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INFLUENCE OF LONGITUDINAL
ELECTRIC FIELD ON THERMODYNAMIC PROPERTIES
OF NH3;CH,COOH - H,PO3; FERROELECTRIC

Using a modified model of ferroelectric glycine phosphite by considering the piezoelectric cou-
pling with strains e; within the two-particle cluster approximation, the expressions for the
polarization vector, static dielectric permittivity tensor, piezoelectric coefficients, and elastic
constants of the crystal in the presence of a longitudinal electric field Es are calculated. An
analysis of the influence of this field on thermodynamic characteristics of the crystal is car-
ried out. The dependence of effective dipole moments on order parameters is taken into ac-
count. This allowed us to agree the effective dipole moments in the ferro- and paraelectric
phases and to describe the smearing of phase transition under the influence of an electric
field. The satisfactory quantitative description of the available experimental data for these
characteristics has been obtained at the proper choice of the model parameters.
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coefficients.

1. Introduction

One of the actual problems in physics of ferroelec-
tric materials is the study of the effects that appear
under the action of an external electric field. It can
be a powerful tool for the purposeful control of their
physical characteristics. The effects of the action of
external fields depend both on the intensity and the
type of such an action, and on the properties of the
materials. The application of an electric field is a very
important instrument for the investigation of ferro-
electric materials with a complex spatial arrangement
of the local effective dipole moments. Consequently,
phase transitions with different order parameters con-
nected with one another can take place in these ma-
terials. In particular, it appears possible to influence
this system by means of longitudinal and transverse
electric fields.

Crystal NH3CH;COOH - HoPOg3 (glycinium phos-
phite — GPI) belongs to the family of ferroelectrics
with hydrogen bonds [1, 2]. At room temperature,
this crystal is in the paraelectric phase and has a
monoclinic structure (space group P2, /a) [3]. But, at
the temperature about 225 K, the crystal passes to
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the ferroelectric phase (space group P2;). It is one
of the most interesting examples of a crystal sensi-
tive to the influence of both longitudinal and trans-
verse electric fields. In particular, there was experi-
mentally ascertained in [4, 5] that its transverse di-
electric permittivity ., in the ferroelectric phase sig-
nificantly increases under the influence of a transverse
field E,.

In [4, 6], a microscopic approach was proposed for
the theoretical study of dielectric properties of GPI
crystals, on the basis of which the transverse field
effect on the permittivity ., was explained qualita-
tively properly.

In [7], this approach was supplemented by al-
lowance for the piezoelectric coupling of the proton
subsystem with the lattice strain. This allowed one
to calculate the expressions for the spontaneous po-
larization vector, static dielectric permittivity ten-
sor, piezoelectric coefficients, elastic constants, and
molar heat capacity of the crystal and to obtain
the good quantitative description of the experimental
data for these characteristics. Moreover, on the basis
of a modified model of GPI, we quantitatively prop-
erly described the influence of transverse fields F,
and E, [8], hydrostatic [9] and uniaxial [10] pressures
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on the phase transition and thermodynamic charac-
teristics of GPI crystal.

Experimental data [11] show that, in the presence
of a longitudinal field F,, the phase transition smears,
and the temperature dependence of the longitudi-
nal permittivity e, (7") has rounded maximum. At
the same time, in the model proposed in [7], the ef-
fective dipole moments with different values of lon-
gitudinal components in the para- and ferroelectric
phases are used for the description of the longitudi-
nal dielectric permittivity e,,. This leads to the ap-
pearance of a jump on the curve ey, (T) instead of
a smoothed maximum in the presence of an exter-
nal field E,. Therefore, in the present paper for the
proper description of the phase transition smearing,
we modify the model [7], by supposing that the effec-
tive dipole moment on the hydrogen bond depends
on the order parameter on this bond, because this
parameter continuously depends on the temperature
near the phase transition point.

2. Thermodynamic Characteristics

In the model proposed in [7], we consider the system
of protons in GPI localized on O-H...O bonds, which
form chains along the c-axis of the crystal.

Dipole moments d,;(f = 1,...,4) are ascribed to
the protons on the bonds. In the ferroelectric phase,
the dipole moments compensate one another (dq:
with dgs, dg2 with dg4) in directions Z and X
(X L (b,e), Y || b,Z | ¢), and simultaneously supple-
ment one another in direction Y, creating a sponta-
neous polarization. Vectors d,s are oriented at some
angles to crystalographic axes and have longitudinal
and transverse components along b-axis (Fig. 1). For
the better understanding of the model, only phosphite
groups are shown in the figure.

