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INFLUENCE OF THE STRESSES o5

AND o¢ AND THE ELECTRIC FIELD E,

ON THE THERMODYNAMIC PARAMETERS
OF GPI FERROELECTRIC MATERIALS

Effects arising in glycine phosphite (GPI) ferroelectrics under the action of the shear stresses
os and oe and the electric field E1 have been studied in the framework of a modified model that
accounts for the piezoelectric coupling between the ordered structural elements and the strains
g;j. The components of the polarization vectors and the tensor of static dielectric permittivity
are calculated in the two-particle cluster approximation for mechanically clamped crystals. The
corresponding piezoelectric and thermal parameters are also determined. The influence of the
simultaneous action of the stress os and the field E1, as well as the stress o¢ and the field Eq,
on the physical parameters of the GPI ferroelectric crystals and the phase transition in them

s analyzed.
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1. Introduction

The study of the phenomena that arise under the ac-
tion of mechanical stresses and external electric fields
is one of the challenging problems in the physics of
ferroactive compounds. In particular, it concerns the
crystals of glycine phosphite (GPI), which belongs to
ferroactive materials with hydrogen bonds [1].

The influence of the transverse electric field Eq on
the dielectric permittivity €33 of a GPI crystal was
experimentally studied in works [2-4]. The cited au-
thors showed that the application of the field E; re-
sulted in a decrease of the ferroelectric phase transi-
tion temperature.

The model of a deformed GPI crystal was devel-
oped in work [5] on the basis of the proton model
[3]. It considers the piezoelectric coupling between a
proton and lattice subsystems. This model served as
a basis to study the influence of the transverse elec-
tric fields F; and E5 on the dielectric and piezoelec-
tric properties of GPI [6]. In particular, the above-
mentioned experimental data obtained for the tem-
perature dependence of the transverse dielectric per-
mittivity €33 in the presence of the field E3 [3] were
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described correctly at the quantitative level. It was
found that the influence of the field F; is qualitatively
similar to that of the field E3, but it is an order of
magnitude weaker.

In work [7], the GPI model [6] was modified to de-
scribe the case where the shear stresses o4, 05, and
o¢ are applied to the GPI crystal in the absence of an
electric field. It was found that the appearance of the
shear stress o4 or g in the ferroelectric phase gives
rise to the emergence of the spontaneous polariza-
tion along the axes OX and OZ, and the transverse
permeabilities €11 and e33 tend to infinity at the tem-
perature T,.. The stresses o4 and og were found to
produce similar effects at the qualitative level.

In this work in the framework of a modification of
the model [4] of a deformed GPI crystal, the mutual
action of the electric field F; and the stresses o5 and
o¢ on the phase transition in the crystals of this type
and their thermodynamic and static dielectric param-
eters are studied.

2. Model Hamiltonian

Let us consider a system of protons that move in
the GPI crystal along the O-H, ..., O bonds. The lat-
ter form zigzag chains along the c-axis of the crys-
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Fig. 1. Orientations of the vectors dgs in a primitive cell Rs
of the ferroelectric phase

tal. Let us assign the dipole moment dgs to the pro-
ton at the f-th bond (f = 1,...,4). In the ferroelectric
phase, the dipole moments are mutually compensated
(dg1 with dg3 and dge with dgq) in the Z- and X-
directions but simultaneously mutually added in the
Y -direction, thus generating a spontaneous polariza-
tion. The vectors d,s are oriented at certain angles
with respect to the crystallographic axes and have the
longitudinal and transverse components with respect
to the b-axis (see Fig. 1).

The Hamiltonian of the proton subsystem in GPI
consists of the “seed” and pseudospin parts. The
“seed” energy Ugeeq 1S associated with the lattice of
heavy ions and does not depend explicitly on the pro-
ton subsystem configuration. The pseudospin part of
the Hamiltonian makes allowance for the short-range,
f]short, and long-range, ﬁMm proton-proton interac-
tions near the HPOg tetrahedra, as well as the effec-
tive interaction with the electric fields E1, Fo, and
FE3. Hence,

]:I = NUseed+ﬁshort+ﬁMF+ﬁEa (1)

where N is the total number of primitive cells in the
Bravais lattice.

