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A modified GPI model that accounts for the piezoelectric coupling between the ordered
structural elements and the strains €; has been used for studing of effects arising in GPI
ferroelectrics under the action of the uniaxial stress po and electric fields £ and F3. The
polarization vectors and components of static dielectric permittivity are calcucated in the
two-particle cluster approximation for mechanically clamped crystal, and piezoelectric and
thermal parameters are also determined. The influence of the simultaneous action of the
stress p2 and fields £ and E3 on the phase transition and physical characteristics of GPI
crystal has been studied.
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shear stress.
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1. Introduction

The study of the effects these arise under the action of mechanical stresses and external electric fields is
one of the actual problems in the physics of ferroactive compounds, in particular, of glycine phosphite
crystal (GPI), which belongs to ferroelectric materials with hydrogen bonds [1].

The experimental study of the transverse electric field E3 on the dielectric permittivity es3 of a
GPI crystal was carried out by authors in [2,3|. They showed that the application of the field E3 leads
to decrease of the ferroelectric phase transition temperature.

The model of a deformable GPI crystal were developed in [3], which takes into account a ferroelectric
coupling between a proton and lattice subsystems. This model in [6] served as a basis to study the
influence of the transverse electric fields £ and E3 on the dielectric and piezoelectric properties of GPI.
The above-mentioned experimental data [3| obtained for the temperature dependence of the transverse
dielectric permittivity €33 in the presence of the field E3. It was found that the influence of the field
Fy is qualitatively similar to that of the field 3, but is an order of magnitude weaker.

In [8] the GPI model [5] was modified to describe the case where the shear stress o4, o5 and o
are applied to the GPI crystal in the absence of an electric field. It was found that the appearance
of the shear stresses o4 or og in the ferroelectric phase gives rise to the emergence of spontaneous
polarization along the axes OX and OZ, and the transverse permittivities 11 and €33 tend to infinity
at the temperature T.. And what’s more the influence of the stress o4 is similar to influence of og.
In [7] the influence of mechanical stresses and transverse electric fields on the piezoelectric coefficients
of GPI crystal has been studied.

In this work on the basis of the deformed GPI crystal model, the simultaneous action of the uniaxial
stress po along ferroelectric axis and transverse electric fields Fy and Fs3 on the phase transition and
thermodynamical parameters of these type crystals are investigated.
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2. Hamiltonian Model

Let us consider a system of protons in the GPI crystal moving along the O-H...O bonds. These
bonds form a zigzag chains along the c-axis of the GPI crystal. Let us assign the dipole moments
dyr(f = 1,...,4) to the proton (f = 1,...,4). In the ferroelectric phase the dipole moments are
mutually compensated (dg; with dg3, dg2 with dg4) in the Z-axis and X-directions, and simultaneously
mutually added in the Y-direction, thus generating a spontaneous polarization. The vectors d,; are
oriented at certain angles with respect to the crystallographic axes and has the longitudinal and
transverse components with respect to the b-axis.

Taking into account the short-range and long-range interactions and presence of electric fields E7,
FE5 and FE3 along of positive directions of the Cartesian coordinates X, Y and Z, the Hamiltonian of
the GPI proton system equals

I:I: NUseed+ﬁshort+ﬁlong+ﬁEa (1)

where N is the total number of primitive cells in the Bravais lattice. In (1), the quantity Useeq is the
seed energy correspond to lattice of the hard ions and not depend obviously of the proton subsystem
configuration, and consists of elastic, piezoelectric and dielectric parts, which are expressed in terms
of the electric fields F; (i = 1,2,3) and the strains €; (j = 1,...,6) so that.

