Ps=2.15 X 10-2 

C/m 2 at p=60 kbar from the pressure dependence of the spontaneous polarization2 ,3); ~=2.48 X 1013 

m S IF·C 2
. Here, since the transition pressure from paraele~tric phase to ferroelectric phase in the 

case of NaN03 is very !Ugh, liquid medium like in the case of L. H. S. can't be used as a pressure 

transmitting medium. In this case, solid medium called pyrophyllite is used as a pressure trans

mitting medium and then ideal hydrostatic pressure can't be strictly applied to the sample NaN03. 

Therefore, the measured values in the case of NaN03 don't coincide with the calculated values 

" 
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I 

f:1~dll': field I 1O~ V/ml 

1 

2.0 

Fig. 4. Effect of external electric field on the relative permittivity of 

powder NaN03 under various pressures. 
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so well as in the case of L. H. S. The measured dc-electric field dependence of the relative per

mittivity of the sample NaN03 with the thickness d=0.28 mm is expressed as a dotted line in 

Fig. 4 whose curves are at p=48 kbar & p=52 kbar in ferroelectric phase2 ,3). The calculated curve 

of dc-electric field E=V/d dependence of the relative permittivity is obtained by putting above 

values of g, U & ~ into eq. (15) . This curve is shown as a solid line in Fig. 4 and coincides almost 

with the dotted line which shows the measured value . 

Subsequently, the dc-electric field dependence of the relative permittivity (€r) at p=48 kbar, 

constant g and constant u under various rs, that is, ~l , lOb & 102~1 etc. is shown in Fig. 5(a) 
from eq. (15) . The decreasing rate of €r with increasing electric field E increases with increasing 

value of t and the value of €r at constant E decreases with increasing value of ~ from Fig. 5(a). 

,. 

.-
~ 
'~ 
.~ 

8. 40 
I 
.;; 
~ 

30 

2. 

I. 

I: paramete r 

• . - 8.8 1 II; 10' m/F·kbJr 

I, - Ll ] .1011~I(r)1 
U • 4. 14)1 10 10 m/F p : 48khar 

0.1 0.4 0.6 0.8 1.0 1.2 1.4 1.6 

Elcclrk field ( . 10· VIm) 
(.) 

,. 

I. 

g : paramet e r 

, .. _ 8.81 II; 10' m/F .~bar 

Eta 1./) X IOI!-!f(r)l 

u" 4. 14 X IOIOm/F 

p : 48kbar 

0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 

Electric field ( , lOb VIm) 
Cb) 

Fig. 5. Effect of external electric field on the relative permittivity under 
various ( s (a) & g's (b). 

The dc-electric field dependence of the relative permittivity (€r) at p=48 kbar, constant u and 

constant ~ under various g's, that is, gJ , 2gJ & 3gJ etc. is shown in Fig. 5(b) from eq. (J 5). The 

decreaSing rate of €r with increasing electric field E increases with decreasing value of g, and the 

value of €r at constant E decreases with increasing of the value of g. 

3.2 First order transition 

(i) The pressure dependence of the permittivity and the spontaneous polarization ; The pressure 

dependence of the reciprocal relative permittivity at T=23 ·c, 60 ·C & 85 ·C and the pressure 

dependence of the spontaneous polarization at T=23 t & 45 ·C of BaTi03 given by G.A.Samara 

are shown as a dotted line in Fig. 6(a) & (b) respectively6) . BaTi03 shows ferroelectric phase below 

the transition pressure(pc) and paraelectric phase above Pc and then belongs to type II in Fig. 2 

(b). The value of g is obtained from the curve at T = 23 ·C in paraelectric phase in Fig. 6(a); 

g=2.82 X 106 m/F·kbar. The value of u is calculated from eq. (6) by using the characteristic 

pressure Po=18 kbar which is the measured value and the above value of g; u =-5.08 X 107 m/F. 

Moreover, the values of ~ & ~ are calculated by putting the value of Ps at arbitrary pressure (in 

this case, the value of Ps at the transition pressure) of the curve at T=23 t in Fig. 6(b) into eq. (19) , 

and simultaneously putting Po=18 kbar&p=20kbar into eq. (20); ~=-1.33 X 109 mS/F·C2 & 

~=5.93 X 1010 m9 /F·C4
. The calculated curves of l/€r versus p & Ps versus p are obtained by 

putting above values of g, u , ~ & ~ into eq. (22) & eq. (21) and are shown as a solid line of 

T=23 ·C in Fig. 6(a) & (b) respectively. 
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A little differenc~ is seen between the calculated value and the measured one, and this reason 

is considered to be as follows ; 

(l) Though the value of llEr must be minimized value at the transition pressure and the 

spontaneous polarization Ps must be zero at this pressure theoretically, the pressure where llEr 

is minimized value is 20 kbar and the pressure where Ps is zero is 22 kbar as shown as a dotted 

line in Fig. 6(a) & (b), then the difference between these values is 2 kbar. 