The quantity Useeq is the seed energy consisting of
the elastic, piezoelectric, and dielectric components,
which are expressed in terms of the electric fields F;
(¢ = 1,2,3) and the strains ¢; (j = 1,2,3,4,5,6), so
that

1 3
Useed =0 <2 Z ”/

ii'=1

5151 + g cz5

1 1
+ 2cﬁ0(T)54 + fcgﬁO(T)eg + cﬂO(T)E4E6 —

2
70

T)eies +

3
E : 0 0 0
— €2i€iE2 — 625E5E2 — 614€4E1 —
i=1

— 6(1)656E1 — e§4s4E3 — egGEGEg —
1
- §X§?E% 2X22E2 2X33E3 X§(1]E3E1>- (2)

Here, the parameters cfjo(T) are the so-called seed

elastic constants, e . the piezoelectric stress coeffi-
cients, ijo the dlelectrlc susceptibilities, and v the
primitive cell volume.

The Hamiltonian of short-range interactions equals

0'q1 O'q2
short = -2 g w1

X (5RqRq/ + 5Rq+Rc,qu), 3)

b Z22.74)
279 9

where 45 (f = 1,2,3,4) is the z-component of the
operator for the pseudospin located at the f-th bond
in the g-th cell; the first and second Kronecker deltas
correspond to the proton interaction in the chains lo-
cated near the HPOj3 tetrahedra of types I and II, re-
spectively; and R is the lattice radius vector directed
along the c-axis. The contributions of the interaction
between protons located around the tetrahedra of dif-
ferent types to the configuration energy are assumed
to be identical, as well as the average values of pseu-
dospins (o,s) related to the tetrahedra of different
types. The quantitiesw; and we describe short-range
interactions of protons in the chains. We can expand
them in series in the strains ; and confine the ex-
pansions to the linear terms,

wip =w’+ Y Getdestdees (1=1,2,3,5). (4)

The mean-field Hamiltonian Hyp describes long-
range dipole-dipole interactions and indirect (through
lattice vibrations) proton-proton interactions. Ac-
counting for the expansion of the Fourier transforms
of the interaction constants Jyp = >, Jrs(qq’) at
q = 0 in series in the strains ¢; and confining the
expansions to the linear terms,

Ju

11
33

=Jh + Zwuzfl + Y1144 £ Y1166,
!
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Jiz = J0 + > roier £ 12464 & 1268,
I

T = J0 + Y truer £ Yraaes + Praese,
!

Tz = Jgp + Y thamer + anaca + Va2,
I

we obtain the term Hyp in the form
Hyr = NH® + H,, (5)

where

1 1
= gJu(n? +n2) + §J22(77§ +m3) +

1 1
+ —Jismn + Joanena+ —Jia(mn2+n3na) +

4 4
1
+ 1J14(771774+772773) (6)
and
o Uql Uq2 Uq?) Oq4
i, = Z(H 25 Ha % s+ )(7)

In formula (7), the following notations were used:
1
Hp= gy (f =1+4).
=1

The fourth term in Eq. (1), Hp, describes the in-
teraction of pseudospins with electric fields,

a,
Hp = Z Hpy—= qf (8)
where

Hp3 = tufsEn + pis By + i Es,

Hpgay = Fu34Er — p, By + p3,Es,

Y,z TY,Z . TY,E TY,z Yz
and p13"7" = p77 = pgT and pop T = ppt =
= uy¥"* are effective dipole moments per pseudospin.

When calculating the thermodynamic and dynamic
parameters of ferroactive compounds of the GPI type,
let us apply the two-particle cluster (TPC) approx-
imation. In this approximation, the thermodynamic
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potential of GPI under the action of the shear stresses

05,6 looks like
6

G = NUseea + NH = Nv Y o0je; —
j=5

4
— kT [2nSpe P17 — S spe P | (9)
=1

Here, }ALEQ) and H é}) are the two- and one-particle,
respectively, Hamiltonians given by the following ex-
pressions:

4
r(2) _ Oq1 0q2 043 0q4 Yr Oqf
=0 TP U

HY = Y%
qf_ g 27

where the following notations were used:

yr = B(A1+Hy + Hiy), Y= BAr +yy.