Other quantities in (1) describe a pseudospin part of the Hamiltonian. In particular a second
quantity in (1) is the Hamiltonian of short-range interactions,

Ogl1 O¢g2 0q3 Og4
short = 22 < L q + w2 ; ; ) (5RqR , + 5Rq+RC,R ) (2)

Another quantities in (1) descrlbes a pseudospin part of the Hamiltonian. In particular a second
quantity in (1) is the Hamiltonian of short-range interactions. In (2) o4f is a z-component of the
pseudospin operator, which describes the f-th (f = 1,2,3,4) bond stage located in the g-th cell. The
first and second Kronecker deltas correspond to the proton interaction in the chains located near the
HPOg tetrahedra of types I and II, respectively, and R, is the lattice radius vector directed along the
c-axis. The values wi, wo describe short-range interactions of protons in the chains. We can expand
them into series in the strains €; and expansions to the linear terms:

wip =w’ + ) G+ b4es £ Sgeg,  (1=1,2,3,5) (3)

1
Third addendum in (1), which describes the long-range dipole-dipole and undirect (by means of
lattice oscillation) proton-proton interactions, is taken into account with average field approximation:

ﬁzongZNHO—ZZHquf7 (4)
q f=1
where 4 4
1 1
— Z ngf'Ufnf’a Hy = Z §Jff’77f’= ny = {ogy)- (5)
=1 /=t

Let us lay out the Fourier-modes of the interaction constants Jy s = Eq, Jrp(qq") at k = 0 in series
in the strains ¢; linearly:

Ty = i+ Z Yruer £ Y1aea £ Yiiece, Jiz = iy + Z Y1361 + 13484 + 13665
] ]

Jiz = Iy + Zz: Vroier £ Praaca = Pizecs, Ju = Jo + ZI:TZJMZEI £ Y1444 £ Y1466,
J2 = Jo + Z Vomiel & aoaes & haoges, Joa = Joy + Z Voa1€1 + V2444 + VY2466,
] ]

The fourth addendum in (1) describes pseudospin interaction with external electric field:
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A~ g, f
Hp = — E-X. 6
E Zuf 9 (6)
qf
Here, pu) = (1fs, i3, 1is), ps = (—piis, s, —15s), to = (=034 —H3es 134), By = (B34, —134, —134)
are effective dipole moments per pseudospin.
When calculating the thermodynamic and dynamic parameters of ferroactive compounds like a
GPI type, let us apply the two-particle cluster (TPC) approximation. In this approximation, the
thermodynamic potential of GPI per one cell under the action of the shear stresses o; has the form

3 4
1

9= Useeq + H° — z(wo + Zl: 51&71) +2kpTIn2 — Nou Z; ici — 5/<;BTfZl In(1—12) — 2kpTn D. (7)

1= =
According to a thermodynamic potential minimum condition we obtained the system of simulta-
neous equations for 7y and ;. In case of applying the hydrostatic stress to crystal, we obtained:
01 =09 =03 = —pp # 0, 04 = 05 = 0g = 0. Differentiating the balance thermodynamic potential of

the fields E;, we obtained the polarization components P;:

P = eYje4 + eYsee+ X1 Er + [1fs(m — n3) — pss(n2 — ma)]/ (2v),
Py = €361 + €992 + 933 + €565 + X59F2 + [1f3(m + n3) — phy (2 + na)]/(20), (8)
Py = e34e4 + edgee + X53E3 + [15s(m — m3) + 154 (n2 — ma)]/(2v).

Static isothermic dielectric permittivities along the axis for mechanically squeezed GPI crystal have
the form:

oP 1w oxa axen w e e
= (Go) =+ g (A~ AF) - i5(AY - A1), o)
€j
e P, 0 1 Yy Xy Xy Yy Xy Xy
X22 =\ g, = X2t 5§ (113 (ATY + A37) — oy (AT + AP, (10)
€j
aP 1 z z z C z z
o= () =X+ g Wb - )+ (A - ). (1)
€j

Here a relation

A (ou
A 9E. ).,

has a sense of local pseudospin permittivity, which describes the f-th order parameter influence on the
external electric field E, at constant deformations.