The pseudospin variables Z¢, ..., Z¢ describe re-
orientation of the dipole moments of the base units:
dys = ps 7. The mean values (Z) = 1 (n, — ng) are
connected with differences in the occupancies of the
two possible molecular positions, n, and ny.

Below, for the components of vectors and tensors,
we use the notations 1, 2, and 3 instead of z, y,
and z for convenience. The Hamiltonian of the pro-
ton subsystem of GPI, which involves the short-range
and long-range interactions and the applied electric
fields E;, FEs, and E3 along the positive directions
of the Cartesian axes X,Y and Z can be written
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Fig. 1. Orientations of vectors d,s in the primitive cell in the
ferroelectric phase [7]

in such a way:

ﬁ = NUseed + I:Ishort + ﬁlong + ﬁE + IfllEa (21)

where N is the total number of primitive cells. The
first term in (2.1) is the “seed” energy, which relates to
the heavy ion sublattice and does not depend explic-
itly on the configuration of the proton subsystem. It
includes the elastic, piezolectric, and dielectric parts
expressed in terms of the electric fields F; and strains
g; as follows:

1 3
Useed = <2 Z u’
1,4/ =1
3
+> BT
=1

0 0 0
- Z g€y — eg5e5Ep — €464 E0 —

i=1

6151 + = Zc

)61'65 + C4EBO(T)€4€6 —

0 0 0
—ejgee b — €344 3 — e35e6 03 —

- ixﬁ?Ez - §X22E2 - §X33E3 X31E3E1> (2.2)
The parameters c/;°(T), ef;, and x5} are the so-called
“seed” elastic constants, plezoelectrlc stresses, and di-
electric susceptibilities, respectively, and v is the vol-
ume of a primitive cell.

Other terms in (2.1) describe the pseudospin part
of the Hamiltonian. In particular, the second term in
(2.1) is the Hamiltonian of short-range interactions:

S Oq1 O 043 Og4
o =20 (54525
qq’

(2.3)
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In (2.3), 045 is the z-component of the pseudospin
operator that describes the state of the f-th bond
(f = 1,2,3,4) in the g-th cell. The first Kronecker
delta corresponds to the interaction between protons
in the chains near the tetrahedra HPOgs of type “I”
(Fig. 1), where the second one near the tetrahedra
HPOj3 of type “II”, R¢ is the lattice vector along
the OZ-axis. Contributions into the energy of inter-
actions between protons near tetrahedra of different
types, as well as the mean values of the pseudospins
ny = (oqr), which are related to tetrahedra of dif-
ferent types, are equal. The parameter w, which de-
scribes the short-range interactions within chains, is
expanded linearly into series in strains ¢;:

6
_.0
w=w —1—5 0;€;.
i=1

The third term in (2.1) describes the long-range di-
pole-dipole interactions and indirect (through the lat-
tice vibrations) interactions between protons, which
are taken into account in the mean field approxima-
tion:

2 1 g T4 £
Hiong = inff’(qq/)< qf>< s > -

(2.4)

- 2 2
aq
£r!
— 3" Jypelag) 02 Tut (25)
- 2 2
qq
£1!
The Fourler transforms of interaction constants

Jrpr =22 Jrp(aq’) at k = 0 are linearly expanded
in the strains &;:

As a result, (2.5) can be written as

Hiong = NH® + H,, (2.7)

where

1 1
HO = an(vﬁ +13) + §J22(77§ +m3) +

1 1
+ ZJ13771773 + ZJ24772774 +

1 1
+ = Jia(mn2 + n3na) + ZJ14(771774 + nam3), (2.8)

4

o Jq1 042 0q3 Oq4
=3 (a7 + 1T+ e T a7 (29)
q
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In (2.9), the following notations are used:

1 1 1 1
Hi = §J11771 + §J12772 + §J13773 + §J14774,

1 1 1 1
Ho = §J22772 + §J12771 + §J24774 + §J14773a

1 1 1 1 (2.10)
Hz = §J11773 + §J12774 + §J13771 + §J147727
Hy = 1J + 1J + 1J + 1J
4 = D) 2274 B 12773 5 24712 5 14M1-

The fourth term in (2.1) describes the interactions
of pseudospins with an external electric field:

A o
Hp = —ZME%. (2.11)
af

Here, p1 = (ufs, pis, 1is), ms = (—pis, pis, —pis),
B = (—p54, —poy, 154), Ba = (U3, —p5q, —15,) are
the effective dipole moments per one pseudospin.