The quantities Ay are effective fields created by
neighbor links located beyond the cluster boundaries.
In the cluster approximation, the fields Ay are deter-
mined from the self-consistency condition

Sp crqfe_BHf(z2> ~BH,
L

_ Spogyse
- _6H(1)

(12)

Spe Spe

Then, on the basis of Eq. (12), we obtain expressions
for the average values of the pseudospin, (o), in
the cases of two- and one-particle Hamiltonians. By
excluding the parameters Ay, we obtain the following
relations:

1
N1 = — {sinh nq % sinh ny + a? sinh ng =+

1
s D

. . a .
+ a2 sinh ng + aasg sinhng + — sinh ng F
Q46

. a .
F aayg sinhny £ — sinh ng}7
Q46

1
N2 = D {sinh ny + sinhny — a? sinhng F

N[N

. . a .
T a? sinh ny F aasg sinhng + — sinh ng +
46

. a .
+ aayg sinhny; + — sinh ng |,
Q46
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D = coshny + coshns + a® cosh ns +

a
+ a® cosh ng + aays coshns + — coshng +

Q46
+ aayg coshny + & coshng,
a46
where
3
a = exp [—5 (wo + Z 5i5i>17
=1

a6 = exp [—3 (6a€4 + d6¢6)],

1
ny = 5(3/1 +y2 + Y3 + va),

1
ng = 5(?/1 + Y2 — Y3 — Ya),

1
ng = §(y1 — Yo+ Y3 — ya),

1
ng = §(y1 — Y2 — Y3 + Ya),

1
ns = §(y1 — Y2 + Y3 + ya),

1
ng = §(y1 + Y2+ Y3 — Ya),

1
ny = 5(—91 + Yo + Y3 + ya),

1
ng = §(y1 +y2 — Y3 + Ya),
and L1 3 8

+ Ny
=—-In—+—H —uE.

Yr =5 nl_nf+2 Y

3. Thermodynamic Parameters of GPI

In order to obtain the dielectric, piezoelectric, and
elastic parameters of GPI, let us use formula (9) to
calculate the thermodynamic potential per primitive
cell,

G
9= N: seed + HO_2 <w0+z5l5l> +

l

6 4
1
+2kgTIn2 — Nv Zajgj —~ 5k;BTZhl (1—n2) -
Jj=5 f=1
—2kgTInD, 1=1,2,3,5. (13)

By differentiating this expression with respect to the
fields FE;, we obtain the following formulas for the
polarizations P;:

0 0 <0
Py = ejseq+ €686 + X171 E1 +

72

1 x xr
+ %[/’613(771 —m3) — pa4 (M2 — Ma)]; (14)
Py = €361 + €952 + )33 + 3565 + X539 F2 +
1
+ %[leza(m +m3) — p54 (12 + 14)], (15)
_ 0 0 <0
Ps = e3464 + egges + X333 +
1
+ = [uiz(m — n3) + p3a(n2 — n4)]- (16)

2v

The static isothermal dielectric susceptibilities
along the axes of a mechanically clamped GPI crystal
look like

X = x5+

1 . } ) .
+3- i3, — M3E,) — 134 (M2E, — M4E)]; (17)
X52 = X359 +

1 . ) ) .
t5- (1f3( ey +M38,) — o4 (N2E, + MaE,)], (18)
X33 = X593+

., . . Y .
+ o= [1is(nEs — 13E;) + 134 (2Es — 4R, )], (19)

2u

where 11, N3, 72E, and 74 are the solutions of the
following system of equations:

2D — 311 =2 —13 — 14
—291 2D — 90 —it03 — 224 «
— 31 —sx32 2D — 33—z
— 41 — 49 —xy3 2D — sy
. X
ME, )
2E sy
2Eq 2
SR . (20)
N3E, 3
. Xa
N4E, 7y