On the basis of correlations (8), we obtained the expressions for isothermic coefficients of the GPI
piezoelectric strain eo;:

8})1 0 :u%?, e e lugél e e .

i = (a—>E = el + g A (A~ 85) — 5 A (85— AL). (1=4.6), 12)
OPy M3 e 1 oney . B ae o ae

e = (5—&71>E2 = e+ ﬁ( Tt Ag) — ﬁ( 5+ AL, (1=1,2,3,5), (13)
8P3 0 :ugl:3 e e /64 e e .

egj = <a—€‘]>E3 = €3j —+ —2UA( 1j —_ 3]) + 2’UA( 27 - 4j)7 (] = 476) (14)

Here relations . .
Ah_ (O A% _ (O
A de1 ) g, A Jej ) g,

describe the f-th parameter influence on the deformations ¢;, €; at constant external fields. Other
dielectric, piezoelectric and elastic GPI parameters one can obtain using above calculated correlations.

A modal entropy and thermal capacity conditioned by proton subsystem, we obtained by numerical
differentiation of the thermodynamic potential with respect to temperature:

_ 9g o_m (05
S“NA<6_T>U’ ac ‘T<6T>U‘
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3. A comparison of the results of numerical calculations with experimental data

To calculate the temperature dependence of dielectric, elastic, piezoelectric and thermal characteristics

of GPI we need to set certain values of the following parameters

0+

interactions w”; parameters of the long-range interactions v o=

(11 £ 1/113z) vy =
.,6); effective dipole moments pfs; phy; pis; py pis; ,u§4; “seed” dielectric
“seed” elastic constants c;

gi — %(J& + J§4); deformational potentials §;, wﬁ- =
(¢22i + 1Poy;) (i=1,.

suscepmblhtles X€0 “ 0.

seed” coeflicients of piezoelectric stress e;;

parameters of the short-range
(Jn + J13) Si = (J12 + J14)
T(h12i £ ¢14z) V3 =

E0
ij -

In order to determine the required values, we used the experimental temperature dependences of
the following parameters of GPI: Ps(T') 9], Cp(T') [10], €7;, €35 [1], do1, d23 [11], and also the phase
transition temperature dependence versus hydrostatic pressure values.

The volume of the GPI unit cell was taken equal to v = 0.601-1072% cm® [12,13].

A numerical analysis shows that thermodynamic characteris-
tics depend on two linear combinations for the long-range interac-
tions »0F = V0T 12080 4+ 00% and 107 = "+ 2097 +187 and do
not depend (deviation <0.1%) on six concrete values V]Qi at given

values %% and v9~. Optimal values for these combinations are
obtained 1°F /kp = 12.26 K, 1~ /kp = 0.2 K; for concrete ngi we

choose 17?+ = Dg+ ~0+ = 3.065K, ~0_ = 1/8_ = Dg_ = 0.05K,
where ﬂ?i = V?:t/k‘B.

For wﬁ—parameters, by analogy to with V?i—parameters, six
linear combinations for 1/):' = ¢i:.—|—21/);'i —|—¢§; and six combinations
W, =y, + 21y, + 13, are very important. The thermodynamic
parameters do not depend practically (deviation < 0.1%) for the
36 concrete values of wjjf at given values for ¢ and v .

The optimal values for 1% 7; are follows: ¢+ = = 93.6K, ¢ Uiy =
252.5K, Uy = 10.TK, 9, = js =y, = vy = 195K, Of; =
22.7K, ¢f1 ¢f2 = ¢f3 = ¢f5 = 0K, where uﬁ Vi k.

The parameter of the short-range 1nteract10n wo(z)/kp =
800 K.

The optimal values found for the deformation potentials 4,
which are distribution coefficients of parameter wg in deforma-
tions £;: & = 500K, dy = 600K, &3 = 500K, 6, = 150K,
05 = 100K, 6 = 150K, &; = 6;/kp.

The effective dipole moments in the paraphase are uj; = 0.4-
10~ ¥esu-cm; ,u?fg = 4.05 - 10~ ®Besu-cm; Hig = 4.2 10~ ¥esu-cm;
psy = 2.3 - 107 Besu-em; py, = 3.0 - 107 Besu-cm; py = 2.2 -
10~ 8esu-cm.

In the ferrophase, the y-component of the first dipole moment
equals ,u?ngferm = 3.82 - 10" 8esu-cm.

