Condensed Matter Physics, 2017, Vol. 20, No 4, 43707: 1{14] CONRENSED

. WYATTER
DOL:[10.5488/CMP.20.43707 BISIes

http://www.icmp.lviv.ua/journal

The effect of hydrostatic pressure on thermodynamic
characteristics of NH;CH,COOH-H,;PO3 type
ferroelectric materials

L.R. ZacheKI R.R. LevitskiZ A.S. Vdovych?

T Lviv Polytechnic National University, 12 Bandera St., 79013 Lviv, Ukraine

2 Institute for Condensed Matter Physics of the National Academy of Sciences of Ukraine,
1 Svientsitskii St., 79011 Lviv, Ukraine

Received June 30, 2017, in final form August 30, 2017

The model of NH3CH,COOH-H,PO3, modified by taking into account the piezoelectric coupling between the
ordering structure elements and the strains &;, &;, is used for investigation of the effects that appear under
external pressures. Within two-particle cluster approximation, the components of polarization vector and static
dielectric permittivity tensor of the mechanically clamped and free crystals, their piezoelectric and thermal
characteristics are calculated. The effect of hydrostatic pressure on the phase transition and the calculated
physical characteristics of the crystal is studied. A good quantitative description of experimental data for these
crystals is obtained.
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1. Introduction

The study of the effects that appear under external pressures is one of the urgent problems in the
physics of ferroelectric materials. External pressures can be a powerful tool for a purposeful influence
on their physical characteristics and can be used in technological processes. The study of the behaviour
of ferroelectrics under external pressures enabled us to better understand the mechanisms of phase
transitions in these materials.

It is necessary to note that an acceptable description of an external hydrostatic pressure effect on the
phase transition and physical characteristics for many ferroelectric crystals of KH,PO,4 family was made
in [1} 2]}, for quasione-dimentional CsH,POy type ferroelectrics — in [3]], for monoclinic RbD,PO4 —
in [4], for RbH,SO4 crystal — in [5]].

In [6], on the basis of the proposed model of deformed NH3;CH,COOH-H,PO3 (GPI) type ferro-
electrics, the dielectric, piezoelectric, elastic and thermal characteristics of these crystals were calculated
in the two-particle cluster approximation and a good quantitative description of the available experi-
mental data for these characteristics was obtained. The effect of electric fields on dielectric properties
of GPI ferroelectric was investigated in [7]]. A satisfactory quantitative description of the corresponding
experimental data was obtained at the proper choice of the model parameters. An experimental study of
hydrostatic pressure effect on the physical properties of GPI type crystals was carried out in [8} 9]. Cal-
culation of the static dielectric permittivities and investigation of the electric field E3 on the permittivity
&33 of GPI crystal was carried out in [10, [11]] within the phenomenological Landau theory.

In the present work, the hydrostatic pressure effect on the phase transition, thermodynamic, dielectric,
piezoelectric and elastic characteristics of this type of crystals is studied based on the model of a deformed
GPI crystal [6]].
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2. Model Hamiltonian

We consider the system of protons in GPI, localized on O-H. .. O bonds between phosphite groups
HPO3, which form zigzag chains along the c-axis of the crystal [6} 7] (ﬁgurem). Dipole moments d, ¢ (¢ is
the number of a primitive cell, f = 1,...,4) are ascribed to the protons on the bonds. In the ferroelectric
phase, the dipole moments compensate each other (d,; with dg3, dg» with dg4) in the directions Z and
X (X L (bc),Y || b, Z || ¢), and simultaneously supplement each other in the direction Y, creating
a spontaneous polarization. Vectors d, s are oriented at some angles to crystallographic axes and have
longitudinal and transverse components along the b-axis. Herein below, for components of vectors and
tensors we often use the notations 1, 2 and 3 instead of x, y and z for convenience. The Hamiltonian of
proton subsystem of GPI, which takes into account the short-range and long-range interactions, applied
hydrostatic pressure p = —o; (i = 1,2,3) and electric fields E|, E,, E3 along positive directions of
the Cartesian axes OX, OY and OZ, consists of “seed” and pseudospin parts. The “seed” energy Useed
corresponds to the heavy ion sublattice and does not depend explicitly on the configuration of the proton
subsystem. The pseudospin part takes into account the short-range Hyhor; and long-range Hyir interactions
of protons near tetrahedra HPO3, as well as the effective interaction with the electric fields E;, E> and
E5. Therefore [6],

I:I = NUseed+Hshort +HMF, (21)

where N is the total number of primitive cells.
The Ugeeq corresponds to the “seed” energy, which includes the elastic, piezoelectric and dielectric
parts, expressed in terms of electric fields E; (i = 1,2, 3) and strains &; and g (j =i + 3):