(2) The coefficients U, g, ~ and ~ are assumed to be independent of pressure analytically here. 

However, practically, these coefficients will depend on pressure more or less. 

Anyway , the experimental error could not be escaped even if modern equipments were used 

in such a measurement. 

Let's examine the temperature dependence of the coefficients U & g. The coefficient g is 

considered to be independent of temperature, because the slope g of IIEr to p in paraelectric phase 

is constant under various temperatures . The temperature dependence of the coefficient u will be 
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found by ilwestigating the temperature dependence of the characteristic pressure (Po) by using 

eq.(6). The characteristic pressure (Po) versus temperature is obtained by replotting from Fig.6(a), 

and Fig.7(a) shows these relations. From Fig.7(a), it is noticed that the characteristic pressure 

decreases linearly with increasing temperature. Therefore, by reminding the relation u= - gpo, the 

coefficient u is expressed as follows ; 

(27) 

where a) =22.8 kbar & (3) =0.217 kbar/ 'C from Fig.7(a). By putting eq. (27) into u of eq. (21) 

& eq. (22), 

;r = 4 {g(a) -(3)T)-gp} + r [1 + )1 + ~~ {g(a) -{3t T)-gp} J (28) 

and 

P; = - ~r [1 + J 1 + ~~ {g(at - (3) T) - gp} J (29) 

are obtained, and then the effect of temperature is added to eq. (22) & eq. (21) respectively. The 

curves of 11Er versus p & Ps versus p at T=60'C & 85'C calculated from eq. (28) & eq. (29) are 

shown as a solid line in Fig.6(a) & (b) respectively. 

The temperature versus reciprocal relative permittivity with pressure parameter and the temper

ature versus spontaneous polarization with pressure parameter are shown as a dotted line in Fig. 8(a) 
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Fig. 8. The temperature dependence of (a) the reciprocal relative per
mittivity & (b) the spontaneous polarization of single crystal 
BaTi03 with pressure parameter. 

& (b) respectively. In order to consider the pressure dependence of the spontaneous polarization 

shown in eq. (23) and the relative permittivity shown in eq. (24), first, the pressure dependence of 

Co & To must be examineo. The slope Co of 11Er to T in paraelectric phase above the transition 

temperature(Tc) in Fig. 8(a) is constant under various pressure parameters, that is, Co=4.52 X lOs 

m/F· ·C and then is independent of pressure. On the other hand, the characteristic temperature(T 0) 
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under I/Er=O versus pressure is obtained by replotting from Fig. 8(a) as shown in Fig. 7(b), then 

it is found that the characteristic temperature(T 0) decreases linearly with increasing pressure. 

Accordingly, To is expressed as follows; 

(30) 

where a2=104·C & ~2=4.92 ·C/kbar from Fig.7(b). By putting eq. (30) into To of eq. (23) & 

eq. (24), the following formulas are obtained; 

1 e { j 4~Co } Er =-4Co(T- a2 +~2p)+T 1+ 1- 7 (T- a2 +~2P) (3 I) 

p2 = _ ~ { I +j I - 4~Co (T - a2 + ~2 p) } 
s 2~ e (32) 

The temperature dependence of I/Er at pressure parameter p=7.7 , 10.3 & 12.4 kbar is expressed 

as a solid line in Fig.8(a) by putting the previous values of ~ & ~ at T=23·C and above values 

of Co, a2 & ~2 into eq. (31) . The temperature dependence of Ps is also expressed similarly as a 

solid line in Fig. 8(b) from eq. (32). Here, since the abscissa in Fig. 8(b) is the reduced temperature 

(T - T c), the characteristic curves with each pressure parameter overlap as a one line. Comparable 

large difference between the measured value and the calculated one is observed in Fig. 8(a). This 

cause is considered to' be based on the temperature & pressure dependence of the coefficients 