The values of the "seed" piezoeleetric coefﬁcients suscepti-

bilites and elastic constants: eZ] = 0.02%; x5! = 0.1, x5 =

T., K
226 —

224

222

220

218

216

214
4 -3 -2 -1 0 1 2E MV/m

Fig.1. Temperature T, dependence

on electric fields F; (curves 1) and

E5(3) (3) at different values of uni-

axial pressure py (GPa). Superscript

corresponds to the magnitude of the

field, and subscript corresponds to
the pressure values.

T., K

226

224

222

220

218

216

214

0 2 4 6  p2, 0.1kbar
Fig.2. Dependence of temperature
T. on uniaxial pressure ps at differ-
ent values of electric fields F; and
FE5. Superscript corresponds to the
direction of field, and subscript cor-
responds to the magnitudes of the

0403 XEO — 05 X&O — 00 C(l)f] = 926.91 - 1010 d_yr%’ EO — fields El(l) and E3(3) (MV/H])
14.5 - 1010 &5 cF0 = 11.64 - 100 25 0 = 3.91 - 10%° dyz, Y = (64.99 — 0.04(T — 1)) - 1010 &4
kY = 20.38 - 10 dy‘;, B0 = 5.64 - 101 g‘glg, ) = 2441101025 B0 = 284100 23

0 = 8.54 .10 dyz, cB) =15.31- 1010 &

el =—1.1-1010 &5 F0 = 11.88 - 1010 ¥

The dependencens of the phase tran51t10n temperature 7T, on electrlc fields Fq and E3 and pressure
po are presented in Fig. 1 and 2 respectively. If the fields F; and Fj3 are increase then the phase

transition temperature T, decrease, especially for Ej3.
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The temperature dependences of the GPI crystal polarization P; at various values of the electric
field strength F; are shown in Fig. 3, the same at various values of the electric field strength E3 are
shown in Fig. 4.

05 P2, 1076 C/cm? o Py, 1079 C/cm? P53, 107% C/cm?

-0.2

-0.25

0 -0.3
200 210 220 T, K 200 210 220 230 T, K 200 210 220 230 T, K

Fig. 3. The temperature dependences of the components of polarization P», Py, P3 of GPI crystal at different
values of uniaxial pressure p; (GPa) and at different values of electric field E; (MV/m). Superscript corresponds
to the magnitude of the field, and subscript corresponds to the pressure values. o are the experimental data [9].

Py, 1076 C/cm? P3, 1075 C/cm?
AN
2t
1/

~

08} o4 17
-0.1 205
0.3 0.6
0.2 -02 0.4
0.1 0.3 0.2
0 04 0 .
160 180 200 2207, K '200 210 220 230 T, K 200 210 220 230 T, K

Fig. 4. The temperature dependences of the components of polarization P,, Py, P3 of GPI crystal at different
values of uniaxial pressure py (GPa) and at different values of electric fields E5 (MV/m). Superscript corresponds
to the magnitude of the field, and subscript corresponds to the pressure values. o are the experimental data [9].

According to the increase of strength F4, the spontaneous polarization P is insignificantly decreas-
ing and induced by field polarization P is increasing. Polarization P3 induced by field E; is a negative
and three times greater than P;.

Temperature dependence of negative polarization P3(E7) induced by field Ej is analogous to P3(E1),
and Pj(Ej3) value almost egual to Ps(Ey).

092 P2, 1076 C/cm? P1,107% C/cm? 0.8 Py, 1076 C-/_CIEQ_
0.1 94 — T
/_1 ______ 4
- -/ 25
. /21 - - = = 0.6
- ‘1 PN - 2
0.215 ) . of ™y ) 2
2! _ - 1 25 04f _ - - - - L-
/- e N S -2 9l
0.21 _ 92 3
- 01k — - - _ _ _ /3 020 — — = — — — - —
2 ==
2 _=z=F~ 2 o1
0.205 Ji_z=%=7 /S 0 22 2!
_=-g=*% 24 23 e
==/ 1 -0.2 L 3 il o —
= A e Z 2 oF
o 9 02p — L
“0 2 4 6 p2, 0.1kbar 0 2 4 p2, O0.lkbar 0 2 4 p2, 0.1kbar