The first four terms in Hamiltonian (2.1) describe
the model [7]. The term H}, in hamiltonian (2.1) is
introduced in the present model for the first time. It
accounts for the above-mentioned dependence of lon-
gitudinal components of dipole moments on the mean
value of pseudospin sy:

. o
Hiy = =3 sjuiEagt =

af
2

1 ’ Oqf
N 20 | 1P
q

(2.12)

Here, we use corrections to dipole moments s%,u} in-
stead of s fﬂ’f because of the symmetry considera-
tions: the energy should not be changed, when the
field and all pseudospins change their sign.

The term H o, as well as long-range interactions, is
taken into account in the mean field approximation:

2

N 1 o
=S5 Sows| wypTgt =
af q’ ,
W E

1
_WZ qufaq’faq”f
af «q

q"

1 1y B
%_EZZZ((UQJ‘+Uq’f+0q”f>nff—277?) f2 =

2

/

qi‘ q" q”
W Es
=~ 33 Gougn — 2 =
q f=1
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=-3) Z Lo By + NZ My Es.

q f=1 f=1

(2.13)

The two-particle cluster approximation for short-
range interactions is used in the calculation of ther-
modynamic characteristics of GPI. In this approxi-
mation, the thermodynamic potential is given by

4 6
G = NUseea + NH* + N> 0}y Ey — NvY_oie; —
f=1 i=1

4
—kBTZ 2In Spe_*BHtSQ) - Zln Spe_ﬁHé? . (2.14)

Here, ﬁf), H é}) are two-particle and one-particle
Hamiltonians:

Al = %f‘%f (2.16)
where such notations are used:

yr = B(As + My + psE + 3071 Ey), (2.17)
Yr = BAf +ys- (2.18)

The symbols Ay are the effective fields created by
the neighboring bonds from outside of the clus-
ter. In the cluster approximation, the fields Ay can
be determined from the self-consistency condition,
which states that the mean values of the pseu-
dospins (oq¢) calculated with the two-particle and
one-particle Gibbs distributions, respectively, should
coincide. That is,

BH (1>

—BA®
Spogse BH _ Spogre”

L

T (2.19)

Spe Spe

Hence, on the basis of (2.19) with regard for (2.15)
and (2.16), we obtain
1
) [shny #+ shny + a’shns + a’shng +

+ ashns + ashng F ashny &+ ashng] = thy;’3 ,

m,s3 =

1
No4 = B[Shnl + shny — a®shng F a®shny F

F ashngs + ashng + ashny 4+ ashng] = thy22’47

(2.20)
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where

D = chny + chng + azchng + a%chny +

+ achns + achng + achny + achng,

3 6
77,“];,1—, <U)O+Z diei+ Z 5]‘6]‘)
a=ce i=1 j=4 s

1

n = 5 Y1ty tys+ya), ne = S(yi+y2—ys—ya),
1

ng = g(yl—yz+y3—y4)» ng = §(yl_y2_y3+y4)’

1

ns = (Y1 —y2+ys+ya), n6 = 5 (y1+y2+ys—ya),
1

ny = 5(_y1+y2+y3+y4)7n8 = §(y1+y2_y3+y4)

Taking (2.20) into consideration, we exclude the
parameters Ay and write (2.17) in such a form:

147
Y1 = 51 177 + Briim + Bragnz + Brasns +
B
+ Brians + §(u1E + 303y Ba),
1+
= Briam + = 111 = Braone + Brians +
2 1 — 772
B /
+ Broans + = ( 2E + 303 b E»),
1+
Y3 = PBrism + Briane + 3 ln 1 E Briimz +
i
B
+ Briana + 5 (s B + 3nf s Bs),

Ya = Briam + Braans + Brians +

11
boln
2 1—m

B
+ Broony + 5 (aE + 303, Fs),

Jff/

where vep =
In the paraelectrlc and ferroelectric phases in the
applied electric field Ey, the order parameters 7, =

=13 = M3, N2 = N4 = Nog. As a result, Egs. (2.20)
are given by

1
ms = B[Sh(ym + yo4) + a’sh(y13 — y24) + 2ashyi],

1
N4 = B[Sh(ym + y24) — a®sh(y13 — y24) + 2ashyod],
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where we used the notations