Here, the following notations were used:

wp = wpn (el + Bo)) + sp12(Bry + B) +
+3p13(p1 + BUy ) + 25148 (Vg + BTy );
%o = %123 + B3 ) + 2pu(Brs + By ) +
+p1a(oy + B3 ) + sp13(Bry + B7),
%3 = npu(py — Bor) + xp12(Bry — Bg) —
—xp13(py — B0) — sp14(Bry — By,
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w1 = sp12(py — B ) + g (Brg — By ) —
—palps — BU) — #p13(Bry — By),

syt = mp1aBuls + xp1sBling, Y =

= s Bty + sp128usy, 2 =

= sp13Bp73 + 214813y,

1
+ +
Y13 =—3" t+DP,
13~ 72 77%,3 1
1
+ +
® —— + 03,
21— 77%,4 ’
1
+ __ 1 +
901,3 1— 7’]%73 + /81/1 ’
+ _ - +
$24= 72 B + By,
3
1/ljE = VlOi + E wll;si +1/}f§55,
i=1

-+ + +
U~ = Y4 + Yo,

1 1
W = Z(Jf1 +J%), of = Z(wm + P13i),

1 1
Vot = Z(J?2 +JY), ¢f= 1(%21‘ + Y144),

1 1
vt = Z(JSQ +J9y), i = 1(1/12% + 2ai),

Xl = (43 +1546) — i (143 +1516),

w119 = (1 3 Fl7g) = (5 +151%),
w11y = £(540 +1718) —m1 (514 — 17 ),

X114 = (£l5 4 —156) — 77%( 54— 13 ¢),

w2y = ({3 Fls_6) —n2(lT45+ 1346);
#219 = (143 +1748) —m2 (5 5+ 151%),

On the basis of relations (14)—(16), we obtain ex-
pressions for the isothermal coefficients of piezoelec-
tric strains in GPI, ey;, eq, and e3;:

1 . ) . .
= 6(2]] + %[MT?)(THEJ' - 7738j) - /’(‘:54(77283' - 774&‘]')}7

(J =4,6),
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(21)

o — (O22)
2l = 85lE2_

1 . . . .
= 6(2)1 + %[/’42113 (77151 + "7351) - :Ug4 (77261 + 77481)]’ (22)
0P3
€a; = —_— =
3 8€j Es
1., . . . . .
= egj + %[Ms(maj - 77351) + H24(772.ej - 7745,-)],

Here, 91¢,, M2¢,, M3¢,, and 74, are the solutions of the
following system of equations:

2D — 11
— 21

—X12
2D — 929
— 32
— 42

—13 —14
— 23
2D — 733

— 43

—24

— 131 —34

— 41 2D — sy

7.’151 xy
77251 My
773€z M3

Tae, =2
where the following notations were applied:
syt = Bsepnn + Ygepin) (i + 1) +
+B(Wgyz11 + Ygep12) (2 + ma) +
+ By 7513 + Yoyep14) (M — m3) +
+ By 2113 + Vgy5ep14) (M2 — Ma) +
+2B61(pr1 + pr2)s
ViE = i(%u i), vy = %(%21 + Yra1),
LZJ;,E = 3(10221 + oar),

p1y =231, — ﬁ§l§+4)a

=

pro =36 E 17 g+ m1(l516 +174s),

3
pz1 = 2(3ea +01l544),

pzo =I5 ¢ — 75 +n1(l546 +1748),

PLj = l§+6 +17 g+ i (lg+6 - l?-&-s)y

p2j = Fls_¢ + 17,8+ Nz (546 — l748)s
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15, = a’sinhnz + a®sinhny,

15,4 = a® coshng + a® coshny.
The molar entropy of the proton subsystem equals

4
R
S = 4{—21n2+;1n(1—7]f)+21nD—

—2{Bvi (n +n3)* + By [m(m +n3) +
+n3(m —n3)] + 26v5 (m + 1) (N2 + na) +
+ 2855 (1 — 13) (N2 + 1) + B (n2 +na)® +
+ B0 [12(n2 + na) + na(n2 — ma)] +