Used = V| = Z Ciy (T)s,s, + = Z (T)s + Z (T)8,85 + 046 (T)8486
il =
3
0 0 0 0 0 0
- Z ezl-S[E2 - 62585E2 - 61484E1 - 61686E1 - 63484E3 - 83686E3
i=1

1 1 1
ZXFOEZ 2X80E2 ZXSOEZ X3 0E3E] (22)

Here, parameters c o), cEO(T) c (T), cij(T), e?l.,, € /\(” , X31 (i” = 1,2,3) correspond to the
so-called “seed” elastlc constants, plezoelectric stresses and dielectric susceptibilities, respectively, v is
the volume of a primitive cell.

Figure 1. (Color online) Orientations of vectors dq f in the primitive cell in the ferroelectric phase [6 7).
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The Hamiltonian of short-range interactions

Og1 Og2 Og3 Og4
Hahort = ZwZ( ! i ; ; )(6RqRq/ +OR, +R R, )- (2.3)

In @]) oy is the z-component of 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 HPO3 of type “I”, while the second one — near the tetrahedra HPO3 of
type “II”’, R. is the lattice vector along c-axis. The contributions into the energy of interactions between
protons near tetrahedra of different type, as well as the mean values of the pseudospins 17y = (o),
which are related to tetrahedra of different type, are equal.

Parameter w, which describes the short-range interactions within the chains, is expanded linearly into

a series over strains g;, &;:
3 6
w=uw’+ Z Sigi + Z 58 (2.4)
i=1 Jj=4

Hamiltonian Hyr of the long-range dipole-dipole interactions and indirect (through the lattice vi-
brations) interactions between protons in the mean field approximation takes into account that Fourier
transforms of interaction constants Jp = 3., Jrs(qq’) at k = 0 are linearly expanded over the strains
&, &;; and can be written as:

Avr = NH° + A, (2.5)

where

1 1 1
1134772774 + —1?2(771712 +1314) + —1?4(771774 + 172113)

3 6
1
+ g Z;Wllié‘i + Z;"/llljé‘] (771 +7]3) + = (Zlﬁzzlé‘l + Z(pzzjg])(nz + ;74)
1= Jj=
1< 6
+ 7 Z: Y1zigi + Z;t YizjEj mns + —(Z Wo4i&; + Z¢24Jg])n2n4
i= j=

j=4

1 1 1
H° = glﬂ(m +13) + J%(n% +15) + Zlfwms +

N

3 6

1 1

- Z Y12igi + Z Yioje; |(mnma +n3ma) + Z(Z Y14i€i + Z Wl4j€f)(ﬂlﬂ4 +1mm3),
i=1 j=4 i=1

=

A== (741 Tal | 742 2 . 7—13 3 H, (r"“) (2.6)
q

In (2.6), the following notations are used:

1 1
Hi==Jum + =

1 1
5 3 5J13113 + 5 Juama + UEL + i By + 155 Es,

Jiom + 2

1 1 1 1 N y .
H = 3J0m + 5 om + S D + 5Nz — iy By — iy By + 415, Es

1 1 1 1
Hz = —Juns + zJipna + =Jizsn + =Jiam — #)1(3E1 + luly3E2 - #?3E3’

2 2 2 2
1 1 1 1 . y .
Hy = §J22774 + 5112?73 + 5124772 + §J14771 + pouEr = po Er — p3, Es 2.7

In Q7). py"" = wy? = u3”% 15" = iy = py”® are the effective dipole moments per one
pseudospin. The two-particle cluster approximation is used for calculation of the thermodynamic and
dielectric characteristics of GPI. In this approximation, thermodynamic potential is given by:

3
G = NUgeq + NH® + Nv Z oiEi — kBTZ [2 InSpeBHs — Zln Spe® qf] 2.8)
i=1 q
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where 1316(12), I—AI;]f) are two-particle and one-particle Hamiltonians:

A (2) Og10q2  0g3 0'q4) Y19q1  Y29q2 Y3 O0ql Y4 Tg4
H7 =-2 (—— —_—_—— |- = = 2.9
a N2 "2 2 )T 82 T2 B2 B2 29)
g _ _Yr Tar
qu - B 2 (2.10)
where such notations are used:
yr = B(A1 + Hy), yr = BAy + yy. (2.11)

Here, Ay are the effective cluster fields created by the neighboring bonds from outside the cluster. In the
cluster approximation, the fields Ay can be determined from the self-consistency condition: the mean
values of the pseudospins (o7, r) calculated with the two-particle and one-particle Gibbs distribution,
respectively, should coincide:

7y (2) _pp
Spagre s Spayre M

— 2.12)

e
Sp e Pty Sp e_’B af
Hence, based on (2.12), with taking into account (2.9) and (2.10), we obtain
1
n,3 = B(sinh ni + sinhny + a® sinhnz + a® sinh ny + a sinh ns + a sinh ng ¥ a sinh ny + a sinh ng)
Y13
= tanh ——,
2
1
M4 = B(sinh ny + sinhny — a® sinh ns F a” sinh ny F a sinh ns + a sinh ng + a sinh n7 + a sinh ng)
= tanh —=—, (2.13)

where

D = coshn; + coshny + a” cosh n3 + a® coshng + a cosh ns + a cosh ng + acoshny + acoshng,
3 6
1 0
a=exp|—-——|w +26i8i +Z(5j8j
kT ¢ .
i=1 j=4

1 1 !
m=stprysty) m=sitn-yoy) m3 =Sty -y,

bl

1 1 1
ng = E(yl - Y2 — Y3+ y4), ns = E(yl -2+ Y3+ ya), ne = E(yl + Y2+ Y3 — ya),

1 1
m=sEptptystia) ms= St -yt

Taking into consideration (@), @]), we exclude the parameters Ay and write the relations:

1 1+

=-1
Y1 3 n1—771

+ Bviim + Bvianz + Bvians + Bvians + g(#ﬁEl + s Er + 115, Es),

+n

1 1 2 B
Y2 = Bviam + 5 In ot Bvaana + Byvians + Bvaana + 5(—11)2(4151 - Uy, Er + 15, E3),

2 1-n§
1 1+n;3
y3 = Bvizn + Bviam + 5 In 7 + Bviins + Bvians + é(—/~l)1c3151 + By — 15, E3),
2 1= m 2 13 13
1. 14+mn B
Ya = Bviam + Bvaan + Bviaips + 5 In o— . Bvaana + 5(#3‘41‘31 — Uy Er — 15, E3),
where vyp = J’Tf

At the absence of external electric fields

n=mn3=mM3, Mm=n4=1M1m24, Yl =Y3=Yi3, Y2 =1Y4=Yu.
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3. Thermodynamic characteristics of GPI

To calculate the dielectric, piezoelectric and elastic characteristics of the GPI we use the thermody-
namic potential per one primitive cell obtained in the two-particle cluster approximation:

4
gz%—Useed+H —2(w +Z6£l+268,) kBTZIH(l—TZ,%)
f=1

i=1 j=4

—2kBT1nD+2kBT1n2+vas,-. 3.1)
i=1

From equilibrium conditions, we have obtained equations for the strains &;, ;:

26, 251 l//111
-p = clElOsl + cl2 &+ CI3 &3+ cl5 &5 — 621E2 + — vD ( n+ 2) - —171773
lﬂzzl W41 Y12 Y141
( B +12) = 22 mns — SR i + mama) — S G+ mom3), (1= 1,2,3),
4v 4v 4p
205 2065 Y115 Y135
0= cflosl + cfzosg + C5E308’; + 655085 e25E2 -—+ EMS -3 ( % + %) ™ —mn
Y225 Wo4s
- W(Té +13) - T P —(771772 +1314) — —(771774 +12113),
264 254 114 Y134
0= cﬁom + C46086 e]4E1 - e(3)4E -+ — l// ] ( ny + 2) - —;71773
v vD
‘ﬁ224 Wo44
( 5+ ;) - Ty —(mnz +1314) — —(771774 +12173),s
206 206 ¢/116 Y136
0= cfﬁos4 + 666 g6 — 616E1 - egﬁEg - EM - —( n+ 2) - —771773
lﬁzze U246
( ) - g —(mnz +1314) — —(771774 +1723), (3.2)

here, such a notation is used

M, = 2a° coshns + 2a” coshny + a cosh ns + a cosh ng + a cosh ny + a cosh ng.
Differentiating (3.1)) over the fields E;, we get the expressions for polarizations P;:

Py = e s+ oo + X EL + X5 Es + — o [ﬂ)fg,(nl = 1m3) = iy (m2 — 14)],

_ 0 0 0 0 £0 y Y

P, = €y1E1 t €eyE +ey383 + 5585 + Xz E + — 2 [/113(77] + 773) /124(772 + 774)]»

Py = Y84 + €06 + XiVEs + X5 El + — P [#Tg(m =m3) + p5,(m2 — m4)]. (3.3)
Static isothermic dielectric susceptibilities of the mechanically clamped crystal GPI are given by:

X133 = Xn 33+ N A {(#T $2[DAgy — (13424 — A2 @3] + (13 2[DA13 — (1324 — /12)90f3]

F2u 1) “[DA+ (li3dos — AH)BY5 1}, (3.4)
A3 =D*- D(/1249013 + 1395y + 24Bv5) + (Ai3d2a — ) @305, — (Bv3)?],

X5 = Xzazo by A {(#lg)z[D%H — (13204 — % )9024] + (;124)2[D%24 — (13204 — )¢p13]
= 20313, [ D + (erzna = #7)Bv3 1}, (3.5)

Ay = D? = D(x1307; + #0403y + 25V + (13004 — %) 01305 — (Bv)*].
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Here, the following notations are used:
D= cosh(y3 + y24) + a* cosh(y13 — yo4) + 2a cosh yy3 + 2a cosh yp4 + a’+1,

—— + BV, @y = —— + B
- Bvis ¢y 1= Bvs

13 24

+ _
Y13 =

3 6
N L1 Lo
vi = ( Y& £ Z 5})’ (1=1,23), W= Z(J?l %) U= 7 Wi £ ¥13),
1

im =4
VeE = %(J?z + D) v5 = Z(‘/’lZi +Ya); VT = (ng 05 U5 = %(W22i * Y4i)s
A3 =1+ d? +2acoshyyz, Ay =1 +d +2acoshyy, A=1 -

#13 = cosh(yi3 + y24) + a® cosh(y13 — yo4) + 2a cosh y13 — ni, D,

%24 = cosh(y13 + y24) + a* cosh(y13 — yas) + 2a cosh yrs — n3, D,

# = cosh(y13 + y24) — a* cosh(y13 — y24) — M31724D.

Based on (3.3), we have obtained expressions for isothermic coefficients of piezoelectric stress ey;
(1=1,2,3,5) of GPI:
0P, H
ey = (6_) =€) + iAﬁ [(rimis + l//217724)7i// + (Yums + 1/1317724)T5 -2677]
&l E> v 2
y
34 5 [Wimis + yoma)ty + (ams + 1/1317724)T - 2878 (3.6)

where

= = 2 = 2
Tip = D13 — (13004 — %), T;// = Dx + (13224 — %7) V53, T;” = Dixyg — (%13%24 — %) @)5,
.

= [D — (x243, + %BV3)p13 + (epdy + x138v3)pos.
= [D = (13¢5 + %Bv3 )| pas + (epls + #243v3 P24,
p13 = [d* Slnh(!/ls — y24) + asinh yi3] — iz M,
p2u = [ a® sinh(y13 — y4) + asinh yo4] — 724 M,

M=a cosh(y13 — yp4) + acosh yiz + acosh yoy + a’.

Proton contribution to elastic constants of GPI is found by differentiating (3.2) over strains at a constant
field:

lolex, 2
c,-‘? = (a—Z)E = 050 - ﬁ{(lﬂlﬂm + Y2ima) Wi ms + lﬁij]24)Tip
+ [(1im13 + Y2ima)W2jniz + Y3jnag) + (lﬁzﬂm + Yaima)(W1ms + Y2na)]T, 1od
+ (Y2imiz + Yaima) (W2 mis + Y3jnaa) Ty g + [(lﬁlﬂm +Yoa) Ty + (omis + Yajia)ts |

485
&[(1/111'7713 +Yoima) T + (Yo + '/’31‘7724)7'26]

8ﬁ5 5;
L[(p13915 + p2aBVI)T) + (p2aipdy + p13Bv3)Te ]

UDAz

4 0;0;

B st {[2a cosh(y1s — yoq) + acosh y13 + acosh yrg + 2a2]D 2M2} 3.7

Other dielectric, piezoelectric and elastic characteristics of GPI can be found using the expressions
established above. In particular, the matrix of isothermal elastic compliance at a constant field sl.’f. , which
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is reciprocal to matrix of elastic constants 05 :

E E _E _E
‘hh ‘2 ‘13 S5
E E _E _E
CE = ‘. C» CG3 G5 SE — (CEY!
- E E E E 4 _( ) ’
13 €3 G333 G335
E E E _E
Cls G5 (35 Css

isothermal coefficients of piezoelectric strain

du =) sppew. (L1'=1235), (3.8)
l/

isothermal dielectric susceptibility of a mechanically free crystal

X5y = Xy + ) enda, (3.9)

isothermal constants of piezoelectric strain

€1
hy = —, (3.10)
X2
isothermal constants of piezoelectric strain
oy
9Dl = —- (3.11)
22