D= ch(y1z + you) + a2ch(y13 — You) +

+ 2achy13 + 2achyas + a® + 1,
1+ms3
L =13

1
Y13 = 51 + 5V1 ms + 5V2 724 +

B
+ g(ui’gEa + 303 i3 Ea),

14724

T +537724—

= frims+ *1

B
— S (1 By — 303 ptha En),

2
v =yt +Z¢zz5u

1
V?Jr = Z(JH + J13); 1/&2' = 1(7/1111' + 13:),

1 +_ 1 +

1/8+ — 4(J?2 + J&); Vg, 4(1lJ12i V144),
1 1

l/ng = *4(J82 + J§4); V3 = 4(w22i V24i)-

3. Thermodynamic Characteristics
of GPI in the Electric Field FE,

For the calculation of the dielectric, piezoelectric, and
elastic characteristics of the GPI, we use the thermo-
dynamic potential per one primitive cell obtained in
the two-particle cluster approximation:

4
G 0 3
9= 75 = Useea +H +J;nfM;fE2_
6 1 4
0 2
i=1 f=1
6
—2kgTInD + 2kgTIn2 — NvZaiai. (3.1)
i=1

Minimizing the thermodynamic potential with re-
spect to the strains ¢;, we have obtained the following
equations for the strains:

o = cﬁoel + cg%z + cgofsg + c{f:,055 —eg B —
20; 26, Vi, 9 9y Yim
> + oD e T gy (i +m3) 1 s
 thaa Yo

P12y
30 (5 +n3) — Iy T T(Uﬂh +n3n4) —
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= o) (1=1,2,8,5) (32
oy = cﬂ)& + cﬂosg — 6(1)4E1 — e§4E3 —

- % + % e — 1/)81;4 (i +n3) — 1@?;4771773 -
P ) — PR

- %(ﬁﬂh + m3n4) — %(771774 + m2m3),

o6 = cﬂoq + 0&056 — 6(1)6E1 — egﬁEg —

- % i% wgéﬁ (nf +13) — %771773 -

- 00 0 ) — PR

- 1/}417(771772 + n3na) — %(mm + 172m3).

Here,

M. = 2a%chns + 2a%chny +

+ achng + achns + achn; + achng.

Differentiating the thermodynamic potential with
respect to the fields F;, we get the following expres-
sions for the polarizations:

P = 69484 + 69656 + Xi(l)El +

1 T xT
+ %[Nl:}(ﬁl —n3) — g (m2 — N4,

_ 0 0 0 0 0
Py = e3161 + €302 + €9383 + €355 + X532 L2 +

4
1 3,7
+ %;Ufﬂﬂ

(3.3)

1
+ %[Mi/:z(?h +103) = pyg (N2 +74)]
P3 = 6%464 + 68656 4+ ngEg +

1 z z
+ o= [pis(m — m3) + paa(n2 — na)l-

2v

The static isothermic dielectric susceptibilities of
mechanically clamped crystal GPI are given by

¢ = lim —8]31
X = iy OE1) .,

S0ALs {(M’fg)Q[ﬁ)\m — (M1shag — A)@yy] +
+ (154)*[DMis — (Mishaa — X)@ps] —
— 2ty DA+ (isdas — M) 1},
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0P,
€ _ li _ 0
X22 EQHBO <8E2>ej Xa2 +
5 . ~ B
+ M{(M%V[D%w — (3135024 — 3%)P3y] +

+ ([84)*[Doeza — (513520 — 5%)P3) —

— 238, Dse + (3133024 — %2)5V2+]}, (3.5)
e 0P; e0
X33 = EI;T_I}O (%)6 = X33+
5 z = Jou
goa s L) P1Dhs = (usdas = W2y +
+ (154)°[DAia — (Mashaa — X)@rs] +
 2Ea s DN+ (Aishas — )\Q)ﬁy;]} (3.6)

with the notations

A1 = D? — DAau@rs + Misday + 27\Bry ] +

+ (Mishas — A)[@1adas — (B )%,

Ay = D* = Dsers @iy + 20048y + 224Bv5 | +

+ (135020 — ) [Pl 05 — (B)?),

<P1i3: 1_%“‘51’11:7 802i4: 1_72‘1'@/;[,
13 24

=0 +38usmaEr, Pa =31 +3Buhin2aFo,

,[/}1!3 = H?fs + 3,1/1377%3; ﬂg4 = ngx - 3//2477347
6
Vl_ = Vlo_ +Zwl_1€lv
i=1
_ _ 1
V(lj = (J% - J?:s)? Yy = 1(1/1111' — 13i),
_ _ 1
vy = 4(J?2 —JL); e = Z(d’m‘ — 14q),
_ 1 _ 1
vy = ZUSQ —J9); vy = 1(1#221' — Vo4i),
)\13 =1 + CL2 —+ 2achy13,
Aoy =1+a’+ 2achysy, A=1-— a2,