+ By (m —13)* +

+ 807 [ (m —n3) +ns(m +ns)] +

+2Bvy (m —n3)(n2 — na) +

+2B5 (4 n3) (2 — na) + Bry (n2 —ma)* +

+ By [n2(n2 — n4) (25)

—na(nz +na)]} + TDM}'

Here, R is the universal gas constant. The heat ca-
pacity of the proton subsystem in a GPI crystal at
a constant pressure can be found by differentiating
entropy (25).

4. Comparison of the Results of Numerical
Calculations with Experimental Data

The values of some microscopic parameters are re-
quired to numerically calculate the temperature de-
pendences of the dielectric and piezoelectric param-
eters of GPI. These are the parameter of the short-
range interaction w?; the parameters of long-range
interactions Z/?i (f = 1,2,3); the deformation po-
tentials ¢; and wﬁ. (i = 1,...,6
moments pfy, p$y, W3, K34, f55, and pS,; the “seed”
dielectric susceptlblhtles XZQ7 the “seed” piezoelectric
strain coefficients e”, and the elastic constants 050.

In order to determine the required values, we used
the experimental temperature dependences of the fol-
lowing physical parameters of GPI: Py(T) [8], C,(T)
9], €91, €%5 [1], da1, and das [10]. The volume of the
primitive GPI unit cell was taken equal to vgg =
=0.601 x 1072 cm?.

The optimal values obtained for the parameters

); the effective dipole

Dgi = Vf /kB of long-range interactions are 1/0+ =
=yt = o9t = 3.065 K and )" = )" = ﬂ;}* =
74

= 0.05 K. The parameter of the short-range interac-
tion wg in the GPI crystal was calculated to equal
to wo/kp = 800 K. The optimal values found for the
deformation potentials 6 = 6 i/kp are 61 = 500 K,
62—600K 65 =500 K, 64 = 150 K, 55—100K and
66 = 150 K; and the optimal values for 1/)“ %/sz/kB

are 1/)f1 = 93.6 K,¢ = 252.5 K, w = 110.7 K,
Vs = 27K, 9f, = &g = 95y = dp = 195 K,
d)fl :1/);2 :w;;; :¢f5 =0K

The effective dipole moments in the paraphase are
w1z = (0.4,4.05,4.3) x 107! esucm and poy =
= (—2.3,-3.0,2.2) x 10718 esucm. In the ferrophase,
the y-component of the first dipole moment equals
Y gerre = 382 X 10718 esucm.

The Values of the “seed” piezoelectric strain coef—

ficients €?., the “seed” dielectric susceptibilities X”,
EO

75
and the “seed” elastic constants ¢;3° are as follows:

.= 0.0 esu/cm?, x5 = 0.1, x59 = O 403, x53 = 0.5,
Xﬂ = 0.0, 4F = 269 1 kbar, 0{520 = 145 kbar,
cfY = 116.4 kbar, cF? = 39.1 kbar, £ = [649.9 —
—0.4(T — Tv)] kbar, k) = 203.8 kbar, ) =
= 56 4 kbar, £ = 244.1 kbar, c?%o = —28.4 kbar,
k) = 85 4 kbar, i} = 153.1 kbar, c£? = —11 kbar,
and c£Y = 118.8 kbar.

Now, let us consider how the thermodynamic pa-
rameters of the GPI crystal are changed, when the
shear stresses o5 and og and the electric field E; are
applied simultaneously. The main mechanism of the
influence of the shear stresses o5 and og on the ther-
modynamic parameters of the GPI crystal is associ-
ated with a specific temperature behavior of the order
parameters 7)¢ at various stresses. The stress o5 in the
X Z-plane of the crystal does not affect the symme-
try of the parameters, which are only shifted along
the temperature axis in this case. On the other hand,
the action of the stress o in the XY-plane of the
crystal leads to the relations n1 = 13 # 13 = 1. Fur-
thermore, the order parameters become smeared,
which testifies to the disappearance of the phase tran-
sition from the ferroelectric phase into the paraelec-
tric one.