Let us consider thermal characteristics of GPI crystal. Molar entropy of the proton subsystem:
R —~
S = Z —2In2 + 111(1 - 7713) + ln(l - 7724) +2InD - 2(,31/;—)713 + ,3)/;1724)7]13

4w
— 2(Bvy M1z + B3 12424 + EM}, (3.12)

here, R is the gas constant.
The molar heat capacity of a proton subsystem of GPI crystals can be found numerically from the

entropy (3.12):

N
ACT =T (=] . .1

4. Comparison of the results of numerical calculations with the experi-
mental data

To calculate the temperature dependences of dielectric and piezoelectric characteristics of GPI, which
are calculated below, we need to set certain values of the following parameters:

« parameter of short-range interactions w’;

» parameters of long-range interactions v?i (f =1,273);

¢ deformational potentials ¢;, wfl. (f=1,23i=1,...,6);

effective dipole moments 1r}; 13,: piy: pd,s (553 115,

“seed” dielectric susceptibilities Xﬁo, Xflo (i=123)
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Figure 2. Phase transition temperature 7, vs deuterium concentration x obtained in GPI;_, DGPI: o [12];
m [13].

o ,0 ,0 ,0 ,0 0.

13 2 : . .
» “seed” coefficients of piezoelectric stress €35 €955 €1ys €165 €345 €305

* “seed” elastic constants cZ?, cfjo, cgo, cfﬁo (i=1,23;i"=1,23;j=4,56).
The volume of a primitive cell of GPI is the vy 9 = 0.601 - 1072 cm?, vg g0g = 0.6114 - 10721 cm’.
Figure [2] shows the dependences of the phase transition point 7, of GPI;_yDGPI, on the deuteron

concentration x, which are obtained in [[12]] and [[13] and do not agree with each other. The concentration

dependence of T, [[12] can be approximated by curve T.(x) = 225(1 + 0.382x + 0.193x%) K, which
is a theoretical curve of T,(x). Since the papers [[12] [14] also present a concentration dependence of
spontaneous polarization and dielectric permittivity of the mixed GPI,_,DGPI, compounds, in our

further analysis we decided to use T¢(x) published in [12].

In [9], the temperature T, = 322.85 K is stated, that corresponds to the concentration x = 0.808
in our model. The values of the given theory parameters are determined at the study of the static

properties of [6]]. The optimal values of long-range interactions vf0+ we use v0+ = v0+ = v =2.643 K,
~(1)‘ = vg = 170‘ = 0.2 K, where #0* = 0+/ kg. The parameters v * do not depend on concentration x.

f
The calculated parameters w® of the GPI,_,DGPI, crystals are wy/kg = 820 K at x = 0 and 1323.6 K

at x = 0.808.

The ~optimal Valu~es of the deff)rmational p~0tentials 0; at x = 0.0 are 5 = 509 K, §, = 600 K, ~53 =
500K, 64 = 150K, 85 = 100 K, 66 = 150 K; §; = 6;/kg. At x = 0.808, they are §;(0.808) = 0.3375;(0).
) The optimal ~Values of the Lﬁ;’l are as fOHO\iVS: J/}rl = 879 K~, zﬂ}’z = 237.0 K, Lﬁ}g = 103.8 K,
¢;4 = 149.1 K, w;S =21.3K, 1//;6 = 143.8 K, Uy = 0 K, where lpfil. = zpﬁ./kB. At x = 0.808, they are
zﬁ]%'l.(().SOS) = 0.337Lp}—'l.(0).

The effective dipole moments in the paraelectric phase are equal to p¢13 = (0.4,4.02,4.3)-10"'8 esu-cm,
pog = (=2.3,-3.0,2.2) - 107!8 esu-cm and do not depend on deuteration. In the ferroelectric phase, the
y-component of the first dipole moment increases on deuteration as ul”3ferm(x) = 3.82(1 + 0.062x)
x 107" esu-cm, and at x = 0.808, itis uly.  (x = 0.808) = 4.01 - 107'8 esu-cm.