Fig. 5. The dependence of polarization P; of GPI crystal on uniaxial pressure ps at different values of electric
fields F4 and E3. The superscript corresponds to the magnitude of the field, and subscript corresponds to the
magnitudes of the fields F;(1) and E3(3) at the temperature AT = —5K.
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If the pressure po is ap-
plied and that not lead to
induction of the polarization
P, and P;, then simultane-
ous effect of pressure and
fields (p2, E1), (p2, E'3) inten-
sify the result of influence to
fields P; and Pj3 separately.

When identical deflection
from transition temperature
T. (in particular AT =
—5K) the polarization com-
ponents P, P, P3 of the
GPI crystal at various values
of electric fields Fq and Ej
practically linearly depends
on pressure po (Fig.5). Only
polarization P, shows the in-
crease at pressure increase,
and values of induced P;, P3
are not changed practically.

The polarization compo-
nents Py, P», Py of GPI crys-
tal practically linear depend
on transverse electric fields
FE; and FEs3 at different val-
ues of pressure o and temper-
ature T' . (Fig.6).

The temperature depen-
dence of the components of
dielectric permittivity e; =
1 + 4wy of mechanically
clamped GPI crystal under
influence of the transverse
electric fields Fy and E3 are
shown in Figs. 7-9.

Separated application of
pressure o to GPI crystal
leads to shift of maximum
on the temperature depen-
dences of permittivity €99 to
lower temperatures (Fig.7).
And applying of fields 1 and
FE3 or simultaneous effect of
pressure and fields (pe, E1),
(p2, E3) leads to the finite
values of permittivity e99.

The trasverse permittivi-
ties €11(E1), e33(F1) increase
slightly in ferroelectric phase,

P;, 1076 C/cm? P;, 1076 C/cm?
03 T ' 2 7
’ 2311 21 0.8 r 20 DA
v S P 211
0.2 2 0.6 9T
2T, ZTZ . ! T o
" W 04 2o 2
0 B 0.2
= P,
-0.1 T = 0 2
20 o7 TS 0.2 =
271 = = -0. =
-0.2 1 T > P 2T T T /=P
242 2}‘2 <=5 04 0! 21 202 2%‘2 1
0 1 2 3 Ei, MV/m 0 1 2 3  E3, MV/m

Fig. 6. The dependence of polarization P; of GPI crystal on electric fields E;

and Fj3 at different values of uniaxial pressure ps. Superscript corresponds

to the temperatures Ty = 220 K and 7> = 230 K, and subscript corresponds
to the pressure (GPa).

153 €
6000 iQ) 800 22
¢ (b)
5000
600
4000
3000 400
2000
200 2?
1000 v
0 0=
218 220 222 224 T, K 200 210 220 T, K

Fig.7. The temperature dependences of static permeability €95 of GPI
crystal at different uniaxial pressure values p2 (GPa) and at different values
of electric field E; (a) and E3 (b) (MV/m). Superscript corresponds to the

field magnitude, and subscript corresponds to the pressure. o — [14].

&€ 3
11 300 33

250

200

150

100

50

(1)60 180 200 220 T, K ?60 180 200 220 T, K
Fig.8. The temperature dependences of dielectric permittivities of GPI
crystal €17 and e33 at different uniaxial pressure values ps (GPa) and at
different values of electric field £y (MV/m). Superscript corresponds to the

field magnitude, and subscript corresponds to the pressure. A — [1].
€11 £33

50
500

400

300

200

100

0 0
160 180 200 220 T,K 160 180 200 220 T, K
Fig.9. The temperature dependences of dielectric permittivities of GPI
crystal €17 and e33 at different uniaxial pressure values ps (GPa) and at
different values of electric field E5 (MV/m). Superscript corresponds to the
field magnitude, and subscript corresponds to the pressure. A — [1].
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and gently decrease in paraphase. Influence of field F3 displays significantly. In temperature course of
permittivities 11 (F3) and e33(F3) at phase transition temperatures the sharp maximum in ferroelec-
tric phase near temperature 7, are observed, which are increase when field F3 increases and shift to
lower temperatures side.