Co, ~ & r Let's consider this effect subsequently. The pressure dependence of the transition temper

ature(Tc) must be same as that of the characteristic temperature(To) from eq. (2S). However, the 

paper reports that there is some difference between dTc/dp=-S.S ·C/kbar and dTo/dp=-4.8·C/kbar 

in experimental value 6 ). Furthermore, though all curves which are the reduced temperature (T-Tc) 

versus spontaneous polarization with pressure parameters must overlap as a one line, the value of 

P s decreases gradually with increasing pressure parameter like a dotted line (or the measured value) 

in Fig. 8(b). These facts suggest that the coefficients Co, ~ & ~ depend on Iftessure a little. However, 

the temperature dependence of the coefficient ~ of higher order of Ps in the expansion formula 

of the free energy is considered to be extremely small, and therefore, the pressure dependence of 

the coefficient ~ is also assumed to be extremely small. The slope Co is known to be independent 

of pressure from experimental results. Consequently, in this case, the pressure dependence of the 

coefficient ~ should be considered. Here, let's add the little quantity 6!; to the value of ~ to compen

sate ~. In order to obtain the value of 6 t the following method is performed, that is, from eq. (21), 

still more, by substituting ~ + 6~ for ~ in eq. (33) 

dPs/dp = - ~/2Ps J (~+ 6~)2 - 4~(u + gp) 

(33) 

(34) 

First, let's put p=7.7 kbar and the previous values of u, g, ~ & ~ at T=23·C into eq. (33) & eq. 

(34), and put simultaneously the values of dPs/dp obtained from the slope of the experimental 

curve (or the dotted line) & the calculated one (or the solid line) at p=7.7 kbar & T=23 ·C in 

Fig.6(b), that is, dPs/dp=3.80 XlO- 3 C/m2 · kbar (or the measured value) & dPs/dp=3.13 X 10-3 

C/m2 ·kbar (or the calculated value) into eq. (34) & eq. (33) respectively. Next, let's take the ratio 

eq. (34) to eq. (33) in order to find the value of 6 t 6~=0.373 X 109 m S /F·C2. The compensated 

curve of I/Er versus T obtained by calculation is shown as a dot-dash-line in Fig. 8(a) by putting 
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~ + 6~ = -0.96 X 109 mS IF·C 2 into ~ of eq. (24). In this case, the compensated quantity 6~ is 28% 

of the previous value of t and the calculated value of I/Er approaches to the measured value by 

about 36% in comparison with the previous case. 

(ii) The electric field dependence of the permittivity; The temperature dependence of the re

ciprocal relative permittivity of the ceramic (pbTi0325% + PbSn0375%) at atmospheric pressure 

obtained by the authors is shown as a dotted line in Fig.9(a). The slope Co of l/Er to T in 
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paraelectric phase and the characteristic temperature To are obtained from Fig. 9(a); Co= 1.81 X 106 

m/ F · ·C & To=160 ·C7). As the measured value of Ps at Tc=163 ·C is 5.33 X 10.2 C/m2 7) , the values 

of ~ & r are obtained by putting above values of Co, To , Tc & Ps at Tc into eq. (19) & eq. (25); 

~=-5 . 65 X I09 mS/F·C2 & r=1.13 X1012 m9 / F ·C4 . On the other hand, the applied electric field 

dependence of the relative permittivity at T=15 ·C & 120 ·C measured by the authors is expressed 

as a dotted line in Fig. 107
). By putting above values of Co , To, ~ & r into eq. (26), the applied 

electric field dependence of the relative permittivity is shown as a solid line in Fig. 10. The 

measured value follows to the calculated value approximately and then the suitability of eq. (26) 

is confirmed. Here , the solid lines at T=150 ·C & ls5·C in Fig. 10 are merely the calculated curve 
from eq. (26). Moreover, by putting the previous values into eq. (24) & eq. (23) , the temperature 

dependence of l /Er & Ps are obtained like a solid line in Fig. 9(a) & (b). From Fig. 9(a) , it is found 

that the measured value in ferroelectric phase coincides almost with the calculated value , and then 

it is predicted that the temperature dependence of Ps should be like a solid line in Fig.9(b). 

4. Dielectric Loss Tangent 

The electric field E and the dielectric constant in ferroelectric phase are given by eq. (3) and 

eq. (4), respectively. The polarization P in ferroelectric phase written here is expressed as the sum 

of spontaneous polarization P s and induced polarization PE, namely 

(35) 

When the electric field Ed wt with angular frequency w is applied to the sample , the polarization 

induced in the sample by the field is expressed to be PE=Pod(wt-oI> , where 51 is the phase 

delayed from the phase of the applied field, and Po is the magnitude of the induced polarization. 