“Seed” coeficients of piezoelectric stress dielectric susceptibilities and elastic constants

0 _,0 _,0 _,0 _,0 _,0 __0 _ _
€y =€), = €9y =€)y = €, = e = €3, = €3, = 0.0 &5
X =01, x£(x=0.0)=0.403, O(x =0.808) =22, xi) =05, x% =0.0;
=26.91-1010 &8 B0 = 14.5. 1010 Sy B0 =11.64- 1010 Sy B0 =3.91-1010 8%
: cm? ’ ’ ’ 1 : cm? ’

= [64.99 — 0.04(T — T)] 1010 25 20 = 20. 38 1010 &5 cE0 = 5641010 25
=24.41-1010 22 (E0 - _23g4. 1010 dy‘;, =8.54-1010 dy‘;,
cme cm cm
EO =15.31-10'0 &0 GE0 = 11100 B8 E0 L gy g 1010 B
am? a6 : am? > C66 : cm? *
Now let us focus on the obtained results and analyse the effect of hydrostatic pressure p = —o =

—o0» = —o3 on thermodynamic characteristics of GPI;_,DGPI,.
The pressure dependences of temperature 7, of GPI,_,DGPI, at x = 0.0 and x = 0.808 are presented
in figure
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350
300
250
200 L

150 1

100

o
N

4 6 8 p,1 Ogdyn/cm2

Figure 3. The pressure dependence of the temperature 7 of GPI;_,DGPI, at different x: 0.00 — 1; e [8];

0.808 —2; a [9].
3 €, € _
4x10 (A x10° & § 4x103 &8
64 3 3 65 4 b) 654 °
2& : N— i ;
0 5 0 Oﬁ;
521 2 5
-2 _2 -2
3 1
_4 _4—%/ _4
_6 & el 1 3
-8 _8 -8
150 200 250 T, K 150 200 250 T, K 150 200 2507 gk

Figure 4. Temperature dependences of the strains of GPl: ¢ — 1,6y — 2,63 — 3,64 —4, &5 — 5 and
g6 — 6 at different values of pressure p (109 dyn/cmz): 0.0 —a); 1.7 —D0b); 3.0 —¢).

The calculated dependences T.(p) at the established theory parameters quantitatively well describe
the experimental data [8), [9]. Applying a hydrostatic pressure to the crystals decreases their transition
temperature 7.(p). The rate of decreasing of transition temperature with an increase of pressure at
x = 0.00 is d7,./dp = —11 K/kbar [8] up to the pressure p = 3.510° dyn/cm? and the corresponding
temperature 7. = 180 K, and at higher pressures 7, decreases nonlinearly; at x = 0.808, the rate of a
decrease is d7. /dp = —5.0 K/kbar [9]].

Temperature dependences of the strains &;, &; of GPI crystal at different values of hydrostatic pressure p
are presented in figure 4] The strains £, &3 and &5 are practically independent of temperature in both
phases, but the strains &;, £4 and &g slightly decrease with temperature in the ferroelectric phase and are
almost independent of temperature in the paraelectric phase.

Pressure p leads to a significant increase of absolute values of the strains £; and &3, but the other
strains depend on p very little (figure[5).

In figure[6](a), the temperature dependences of spontaneous polarization of GPI crystal are presented,
in figure [6] (b) — for GPIy.19oDGPIy gog at different values of hydrostatic pressure p; in figure []]— the
temperature-pressure dependences of spontaneous polarization of GPI crystal. An increase of p leads to
the change of the phase transition order.

At low pressures, the phase transition is a transition of the second order, but at high pressures, starting
with p ~ 4 dyn/cm? (tricritical point in figure , it becomes a transition of the first order. In the case of
crystal GPIy 190DGPI gog, even at high pressures, there is a second order phase transition. An increase
of p leads to a slight decrease of the polarization P in the whole temperature range.

Temperature dependences of the longitudinal static dielectric permittivity of GPI and
GPIy.19o0DGPI gog crystals at different values of pressure are presented in figure [§] (a) and [§] (b), re-
spectively. The results of theoretical calculations quantitatively well agree with experimental data [J}, (9]
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2 4 p,1 Ogdyn/cm2

Figure 5. The dependences of the strains of GPI on the pressure at the temperature 7 = 205 K: &1 — 1,
& —2,e3—3,e4—4, e5—S5,eg—6;andatT =245K: g1 — 1", ep —2°, 65 — 3, 64 — 4,
&5 — 5’, €6 — 6.

P, 107® C/cm? P, 1078 G /cm?

0
100 150 200 T,K 200 250 300 T,K

Figure 6. Temperature dependences of the spontaneous polarization of GPI (a) at different values of
hydrostatic pressure p, (109 dyn/cmz): 0.0— 1,0 [14], a [15], o [16l, v [17];0.9 —2;1.7—3;3.0—4;
4.0 — 5; of GPIy_92DGPI) g0g (b) at different values of hydrostatic pressure p, (10° dyn/cm?): 0.0 — 1;
20—2;30—3;40—4;50—5;60—6,;7.0—7.

P, 107 C/m?