452 _ €11 400 38 A simultaneous effect of
- 35 _ - -
B _,232 - - of - . - pressure and fields (p2, F1),
4 2 ; - P .
Ol 2 === -~ 350 1 P (p2, E3) leads to increase
0 4 30 - - . . o, .
35 20 2} of permittivities e11(FE3)
300 and e33(F3) at ferroelectric
30 .
. 25 22 B R 2 N phase (Figs. 10, 11).
25 | _/2-2 ————— b _L=-- - The temperature de-
F=E====5= = . .
v 20 %0 L 50 o W pendences of longitudinal
20 2 24 29 23 29 21 200 /7 50 2; 25 2 . . .
0 3 piezoelectric coefficients egq

0 2 4 6 p2,0lkbar 0 2 4 6 p2,0.lkbar 0 2 4 6 po2,0.5kbar
Fig.10. The dependences of dielectric permittivities €;; of GPI crystal on
uniaxial pressure po at different fields F; and Fs3 magnitudes. Superscript
corresponds to the field magnitude, and subscript corresponds to the fields

Eq(1) or E5(3) at different values of temperature AT, K: —5 | 1; 10, 2. shown in Fig.12, and at
€33 different values of electric

0 ' field F3 and pressure py are
shown in Fig.13. When
field and pressure values in-
crease, piezoelectric coeffi-
cients curves eg; and hgp
shift to less temperature
side, and coeflicients eo;
are definite at T = T,, and
what is more at field FEj3
the maximum of eg sig-
nificantly smaller than at

field Fj.

and ho; of GPI crystal at
different values of electric
field 7 and pressure py are

50 22 32

45 1 9l 30
3 93 2. 1 7
5 2] 20 -

2
2

402\% ’
7 26

35

300

I

260
24

30 1
23 23 2021 | 22
BEL xé% 20

220

20 18 180
0 1 2E,MV/m 0 1 2 E;MV/m 0 1 2 E;,MV/m

Fig.11. The dependences of dielectric permittivities €;; of GPI crystal on

electric fields F; and E3 at different uniaxial pressure ps values for the different

temperatures AT, K: —5 , 1; 10, 2. Superscript corresponds to the pressere
magnitude, and supebscript corresponds to the fields E; (1) or E3 (3).

6 X105 esq, esu/cm? 6 x10% hay, dyn/esu 6 x10° ez, esu/cm? 6 x10% ho1, dyn/esu
| ]
1
2 402 |
5 21120,5#.
I

0|
| 20

0 0 0
218 222 T, K 210 215 220 T, K 210 214 218 2227,K 205 210 215 220 T,K

Fig.12. The temperature dependences of piezoelec-  Fig.13. The temperature dependences of piezoelec-
tric coefficients es; and hoy of GPI crystal at different  tric coefficients es; and hey of GPI crystal at different
uniaxial pressure po (GPa) and at different values of  uniaxial pressure po (GPa) and at different values of
electric field F; (MV/m). Superscript corresponds to  electric field F3 (MV/m). Superscript corresponds to
the field magnitude, and subscript corresponds to the  the field magnitude, and subscript corresponds to the
pressure. pressure.

When uniaxial pressure ps increases, values of piezoelectric coefficients egq and hop at different
electric fields ho; and Ej3 linearly increase (Fig. 14).

Temperature dependences of the trasverse coefficients e14, e34 and hyg, h3s at different values of
electric field £y and pressure po are shown in Figs. 16 and 17, and of field F5 and pressure ps are shown
in Figs. 15 and 18.
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x10% eoq, esu/cm2 52 x10% ha1, dyn/esu

—
=}
[V
w
[
o

5.1
5
49

4.8
1 4.7
4.6

DN W U3 0O

0 2 4 6 p2 0lkbar *®0 2 4 6 pa, O.1kbar

Fig. 14. The dependences of piezoelectric coefficients
e21 and hoy of GPI crystal on uniaxial pressure po
for different magnitudes of electric fields F; and Ej3.
Superscript corresponds to the field magnitude, and
subscript corresponds to the fields £y (1) or E3 (3) at
the different temperatures AT, K: -5 - 1; 10-2.