As the coefficients u, g, ~ & r in eq. (3) & eq. (4) must be complex number, the coefficients 

u*, g*, ~* & r* should be substituted for those . Then, when the field Ed wt is impressed in the 

sample , the eq. (3) , eq. (4) & eq. (35) must be written respectively as follows ; 

Eeiwt = (u* + g*p)P* + ~*p*3 + r*p*S 

l / (E* - EO) = u* + g*p + 3~*p*2 + sr*p*4 

p* = Ps + P*E = Ps + Pod(wt-Ol) 

(36) 

(37) 

(38) 

By putting P* given by eq. (38) into p* in eq. (36) , the eq. (36) is expressed as follows ; 

Eeiwt = (u* + g*p)Ps + ~*P; + r*p; + Poei(wt-0 1 ) ( u* + g*p . + 3~*P~ 

+ 5r*p~ ) + P~ei2 (w t-o I ) (3~*P s + lOr*p~) + P5d 3 (wt·o I) (P + lO~*P;) 

+ P6ei4(wt-Ol). 5t*Ps + P6 eiS (wt-O l )t* 

Provided that the phases of u*, g* , P & t* are all 51, furthermore, as Ps in ferroelectric phase 

exists under E=O and then Po=O, the Ps satisfies the equation derived from the eq. (36) 

(39) 

The above equation becomes the following form by putting A into Po/Ps, namely A=Po /Ps, and 

using the eq. (39); 
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Eeiwt = A f(2~P; + 4~P;)ejwt + A(3~P; + 1O~p;)ei(2wt-c5 1) 

+ A2(~p; + 1O~P;)ei{3wt-2c51) + A35~P;ei(4wt - 351) 

+ A 4~p; ei(Swt-45 1) } 

Where since A is the ratio of the induced polarization to the spontaneous polarization, the relation

ship A < < 1 holds good. By using this condition and neglecting the higher term than the second 

one in the right hand side of the above equation, it is clear that the phase of the left hand side of 

the above equation is equal to that of the right hand side. Furthermore , when the complex 

dielectric constant is expressed to be e=E)-jE2 , the loss tangent (tan 5) is shown to be tan 5=E2 /E) . 

On the other hand, the reciprocal dielectric constant in paraelectric phase is expressed to be 

l/(E* - EO) = u* + g*p = (u + gp)ei5 1 from eq. (37) because of including no higher terms than 

the second power of P*. In general, because of E 1 > > EO for ferroelectrics , the loss tangent in 

paraelectric phase is shown to be tan 5=E2/E 1::' tan 51 from above relationship. Therefore, the loss 

tangent in paraelectric phase corresponds to that in normal dielectrics . 

By the above two facts , it is confirmed to be appropriate that phases of the coefficients u* , 

g*, ~* & ~* have been determined to be all 51. 

The complex dielectric constant E* in ferroelectric phase can be obtained by substituting eq. 

(35) & eq. (39) for eq. (37) as follows ; 

E* ~ EO = (2~P; + 4~P:)ej5 ) + A(6~P; + 20~P:)eiwt 
+ A2(3~p; + 30~ pi)ei(2wt-51) + A3.20~P:ei{3wt-2li1) 

+ A4 . 5~P:ei(4wt-351) 

By comparing the real & imaginary parts of the right hand side with those of the left hand side 

with those of the left hand side of the above equation, the following relationships can be obtained ; 

From the real part, 

E1 - EO 2 2 2 2 
( )

2 2 = 2(~ + 2~Ps)Ps cos 51 + 2A(3~ + lO~Ps)Ps cos wt 
E1 - EO + E2 

+ 3A 2(~ + 1 O~P;)P; cos 2(wt - 5) /2) + O(A 3) , 

where a (A 3) stands for the small quantity including the higher terms than the third power of A 

(A « l). 