If the shear stress og is applied in the absence of the
electric field (curves 62 in all figures), the crystal sym-
metry decreases, and two sublattices (chain A and
chain B) become non-equivalent (see work [7]). As a
result, the interactions between pseudospins become
stronger in chain A and weaker in chain B. The en-
hancement of interactions in either sublattice at a cer-

ISSN 2071-0194. Ukr. J. Phys. 2021. Vol. 66, No. 1
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tain stress g initiates a phase transition into the fer-
roelectric phase and elevates the temperature 7T,. In
the figures to follow, the curves marked with the num-
bers 5 and 6 correspond to the applied mechanical
stresses o5 and og, respectively, the superscripts in-
dicate the stress values (in kbar units), and the sub-
scripts mean the field strength magnitudes (in MV /m
units).

The temperature dependences of the GPI crystal
polarization P, at various values of the stress os,
o¢ and the electric field strength FE; are shown in
Fig. 2 (left panel). The combined action of those fac-
tors only leads to a shift of the curve P»(T) along
the temperature axis. The polarization curve corre-
sponding to a field strength of 4 MV /m and the stress
o5 = 0 (curve 59) is the most shifted toward low tem-
peratures, whereas curve 52 is the most shifted toward
high temperatures. The growth of the field strength
E; shifts the curves P»(T) to the left from curve 59,
and the growth of the stress o5 to the right from it.

If the stress og and the electric field F; are ap-
plied, the phase transition becomes smeared (Fig. 2,
right panel). If only the field or the stress is applied,
the polarization curves Pp(T) — curves 55 and 52, re-
spectively — are zeroed at the phase transition tem-
perature. At the same time, the combined action of
the field F;y and the stress og results in the disap-
pearance of the phase transition temperature and the
phase transition smearing.

If the stress og and the electric field E; are applied
to the crystal, the polarizations P; and Ps are induced
(Fig. 3). If only the stress og is applied, those polar-
izations are zeroed at the phase transition tempera-
ture. If only the field F; is applied or the stress og and
the electric field E; are applied together, the polar-
izations P; and Ps are smeared at this temperature.

Under the action of the stress og and the electric
field Fy, the curves Pi(T) are positive and increase
with the temperature. Then they reach a maximum
and, afterward, decrease. The polarizations Ps in this
case are negative. They at first decrease to a min-
imum and then increase as the temperature grows
further. The simultaneous growth of the field and the
stress leads to an increase of the polarization mag-
nitude. The induced polarization Pj is much larger
than the polarization P; obtained at the same val-
ues of the stress og and the electric field E;. The in-
duced polarizations arise because two sublattices be-
come non-equivalent under the action of the stress

ISSN 2071-0194. Ukr. J. Phys. 2021. Vol. 66, No. 1
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Fig. 2. Temperature dependences of the GPI crystal polar-
ization P at various values of the stresses o; and the electric
field E4
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2 2 N [
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\ 1
0
64 \ I
0.4
02"\ \ L 2
0.1 6 \\ "\ %
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oF
160 200 240 T,K 160 200 240T,K

Fig. 3. Temperature dependences of the GPI crystal polar-
izations P; and Ps3 at various values of the stress og and the
electric field Eq

og. Therefore, the dipole moments of two sublattices
in the XZ and XY, respectively, planes are not com-
pensated.

Figure 4 (left panel) demonstrates the temperature
dependences of the inverse dielectric permittivity 5,
of the GPI crystal, if the stress o5 and the electric field
FE; are applied. The combined action of those factors
only shifts the e55 (T') curves along the temperature
axis. The growth of the field strength F; shifts the
£95 (T) curves to the left and the growth of the stress
o5 to the right from curve 59. In the absence of the
field and the stress, the longitudinal permeability di-
verges at the point T, but if they are applied, the
maxima of €99 become finite.