0.6

0.4

0.2 A
0

0 -
50 x10°
200 p, dynicm?

Figure 7. Temperature-pressure dependence of the spontaneous polarization of GPI.

in the paraelectric phase at small values of hydrostatic pressure p. Disagreement in ferroelectric phase for

is connected with domain reorientation contribution to permittivity, which is not taken into account

in our theory.
The dependences of dielectric permittivity £ of GPI crystal on hydrostatic pressure at different

values of temperature are presented in figure[9] In the paraelectric phase, &2, decreases with an increase
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600 500

s 400

400
300
300

200
200

100 100

0 o]
180 190 200 21 220 230 T,K

Figure 8. Temperature dependences of the static dielectric permittivity 82‘92 of GPI crystal (a) at different
values of hydrostatic pressure p, (10° dyn/cm?): 0.0 — 1, ¢ [12], v [17], & [13], o [16], o [8]; 0.6 — 2,
o [8];0.9—3, 0 [8]; 1.7—4, o [8]; 3.0 — 5, o [8]; and of GPI_19o0DGPI gog (b) at different values of
hydrostatic pressure p, (109 dyn/cmz): 00—1,e[9];2.0—2,v[9];3.0—3, a[9];40—4, «[9];
5.0—5,»[9]; 6.0 — 6, m [9]; 8.0 — 7 ¢ [9].

104 22
]
2
10°
3
10°
1 === === =

10 — /"/‘

2
10°

0 1 2 3 4p, 10°%dynicm?

Figure 9. Pressure dependences of the dielectric permittivity &, of GPI crystal at different values of
temperature T, K: 245 —2°; 235 —1°; 215 —1; 191 — 2; 159 — 3.

33

500 3
400
300
App

200

100

0 0
140 160 180 200 220 240 T,K 140 160 180 200 220 240 T,K

Figure 10. Temperature dependences of the dielectric permittivities £11 and £33 of GPI crystal at different
values of hydrostatic pressure p, (109 dyn/cm2): 00—1,a[15);1.7—2;3.0—3.

of pressure p, but in ferroelectric phase, permittivity £, increases up to the phase transition pressure,
and then decreases.

Temperature dependences of transverse static dielectric permittivities of GPI crystal at different values
of hydrostatic pressure are presented in figure [I0} and pressure dependences of dielectric permittivity
€11 and 33 at different values of temperature — in figure [IT] Notations 1°, 2 in figure [T1] are used
for the curves in a paraelectric phase. The values of €;; and €33 increase with an increase of pressure,
and maximum values shift to lower temperatures. In the paraelectric phase, €11 and £33 decrease with
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€ €,
160 1 1400 —2
140 3 1200 7
120 1000
100
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600
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2 400 2/
407 4 1
ZO;Z _____ == 200;/2::—_:::: FF
0 1" 2 1" 2

0
4p, 10° dyn/cm2 0 1 2 3 4p, 109dyn/cm2

Figure 11. Pressure dependences of the dielectric permittivities £11 and £33 at different values of temper-
ature 7, K: 245 — 2°; 235 — 1°; 215 — 1; 205 — 2; 185 — 3.

an increase of pressure p, but in ferroelectric phase, transverse permittivities increase up to the phase

transition pressure, and then decrease.
Temperature dependences of the inverse dielectric permittivity (.952)‘l of GPI and GPI) 19o0DGPI) gos
crystals at different values of pressure p are presented in figure[I2](a) and[I2](b), respectively. The results

of theoretical calculations quantitatively well agree with experimental data [8, 9] in the paraelectric phase

=1
22

0.08 0.02
s .
6 4132\ 0.018 b)
0.06 0.016
0.014
A 0.012
0.04 9 0.01
0.008
§
0.02 0.006
0.004
o8 0.002
0 . : ‘ 0
160 180 200 220 240 T K 280 290 300 310 320 330 T,K

Figure 12. Temperature dependences of the inverse dielectric permittivity (552)‘1 of GPI crystal (a) at
different values of hydrostatic pressure p, (109 dyn/cmz): 0.0 —1, v [17], > [18], o [8]]; 0.6 — 2, o [8]];
0.9 —3,0[8)]; 1.7 —4, o [8]; 3.0 — 5, o [8]; 4.0 — 6; and GPI 19oDGPI gpg (b) at different values of
hydrostatic pressure p, (10° dyn/cm?): 0.0 — 1, o [9], 2.0 — 2, v [9]], 4.0 — 3, < [9], 6.0 — 4, m [9].