13 = ch(yis + y24) + a’ch(yis — y2a) +
+ 2achy3 — 77%35,

s34 = ch(y1s + y24) + a”ch(y13 — y24) +
+ 2achyqy — 77345,

s = ch(yis + y21) — a’ch(y1s — y24) — Man2aD.
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Differentiating expressions (3.3) with respect to
strains ¢; at a constant field, we obtain the expres-
sions for the isothermic coefficients of the piezoelec-
tric stress eqg; (i =1, 2, 3, 5):

0P, N13 A
= Pis, . Hoa, 3.7
es < 6€i>E2 €9 + =213 o124 (3.7)
where 3
Y13i = [(%17713 + Yoimpa) Ty +

(1#217713 + ¢317724)72 — 25;79),

2 [trims + nma) s +
(1/)217713 + P3it0a) 5 — 26,73,

70 = Dsag — (s — #2) @5,

78 = D+ (50135004 — 5°)BUF,

%2)@1+3,

7 = Dpi1s — (32ap13 — 3p24) B3, +

+ (se13p24 — 2p13) Bry

75 = [Dp2a — (5a13p2a — 32p13) Pz +

+ (s02ap13 — 32p24) Bry

p13 = [a®sh(y13 — y24) + ashy, 3]

V24i =

v =
Ty = Dstoy — (0135024 —

- 7713M7
7724M7
M = CLQCh(ylg — Yaq) + achyis + achyay + a®.

p2s = [—a’sh(y13 — yoa) + ashyas] —

The proton contribution to the elastic constants of
GPI is found by differentiating (3.2) with respect to
strains at a constant field:

CE = 80-1 = CEO
1] 8€Z 1]

- 7{(7#117713 + Painaa) (Y13 + Vojm2a) Ty +
(1/)217713 + P3in24) (V2 M3 + Vsj72a)Te +
+ [(P1ims + 2im24) (V2 ;m3 + sin24) +
+ (20113 + Y3in2a) (Y153 + Paym04)| T4} +

+ 0 g e d +

49,

(T/J2]7I13+¢337724)Tz}

+ T[(%mw + P2in2a) Ty + (Yoimiz + Yainea) 5] —
8551 OpP0;0;5
DA {[01390134‘024/3”2 ]71 [0249024+P135’/2 ]72}_
2
455, 5J

{[2‘1 ch(y13 — youa) +

+ achy13 + achysy + 202D — 2M3?}. (3.8)
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Other dielectric, piezoelectric and elastic charac-
teristics of GPI can be found, by using the expres-
sions established above. In particular, the matrix of
isothermal elastic compliance at a constant field siEj,
which is reciprocal to the matrix of elastic constants

cib;-, is as follow:
E .E E _E
‘11 C12 €13 C15
E E E _E

OF — Cr2 Cyp Ca3 Cgj S’E—(C'E)_l
cE B B cE | 7
13 C23 C33 C35

E E ,E E
C15 €35 C35 Csp5

the isothermic constants of a piezoelectric strain

b= Yy (=239
J

(3.9)

the isothermal dielectric susceptibility of a mechani-
cally free crystal

X32 = Xoo + Y €2idas, (3.10)

?

and the molar entropy of the proton subsystem

R [y R
S = -7 <5T>n76i = 4{21112+1n(1 —m3)+

+ In(1 — n24) + 20 D — 2(Bv s + Brg n2a)ims —

4w
—2(Bvf s + Bvd n2a)nea + TD'M}’ (3.11)

where R is the gas constant.

The molar heat capacity of the proton subsystem
of GPI crystals can be found by the differentiation of
entropy (3.11):

oS
AC =T |—] . 12
e =7 (57), 12
4. Comparison of Theoretical
Results with Experimental Data

For the calculation of the temperature and field de-
pendences of the dielectric and piezoelectric charac-
teristics of GPI, we have to determine the values of
the model parameters. Methods of determination of
the these parameters are described in [7]. Their opti-
mal values are presented below.

The volume of a primitive cell of GPT vy = 0.601 x
x 1072 em? [12].