If the stress og and the electric field Fy are applied
to the crystal (Fig. 4, right panel), then curves 63, 69,
and 63 for the inverse permeability €5, are zeroed at
T = T,. The combined action of the stress og and the
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Fig. 4. Temperature dependences of the inverse dielectric con-
stant 5521 of the GPI crystal at various values of the stresses
o; and the electric field £
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Fig. 5. Temperature dependences of the dielectric constant
€11 of the GPI crystal at various values of the stresses o; and
the electric field Eq
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Fig. 6. Temperature dependences of the dielectric constant
€33 of the GPI crystal at various values of the stresses o; and
the electric field Eq

field E; changes the permeability €95. In this case, the
permeability €95 decreases with the increasing stress
at a constant field and with the increasing field at a
constant stress.
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Fig. 7. Temperature dependences of the piezoelectric strain
coefficient e2; of the GPI crystal at various values of the
stresses o and the electric field E1
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Fig. 8. Temperature dependences of the piezoelectric strain
coefficient e;; of the GPI crystal at various values of the
stresses 0; and the electric field F
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Fig. 9. Temperature dependences of the piezoelectric strain
coefficient e3; of the GPI crystal at various values of the
stresses o and the electric field £y

If the stress o5 and the field F; are applied to the
crystal, there arises a jump of the permittivities €11
and £33 at the phase transition temperature. These
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jumps decrease and shift to higher temperatures with
the growth of the stress o5 (Figs. 5 and 6). As was
found in work [6], the reduction of T, and the growth
of 33 in the ferroelectric phase occur due to a partial
disordering of protons in the chain of type B (see
Fig. 1) under the action of the field E;.

If only the field F; is applied, each of the perme-
abilities €1; and e33 has a jump, and their maxima
become smaller and more round as the stress og in-
creases (Figs. 5 and 6). At the stress magnitudes
exceeding 1 kbar, the curves £11(T) and e33(T) are
smeared and there appear two maxima in them. If
only the stress og is applied to the crystal, the perme-
ability curves €11 (T) and e33(7") behave as for the lon-
gitudinal permeability. The joint action of the stress
o6 and the field E; makes the permeabilities €17 and
€33 finite, and their values decrease with the increas-
ing field.

The temperature dependences of the piezoelectric
strain coefficient ep; for the GPI crystal under the
action of the stress o5 and the field F; are shown in
Fig. 7. If only the field E; is applied to the crystal, the
curves eg; (T) shift to lower temperatures and become
finite. At the combined action of the stress o5 and
the field Fy, the curves eg;(T') shift toward higher
temperatures as the stress o5 grows, and the negative
ep1-maxima become some smaller.

The temperature dependences of the piezoelectric
moduli eq; (Fig. 8) and es; (Fig. 9) under the action of
the stress o5 and the field E; are similar. At temper-
atures close to the phase transition one, the combined
action of the stress o5 and the field Fy leads to a dras-
tic increase of the negative values of e;; and the posi-
tive values of eg;. At the combined action of the stress
o¢ and the field Fy, the curves for the piezoelectric
moduli e;; and e3; are smeared, and the paraphase
values of those parameters are induced. Another spe-
cific feature consists in the change of the signs of the
transverse piezoelectric coefficients e;; and es; near
T., which is associated with an almost complete dis-
ordering of protons in chain B near T..

As one can see from Figs. 8 and 9 (curves 63),
the temperature dependences e;;(T) and es;(T) di-
verge at the T, point. It occurs because, if the stress
o¢ # 0, small strain changes des and deg are ac-
companied by a temperature change d7, and a shift
of the curves Py(T) and P3(T) to higher tempera-
tures. Since dP;/dT — oo near the phase transition
temperature, dP;/dey — 0o and dP;/deg — o0.
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Fig. 10. Temperature dependences of AC), of the GPI crystal
at various values of the stresses o; and the electric field Eq

The temperature dependences of AC), of the GPI
crystal, when the stress o5 and the field E; are ap-
plied, are shown in Fig. 10 (left panel). In this case,
the curves AC,(T") become shifted toward lower tem-
peratures and their maxima decrease. The reduction
of the field E; leads to the growth of the AC,(T)
maximum.