From the imaginary par~ , 

E22 2 = 2(~ + 2~P;)P; sin 51 + 2A(3~ + lO~P;)P; sin wt 
(E1 - EO) + E2 

+ 3A2(~ + lO~P;)P; sin 2(wt - 5d2) + O' (A3) 

,where O,(A3) stands for the small quantity as well as O(A 3). By putting above relationships into 

tan 5 = E2/E1 , the loss tangent in ferroelectric phase can be obtained as follows; 

tan 5 =: tan 51 + 3~ + lO~P; A sin wt + O"(A2) 
(~ + 2~P;) cos 51 

, where O"(A2) stands for the small quantity. Then !he root mean square of tan 5 with time can 

be obtained as follows; 
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< tan 0 > =: ftan2 0 + ~A2 (3U 1O~P;)2 } % 
1 2 (~ + 2~p;)2 cos2 0) 

=tano {1+~A2 (3~+1O~P;)2 }% 
1 2 (~ + 2~p;)2 sin 2 0] 

(40) 

The tan 0] is based on the fact that the phase of induced polarization PE laggs behind that of the 

applied electric field, and corresponds to the loss tangent of normal dielectrics. 

Now, let's deal with two kinds of transition by using above relationships: 

(1) The second order transition 

In the case of the second order transition, putting the relation ~=O into eq. (4.0), 

< tano > =:Jtan 2 0] + 9A2/2 cos2 0) (41) 

By using relations A=P olP sand eq. (9), eq. (41) is rewritten as follows; 

< tan 0 > =: Jan
2 

01 - i Po
2 

(u + g!) cos2 0) (42) 

The above equation shows the pressure dependence of tan o . As the relationship between the 

spontaneous polarization Ps and the applied electric field E can be got by putting zero into ~ and 

Ps into P in eq. (3) and the relationship between the spontaneous polarization and the loss tangent 

is shown in eq. (41), the dc-electric field dependence of tan 0 can be obtained by combining these 

relationships as follows; under tan 20) < < I , 

E = { u + gp +~ ( ~ Po )2} ~ Po (43) 
. V2 Jtan2 0 - tan2 0] 12 Jtan2 0 - tan2 01 

To get the temperature dependence of tan 0, let us put eq. (12) into A2={Po/ps)2 in the e'l. (41), 

then the following equation can be obtained. 

> .j 2 9 2 ~ < tan 0 =: tan 01 - -2 Po 2 
Co(T - To) cos 01 

(44) 

Moreover, the dc-electric field dependence of tan 0 is calculated by modifying eq. (43), namely; 

E={Co(T-To)+~(~ Po )2} ~ Po 
12 Jtan20-tan20] 12 Jtan20-tan201 

(II) The first order transition 

The pressure dependence of tan 0 in the case of the first order transition is shown in eq. (40). 

The value of tan 0 at the transition pressure and temperature in the first order transition is given 

by putting [P;lT~ - 3~/4~ into Ps of eq. (40); 

[tan 0 1 T
Pc 

=: J tan 2 0] - 54P~ ~/~ cos2 0] (45) C,pc 

and the pressure dependence of tan 0 can be obtained by substituting eq. (21) for Ps of eq. (40); 

< tan 0> =: [tan2 01 - P~ L b + 5 J I - (4~/~2)(u + gp)} 2 J% 
~ {I + JI - (4~/~2)(U + gp)} {I -(4~/e)(u + gp)} cos2 01 

(46) 

Furthermore, the temperature dependence of tan 0 is exhibited by modifying eq. (46) as follows; 
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< tan li >=: [tan2li
1 

_ P5 L {2 + 5 )1 - (4cotle)(T - To)} 2 r~ 
~ {I + )1 - (4Cotle)(T - To)} {I - (4cot/~2)(T - To)} cos2 li1J 

(47) 

Now, let us apply the above mentioned analytical results to the experimental results of NaN03 

which belongs to the second order transition and those of BaTi03 which belongs to the first order 

transition. 

(1) The case of NaN03 
The pressure dependence of tan li is shown in Fig. 11. The loss tangent is not alinost affected 

by the pressure in paraelectric phase, increases rapidly at the transition pressure and increases 

with pressure in ferroelectric phase. The loss tangent in ferroelectric phase decreases gradually 

with the dc-electric field as shown in Fig. 12. 
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To explain the loss tangent phenomenologically, eqs. (42) & (43) must be picked up. The value 

of tan b I which corresponds to the loss tangent in paraelectric phase is 0.018 from Fig. II. The 

parameter Po is calculated by putting the value of tan b (0.062) at p=48 kbar in Fig. II into 

tan b of eq. (42), and its value is Po=1.673 X IO-4 C/m 2
. Here , u=4.l4 XI010 m/ F, g=-8.81 XI08 

ml F ·kbar & ~=2.48 X 1013 mS IF ·C2 were used for the values of u, g, ~ & ~ in eq. (42) as showf\ 

in the case of the dc-electric field dependence of the dielectric constant. 