356

The parameter of short-range interactions w® /kg =
= 820 K; the deformational potentials J;, which are
coeflicients of the linear expansion of the parameter
w in strains €; are as follow: 41 = 500 K7~52 =600 K,
93 = 500 K, 04 = 150 K, d5 = 100 K, d¢ = 150 K;
51' = (Si/kB; (’iil, ceey 6),

The parameters of long-range interactions
=T =t =2643 K, o) =0y = )" = 0.2 K,
where ﬁ(;i = V?i/kB (f =1, 2, 3); the deforma-
tional potentials wﬁ (f=1,2,3,i=1,..,6), which
are coefficients of the linear expansion of the parame-

0+ _
1

ters l/?i in strains g; are as follow: 1;?1 = 87.9 K,
1/:,;2 = 237.0 K,f;;g = 1038 K, Ui, = 1491 K,
Ul = 213 K, ¢f; = 1438 K, ¥}, = 0 K, where

U5 = v ks

The components of the effective dipole moments
are equal to ufs = 0.4 x 107! esu-cm; pfy = 4.02 x
x 10718 esu-cm; pfy = 4.3 x 10718 esu-cm; pf, =
= 2.3 x 10718 esu-cm; pf, = 3.0 x 10718 esu-cm;
ps, = 2.2 x 10718 esu- cm.

Corrections to the effective dipole moments pj =
= ph=—0.22x10"8 esu-cmand py = p)y= Oesu-cm
are found from the condition of agreement of the
saturation polarization with experimental data.

The “seed” coefficients of the piezoelectric stress e
“seed” dielectric susceptibilities XfJQ,
constants 050 are obtained as follow: e?j =0.0

0
i3
and “seed” elastic
esu .,
Cm2 k)

Xil = 0.1, x55 = 0.403, x5 = 0.5, x5] = 0.0;

P =26.91 x 1010 &4 B0 = 145 % 1010 D

o =11.64 x 1010 &5 B0 = 3.91 x 1010 &5

B = (64.99-0.04(T — T..)) x 1010 &3

cm2 Y

B =20.38 x 1010 8 20 = 5,64 x 1010 24
B =24.41 x 1010 & B0 = _2.84 x 1010 &3
i) =854 x 1010 &y BO = 1531 x 1010 &
o) =—1.1x 100 25 B0 =11.88 x 1010 &5,

Now, let us consider the results obtained in this
paper for the temperature and field dependences of
physical characteristics of a GPI crystal at the differ-
ent values of the strength of the electric field Fo. We
note that the solid lines in the figures mean the results
of calculations on the basis of the theory proposed in
the present paper (effective dipole moment p(n) de-
pends on order parameter), whereas the dashed lines,
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Fig. 2. Temperature dependences of the strains ¢; of a GPI
crystal at different values of the electric field Fo (MV/m): 1 —
0.0; 2 - 4.00

which are given for comparison, mean our results ob-
tained in [7] at the zero field (effective dipole moment
is constant, but has different values in the ferro- and
paraelectric phases).

The themperature dependences of the strains ¢; of
a GPI crystal become smooth near the phase tran-
sition temperature T, = 225 K under the influence
of the electric field Ey (Fig. 2). At E5 = 0, curves I
practically coincide with curves obtained in [7]; that
is, taking p(n) into account does not influence prac-
tically the strains.

The temperature dependence of the longitudinal
polarization P,(T) at E; = 0 with regard for p(n)
(Fig. 3, curve 1) has larger convexity, in comparison
with one obtained in [7] (dashed line).

The curve P (T) also becomes smooth under the in-
fluence of the field Es (Fig. 3, curves 2-5). The polar-
ization P, increases in the whole temperature region
with increasing the field strength E5. The character
of such increase can be seen well on the field depen-
dence of the polarization P»(F) at different tempera-
tures (Fig. 4).

With applying the field —F5, the polarization be-
comes negative, and the curve P(F) is symmetric
relative to such curve at the field +F5. At Ey = 0,
the curve Py(E) has jump.

In Fig. 5, we present the temperature dependences
of the dielectric permittivities of mechanically free
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Fig. 3. Temperature dependences of the longitudinal polar-
ization Py of a GPI crystal at different values of the electric
field E2 (MV/m): 1-0.0; o [13], A [1], O [14], v [11]; 2- 0.22;
8 —1.0; 4 — 2.0; 5 — 4.0. Dashed line is the result obtained
in [7]

P., 10°C/cm?
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Fig. 4. Dependences of the polarization P> on the field E»
at different temperatures T (K) in the paraelectric phase: 1 —
226; 2 — 227; 8 — 228; 4 — 229; 5 — 230; and in the ferroelectric
phase: 1/ — 224; 2 — 223; & — 222; J/ — 221; 5 — 220

€99 = 1+ 4mx$, and clamped €5, = 1 + 4mx5, GPI
crystals, and the curves £4,(T) and 5,(T) calculated
in [7] without regard for the dependence (1) (dashed
lines).