If the stress og and the field F3 are applied, the
jump of AC), becomes smeared as the stress og in-
creases (Fig. 10, right panel).

5. Conclusions

In this work, the influence of the combined action
of the stresses o5 and og and the electric field F;
on the phase transition in and the physical param-
eters of the quasi-one-dimensional GPI ferroelectric
has been studied. The research was performed in the
framework of a modified model for the proton order-
ing in quasi-one-dimensional ferroelectrics with hy-
drogen bonds of the GPI type with regard for the
piezoelectric coupling with the strains €; in the fer-
roelectric phase in the two-particle cluster approxi-
mation. It is found that the application of the shear
stress o5 substantially increases the strain €5 and in-
significantly the strain €3, whereas the stress og in-
creases only the strain 4. It is also found that the
action of the stresses o5 and og and the field E; af-
fects the thermodynamic parameters of the GPI crys-
tal by changing the temperature behavior of the order
parameters.

The results of numerical calculations show how the
changes in the temperature dependences of the ther-
modynamic parameters depend on the signs of the
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stresses o; and the electric field F; under the com-
bined action on those factors. In particular, if the
stress o5 and the field F; are applied to the crystal,
the temperature dependences of thermodynamic pa-
rameters become shifted along the temperature axis
toward lower temperatures. The combined applica-
tion of the stress og and the field F; results in the
appearance of a number of interesting effects, e.g.,
the smearing of the polarization P, and the disap-
pearance of the phase transition, the emergence of
the transverse polarizations P; and P3 in the ferro-
electric and paraelectric phases, the emergence of the
dielectric permittivity €25 and the piezoelectric stress
coeflicient es1, and the smearing of the piezoelectric
strain constant haq.

No additional parameters are used when carrying
out the numerical calculations of thermodynamic pa-
rameters accounting for the shear stresses and the
field E7, as compared with the calculations performed
for the case without the account for those external
factors. Therefore, the temperature dependences ob-
tained in this work for the thermodynamic parame-
ters of the GPI crystal have a predictive character.
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A.C. Bdosun, I.P. Bauex, P.P. Jlesuyvkuti

BIIJIUB HAIIPVYT o5, 06 I EJTEKTPITYHOT'O
I10J151 E; HA TEPMOJIVHAMIYHI
XAPAKTEPUCTUKIM CETHETOAKTUMBHIX
MATEPIAJIIB GPI

st nocigkentst edekTiB, 10 BUHUKAIOTH I JI€0 30BHIII-
HIX 3CyBHHUX HAIIPYT 05, 06 1 €JIEKTPUYIHOrO noJist Fj, BUKOpH-
crano MmoaudikoBany Moaeab Kpucraia GPI muisxoMm Bpaxysa-
HHSI I1'€30€JIEKTPUYHOIO 3B’$I3KYy CTPYKTYPHUX €JIEMEHTIB, siKi
BIIOPSIKOBYIOTLCH, 3 JedopmManiamu €;. B nabiurkenni aso-
YaCTUHKOBOI'O KJIACTEPA PO3PAXOBAHO BEKTOPH ITOJISPHU3AIiil Ta
KOMIIOHEHTH TEeH30pa CTATHYHOI JieJIeKTPUYHOI IIPOHHKHOCTI
MeXaHIYHO 3aTHCHYTOI'O KPUCTaJa, 1X II'€30€JIeKTPUYHI Ta Te-
IJIOBI XapakTepucTuku. JLOC/IiIKeHO OJHOYACHY MiI0 HAIpPyru
o5 1 moss Eq, a TakoxK Haupyru og i nosist £ Ha dasoBwuii me-
pexizn Ta isuuHi XapaKTEPUCTUKHN KPUCTATIA.

Kar0406i ca06a: CErHETOENEKTPUKHU, (ha30BUUl mepexin, Iie-
JIEKTPUYHA [POHUKHICTD, I1'€30MOJYJIi, 3CyBHA HAIIPyTa.
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