5 x10% e14, esu/cm? ) x10° e34, esu/cm?
2 == 0
! v v N %
! of gt v
0 vy 9
i -1 24\/|\||l'\L20
05
V1 J
-2 92
1) 4
2
-3 92 Tl I i— <o
05 4y
-4 W
.\
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160 180 200 2207, K 200 205 210 215 220 T, K

Fig.16. The temperature dependences of piezoelec-

tric coefficients e14 and esy of GPI crystal for different

uniaxial pressure values ps (GPa) and for different

electric field Ey (MV/m) values. Superscript corre-

sponds to the field magnitude, and subscript corre-
sponds to the pressure.

. x10% e14, esu/cm? x10° esq, esu/cm?

210 215 220 2257, K 210 215 220 2257, K

Fig.15. The temperature dependences of piezoelec-

tric coeflicients e14 and e3y of GPI crystal for different

uniaxial pressure values po (GPa) and for different

electric field F5 (MV/m) values. Superscript corre-

sponds to the field magnitude, and subscript corre-
sponds to the magnitudes of pressure.

x10% h14, dyn/esu x10%* h34, dyn/esu

15

80 200 220 T, K g0 200 220 T, K

Fig.17. The temperature dependences of piezoelec-

tric coefficients h14 and hsy4 of GPI crystal for different

uniaxial pressure values ps (GPa) and for different

electric field Ey (MV/m) values. Superscript corre-

sponds to the field magnitude, and subscript corre-
sponds to the pressure.

The piezoelectric coefficients e14, hi4, at temperature close to T, are describes by finite peak-like
curves, their maximums increase with increasing of field Fs3, but coefficients e34, and hs4 decrease with
increasing of field up to appearance of negative depression near T,. This depression has finite value.

Influence of field E; on piezoelectric coef-
ficients looks like influence of field Fs3, but an
order of magnitude weaker.

When the pressure po applied to the crystal
is increased along the ferroelectric axis, coeffi-
cient ej4 value decreases slightly linearly, and
esq increases in this way (Fig. 19). Coefficients
hi14 and hgy4 with pressure change are practi-
cally unchanged (Fig. 20).

If there is still an electric field E3, the coef-
ficient eq4 also decreases slightly linearly, coef-
ficient ez4 increases with pressure ps, when ap-
plied the field F; of the coefficient ey4 is slightly
linearly increased, the coefficient eg4 decreases.

x10% h14, dyn/esu 5 x10% h3z4, dyn/esu

OO = N Wk O3

-4 -2
160 180 200 T, K 160 180 200 T, K

Fig.18. The temperature dependences of piezoelectric
coeflicients hi14 and hsy4 of GPI crystal for different uniax-
ial pressure values p2 (GPa) and for different electric field
Es (MV/m) values. Superscript corresponds to the field
magnitude, and subscript corresponds to the pressure.

The temperature dependence of the proton contribution into molar heat capacity does not change
qualitatively under uniaxial pressure ps and transverse field components E; and F3 (Fig.21). With
increasing of pressure pp and fields Fy and E3 the AC), value is slightly reduced and this effect is
reduced by an increase in temperature AT (Fig. 21).
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Fig. 20. The dependences of piezoelectric coeflicients

h14 and hsq of GPI crystal at uniaxial pressure py for

different electric fields F; and E3 values. Superscript

corresponds to the field magnitude, and subscript cor-

responds to the fields E; (1) or E3 (3) on the tempe-
rature AT = =5 K.