The dc-electric field dependence of tan b at p=48 kbar is obtained by substituting above values 

for those of eq. (43), and is shown as a solid line in Fig. 12. The value of the ratio of Po to Ps, 

namely A, is the order of 10-2 . 

In this case , if the parameter Po is entirely independent of pressure, the loss tangent in ferro

electric phase obtained from eq. (42) decreases with pressure, but such a behavior of the loss 

tangent is inconsistent with Fig. 11. On the contrary , if the parameter Po increases with pressure 

as shown in Fig. 13 , the pressure dependence of tan b in ferroelectric phase is exhibited as adotted 
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Fig. 13. The pressure dependence of the induced 
polariza tion of powd er NaN0 3 . 

line in Fig. 11 , and this fact is reasonable . 

The dc-electric field dependence of tan b calculated at p=47 .5 kbar & 52 kbar is exhibited as 

a solid line in Fig. 12 by using eq. (43) and the parameter Po shown in Fig. 13. 

The loss tangent decreases with the dc-electric field, and furthermore , the rate of the decrease 

of tan b with the dc-electric field decreases with increasing pressure. 

From above facts, it will be concluded that tllis phenomenological treatment of tan b is ap

propriate to explain experimental results. 

(2) The case of BaTi03 

The temperature dependence of tan b with pressure reported by G.A.Samara is shown in Fig. 14 

for BaTi03. Let us apply eq. (45) & eq. (47) to the results of above experiment. As the value of 

tan b at the transition temperature is given by eq. (45), the values of parameter Po in ferroelectric 

phase are determined by eq. (45) and Fig. 14. The tan b I corresponds to the loss tangent in 

paraelectric phase, and its value is 0.01 from Fig. 14. . 
In this case, the loss tangent in paraelectric phase is almost independent of pressure. It is seen 
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that the value of tan {j at the transition temperature increases with increasing pressure from Fig. 14. 

The pressure . dependence of parameter Po obtained by eg . (45) is shown in Fig. 15 and it is found 

that the value of Po increases with pressure . This behavior of parameter Po with BaTi03 is similar 

to that with NaN03. 

The temperature dependence of tan {j calculated by using eg. (46) an!i the value of Po given 

in Fig. 15 is shown as a solid line in Fig. 14. The value of tan {j increases with temperature and 

rapidly near the transition temperature. Here , ~=- 0.96 X 109 mS /F·C2 , r=5.93 X 1010m9 /F·C4· & 

Co=4.52 X 105 m/F· ·C were used for the values of t r & Co in egs. (45) & (46) as shown in the 

previous section. 

In this case, the pressure dependence of tan {j shown in Fig. 14 is based on that of the charac

teristic temperature To in eg. (47), that is; 

To = 104 - 4.92 P (p in kbar & To in ·C) 

The value of the ratio of Po to Psis also the order of 10-2 for BaTi03. 

Thus, the analytical loss tangent derived from free energy is given in forms of both the dc

electric field and temperature dependence including the pressure in the case of the first and the 

second order transition, and follows experimental results on tan {j. 

And eq. (40) gives the relationship between P s and tan {j , and seems to show that the domain 
motion will contribute to the dielectric loss. 

5. Conclusion 

Based on this analysis which is obtained by modifying Devonshire's free energy for the bound 

crystal, when the hydrostatic pressure is applied to the crystal which has the centrosymrnetry in 

,araelectric phase, the ferroelectric phenomena, for example, the pressure dependence of the 

permittivity & the spontaneous polarization with temperature parameter and the temperature 

dependence of the permittivity & -the spontaneous polarization with pressure parameter etc. , are 

explained very clearly. Especially, the analysis for the pressure characteristics of ferroelectric phase 
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which is one of the undeveloped fields becomes easy. In fact, it is confirmed that the results of 

the analysis in this paper coincides with the experimen tal results of the pressure dependence of 

ferroelectric phenomena up to this time. Therefore, the analysis of this paper seems to be useful 

on developing the study of this field. 

Finally, the authors would like to thank Prof. T.J.Lewis & Prof. P.E.Secker of North Wales 

Univ. and Prof. A.w.Bright of Univ. of Southampton for their helpful advices to one of the authors, 

S. Fujimoto, staying in Great Britain. 
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