One can see that the account for u(n) at the zero
electric field leads to increasing the permittivities in
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Fig. 5. Temperature dependences of the dielectric permittiv-
ities €J, and €5, of a GPI crystal at E2 = 0; o — [15]; O — [14].
Dashed lines are results obtained in [7]

€29
1800 "

1600
1400
1200
1000
800 |
600
400 |
200 ¢

0 T n n n n
222 223 224 225 226 227 228 229T,K

Fig. 6. Temperature dependence of the permittivity g, of a
GPI crystal at different values of the electric field Eo MV /m:
1-0.0; 2-0.02; 0; 83— 0.03; O0; 4 —0.04; O; 56— 0.07; A; 6 —
0.12; v; 7—-0.17; <3 8 — 0.22; >; 9 — 0.50; 10 — 1.00; 11 — 2.00;
12— 4.00; >. Symbols are experimental data taken from [11]

the ferroelectric phase and does not influence them in
the paraelectric phase.

The influence of a longitudinal electric field on the
temperature dependence of the dielectric permittivity
€9, of a GPI crystal is presented in Fig. 6.

With increasing the electric field strength, the
maximum on the curve £4,(T") becomes smooth, de-
creases, and shifts to the higher temperatures.
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Fig. 7. Dependence of the permittivity €9, on the field Es
at different temperatures 7' (K): 1 — 225.3; O; 2 — 225.6; o;
8- 225.8: A; 4 — 226.0; V; 5 — 226.2 O; 6 — 227.0; 7 — 230.0.
Symbols are experimental data taken from [11]
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Fig. 8. Temperature dependence of the dielectric permittivity
€11 and €33 of a GPI crystal at different values of the electric
field strength F2 MV/m: 1 - 0.0; 2 - 0.12; 3 — 0.22; 4 — 1.0;
5—2.0; 6 —3.0; 7— 4.0; symbols A are experimental data of [1]

We note that the curves €%,(T"), which are calcu-
lated at field strengthes Eo = 20, 30, 40, 70, 120,
170, and 220 kV/m, quite well agree with experimen-
tal data [11], which are measured at field strengthes
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Fig. 9. Temperature dependence of the coefficients of the
piezoelectric strains do; of a GPI crystal at different values of
the electric field strength F2 MV /m: 1-0.0; 2-0.03; 3— 0.07;
4 —0.12; 5 -0.22; 6 — 0.5; 7 — 4.0. Dashed lines are results
calculated in [7] at the zero field

E, =0, 10, 20, 50, 100, 150, 200 kV/m. This points
to the existence of some internal longitudinal electric
field F;,, = 20 kV/m in the crystal from [11]. The
field dependences of €5, (F) at different temperatures
in the paraelectric phase (Fig. 7) also testify to the ex-
istence of an internal field; they have smoothed peaks
shifted to ~20 kV/m.

We also note that the experimental data [11] at
the zero field do not agree with experimental data of
another papers, which we used in [7]. Therefore, for
the theoretical description of data [11], we suppose
that, in this sample, the parameters p¥; = 4.28 x
x 10718 esu-cm, p) = phy = —0.22 x 10718 esu - cm,
but all other parameters are such as obtained in [7].
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Fig. 10. Temperature dependence of the coefficients of the
piezoelectric strains d2; and d23 of a GPI crystal at the electric
field strength 1.2 MV /m. Symbols o,[J are experimental data
taken from [14]

0
210

x 10" cI'JE dyn / cm?
oy o va—
6 Cyy Y 3 p
5 L
4 L
3 C33 Ca3 Cyy ]

S
o—
Tty
— o=
1 - o_’
0 L
_1L%s 13 ®s5 S5 9/15 C/46‘ G
180 200 220 240 260 280 T, K

Fig. 11. Temperature dependence of the elastic constants 05
of a GPI crystal: cﬁ -1, CIEQ -2, 01E3 -3, CQEQ —4, CQES —5, CSES —6,
B -7, -8 —9, ¢ —10,cF — 11, cF — 12, cF — 13
at different values of the electric field strength Eo MV /m: 1 —
0.0; 2 - 0.22; 8 — 4.00. Symbols o are experimental data [16]

The temperature dependences of the permittivities
e11 and e33 of a GPI crystal at the zero field coin-
cide with the curves €11 (T) and e33(T) calculated in
[7] without regard for the dependence u(n). With in-
creasing the field strength, the maxima on the curves
€11(T) and e33(T), as well as in the case of e92(T),
become smooth, decrease, and shift to higher temper-
atures (Fig. 8).