AC), J/(mol K)

Fig. 19. The dependences of piezoelectric coefficients

e14 and ezq of GPI crystal on uniaxial pressure py for

different electric fields F; and E3 values. Superscript

corresponds to the field magnitude, and subscript cor-

responds to the fields Fy (1) or E3 (3) at the tempe-
rature AT = -5 K.
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Fig.21. The temperature dependence of proton contribution to the molar heat capacity AC, of GPI crystal at

different values of uniaxial pressure p; (GPa) and at different values of electric field Ey(a) (a) and E5(b) (MV /m)

(b) (MV/m). Superscript corresponds to the field magnitude, and subscript corresponds to the pressure and

dependence AC), at uniaxial pressure po for different electric fields £y and Es. Superscript corresponds to the

field magnitude, and subscript corresponds to the field Fy (1) or E5 (3) at different values of AT, K: =5, 1;
10, 2.

4. Conclusions

In this work within the modified proton ordering model of quasione-dimension GPI type ferroelectrics
with hydrogen bonds taking into account of piezoelectric couping with strains €; in the two-particle
cluster approximation the influence of the combined effects of the uniaxial pressure po and electric fields
FE4 and FE3 on the phase transition and physical characteristics of the GPI ferroelectric was studied.

Applying only the transverse field Eq or E3 in the absence of mechanical stresses in the ferroelectric
phase slightly increases the ordering of pseudo-spines in chain "A", and significantly reduces ordering
in the chain "B". As a result, the temperature T, decreases, the trasverse components of permitivities
€11 and e33 increase significantly and polarization components P; and P3 are induced in the whole
temperature range.

Thermodynamic characteristics under pressure ps and fields Fy and Fj3 crystal are shifted the lower
temperatures.

In the presence of fields, the coefficients es; are finite at the transition temperature T' = T.

Piezoelectric coefficients e14, h14 in the presence of the fields E3 and E7 and pressure py are also
finite at the temperatures close to T..

To perform numerical calculations of thermodynamic characteristics with regard to pressure ps and
fields Fq and E3 we do not use additional parameters compared to calculations without external fields.
Therefore, the resulting temperature dependences of the thermodynamic characteristics of GPI crystal
have the character of prediction.
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Bnnne ogHoBicHOro Tucky ps Ta nonepedHux nonis F; i F3 Ha ca3oB.i
nepexoan Ta TepMoaMHAMIYHI XapaKTEPUCTUKN CEerHeTOaKTUBHUX
maTtepianis GPI

Jlesumpkmit P. P.1, Bavek 1. P.2, Baosuu A. C.!, Binenska O. B.2

I Inemumym disuru xondencosanux cucmem HAH Yrpainu,
eya. Ceenyiuvkozo, 1, Jveis, 79011, Yxpaina
2 Haygonanvnuti ynisepcumem “JIveiscora noaimerwira”,
eya. C. Bandepu 12, 79013, Jlveis, Ykpaina

st mocutikeHHsT eeKTiB, M0 BUHUKAIOTD il JII€I0 OJHOBICHOTO TUCKY P2 1 €JIEKTPUU-
Hux noJiie 7 ta E3, Bukopucrano moaudikoBany mogueab GPI muisixom BpaxyBaHHS
IT'€30€JIEKTPUIHOTO 3B’s13Ky CTPYKTYPHHUX €JIEMEHTIB, siKi BIIOPSIKOBYIOThCS, 3 nedopMa-
miamu €;. B HabmKeHHI TBOYACTHHKOBOTO KJIacTepa PO3PAaXOBAHO BEKTOPHU ITOJISPU3AIil
Ta KOMIIOHEHTH T€H30pa CTATUYIHOI JieJeKTPUIHOI TPOHUKHOCTI MEXaHIYHO 3aTHUCHYTOTO
KpHCTaJa, 1X I1'€30€JIeKTPUIHI Ta TEIIOBI XapaKTepucTuku. JLoc/TiKeHo 0qHOYACHY [Iif0
TUCKY p2 1 mosiB F1 ta F3 Ha da3oBuil nepexin ta ¢isuvni XapaKTepUCTUKNA KPUCTATIA.

Knw4osi cnosa: ceznemoesexkmpuku, Pazosutll nepexid, diesexmpurHa NpoHUKHICMD,
n’eaomodyni, 3cyena Hanpyaa.
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