From the temperature dependence of the piezoelec-
tric coefficients, da; (Fig. 9), one can see that the
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Fig. 12. Temperature dependence of the proton contribution
to the molar heat capacity AC of a GPI crystal at different
values of E2 MV/m: 1 - 0.0; 2 - 0.12; 8- 0.22; /- 1.0; 5 —
2.0; 6 -3.0; 7- 4.0

account for u(n) (solid lines) at the zero field in-
creases the coefficients ds; in comparison with those
calculated in [7] without regard for u(n) (dashed
lines). A longitudinal field leads to appearing their
nonzero values in the paraelectric phase; and the
maxima on the curves eq;(T), da;(T), hei(T), and
g2i(T) become smooth, decrease, and shift to higher
temperatures.

In [14], the experimental data are obtained for the
coefficients of the piezoelectric strains dz;(7T") and
do3(T), which have nonzero values in the paraelectric
phase. They may be qualitatively explained by the
existence of some internal electric field ~1.2 MV /m
in the sample (Fig. 10).

The account for p(n) does not influence the tem-
perature dependence of the elastic constants 05 and
the proton contribution to the molar heat capacity
AC. The role of the electric field F5 consists in the
smoothering of the curves ¢f;(T) (Fig. 11) and AC(T)
(Fig. 12).

5. Conclusions

On the basis of the proposed model of a deformed
GPI crystal, we have calculated its thermodynamic
characteristics in the presence of the electric field
E5. The dependence of the longitudinal component
of effective dipole moments on the order parame-
ters p(n) is taken into account. This allowed us to
agree the polarizations in the ferro- and paraelec-
tric phases. The dependence p(n) leads to a small in-
crease in the polarization in the ferroelectric phase
near 7., to an increase in the longitudinal permit-
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tivity in the ferroelectric phase and the piezoelectric
coefficients es; and ds;, but does not influence the
transverse permittivity, longitudinal permittivity in
the paraelectric phase, elastic constants, and molar
heat capacity.

The calculated temperature and field dependences
of thermodynamic characteristics show that an in-
crease in the field Fy leads to the smearing of the
phase transition, decrease in the dielectric permittiv-
ities £;; and in the piezoelectric coefficients in the fer-
roelectric phase for all temperatures. The obtained
theoretical dependences have a character of predic-
tions and can stimulate the subsequent experimental
investigations.

The authors are indebted to Prof. I1.V. Stasyuk for
his useful remarks.
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BIIJINB ITO3JOB>KHBOTI'O EJIEKTPUYHOI'O
I10JId HA TEPMOAMHAMIYHI BJIACTUBOCTI
CEI'HETOEJIEKTPUKA NH3CH2COOH - HoPOg3

Peszmowme

BukopucroByioun MomudikoBaHy MO/€JIb CETHETOEJIEKTPHUKA
docdity THiNMHY UISXOM BpaxyBaHHS I1'€30€JIEKTPUIHOTO
3B’s3Ky 3 JedopMallisiMy €; B HAOJIMKEHHI JIBOYACTUHKOBO-
ro KjacTepa PO3PaxOBAaHO BUpPA3M JJIsl MOJsIpU3allil, TeH30pa
cTaTUIHOI Ai€JIEKTPUYIHOI IPOHUKHOCTI KPUCTAJIA, II'€30€JIEKT-
pUYHUX KOedIilieHTIB i NIPY>KHUX CTAJNUX [IPHU IPUKJIAJAHH] 10-
30B?KHBOTO €JIEKTPUIHOTO oyt Fo. IIpoBeneno anasi3 Bru-
By IIbOT'O IIOJIS H& TEPMOJMHAMIYHI XapaKTEPUCTUKU KPHUCTa-
na. BpaxoBano 3asiekHicTh €PEKTHBHUX JTUITOIBHUX MOMEHTIB
BiZ mapamerpiB BropsiakyBaHHs. Lle mo3BoImII0 y3roguru ede-
KTHBHI JUIIOJIbHI MOMEHTH B CErHeTo- i mapacdasi Ta onucaru
po3MuBaHHs (HA30BOr0 MEPEXO/LY ITiJT €0 eJIEKTPUIHOTO TOJISI.
IIpu HasexxHOMy BHOOpI mapamerpiB Teopil OTpUMAaHO 3a0-
BIJIbHUHN KIJIBKICHUN ONKC HASIBHUX €KCIIEPUMEHTAJBHUX JTaHUX
JJIs1 PO3PAXOBAHUX XapPAKTEPUCTUK.
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