® e, esu/cm?

x10° ey, x 107 Ay €su/dyn
3 1
oflv ||a
2.5 0.8
2
2z e | o0
15 -1 [
SIIe/ 3 | o4
.
05 () g | 02
0 0 -
160 180 200 220 T,K 140 160

Figure 13. Temperature dependences of the coefficients of piezoelectric stress ey;, ep5 and strain dy;, dp;:
1 — ey, dr1 O[16], 2 — e, dao, 3 — €33, da3 o [16], 4 — eps, dp5 of GPI crystal at different values
of pressure p, (10° dyn/cmz): 0.0 —a); 1.7—D>b); 3.0 —¢).
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x 10* h,, dyn/esu x107 9 cm?/ esu
2 1

Figure 14. Temperature dependences of the constants of piezoelectric stress hy;, 5 and strain g»;, gos:
1 —hy1, 921, 2 — hop, 920, 3 — ho3, 923, 4 — hys, gos of GPI crystal at different values of pressure p,
(109 dyn/cmz): 0—a); 1.7—Db); 3 —oc).

AC,, J/(mol.K)

12

10

0
140 160 180 200 220 240T,K

Figure 15. Temperature dependences of AC), at different values of hydrostatic pressure p, 10° dyn/cmz):
00—1;09—2;1.7—3;3.0—4.

at small values of hydrostatic pressure p. As was written above, disagreement in ferroelectric phase for
(sfz)‘1 is connected with the domain reorientation contribution to permittivity, which is not taken into
account in our theory.

Temperature dependences of the coefficients of piezoelectric stress ey;, €25 and strain do;, dp; of GPI
crystal at different values of pressure p are presented in figure [[3} and the temperature dependences of
the constants of piezoelectric stress hy;, hos5 and strain go;, gos — in ﬁgure

Hydrostatic pressure practically does not influence the magnitude of the e3;, e35 and dy;, dy;, but just
shifts their maxima to lower temperatures. An increase of the pressure p leads to an increase of magnitude
of the piezoelectric coefficients hy;, hys and gy;, gos.

Figure E] shows temperature dependences of pseudospin contribution on heat capacity AC,,. In the
paraelectric phase, the value of AC,, practically does not change with an increase of pressure p, but in
the ferroelectric phase, the value of AC,, increases with pressure.

5. Conclusions

In this paper, the effect of hydrostatic pressure on phase transition and physical characteristics of
the GPI;_,DGPI, crystals is studied in the frames of two-particle cluster approximation within the
modified proton ordering model of GPI type quasione-dimensional ferroelectrics with hydrogen bonds,
which takes into account the piezoelectric coupling with the strains &;, &; in the ferroelectric phase. We
have determined how the strains &;, &; are changed under hydrostatic pressure. These changes of the
strains lead to a pressure dependence of the parameters of interactions and, consequently, to a pressure
dependence of the transition temperature and other characteristics of these crystals. At low pressures, the
phase transition in our model of GPI is a transition of the second order, but at high pressures, starting from
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some critical pressure, it becomes a transition of the first order in the nondeuterated crystal. In the case of
deuterated crystal, even at high pressures, there is the second order phase transition. The pressure effect in
the nondeuterated crystal is much stronger than in a deuterated crystal. A good quantitative description of
the observed pressure and temperature dependences of the considered characteristics has been obtained
in paraelectric phase at small values of pressure at the proper choice of the model parameters.
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BnauB riapocTaTUUYHOro TUCKY Ha TepMOoANHaMIYHI
XapaKTepuUCTUKU CerHeToakTUBHNX MaTepianis Tuny
NH3CH,COOH-H;P0O3

1.P. 3aueild P.P. NeBnubkniZ, A.C. Baosud?

L HauioHanbHWIA yHiBepcuTeT “/lbBiBCbKa NoniTexHika”, Byn. C. baHaepu, 12, 79013 JlbBiB, YkpaiHa

2 IHCTUTYT di3nkm koHAeHcoBaHMX cnuctem HAH Ykpainu, Byn. CBeHuiubkoro, 1, 79011 JibsiB, YKpaiHa

Ans pocnipxeHHs edekTiB, WO BUHMKAKOTL Mif Ai€H0 30BHILLUHIX TUCKIB, BUKOPUCTaHO MOAM(iIKOBaHY Mojenb
NH3CH, COOH-H, PO3 (GPI) wasxom BpaxyBaHHSA N'€30€1eKTPUYHOI0 3B'A3Ky CTPYKTYPHUX €/1eMeHTiB, AKi Bro-
PSIAKOBYIOTLCH, 3 AeGOPMALIAMU &;, €. B HABANXKEHH] ABOYACTVHKOBOIO KNacTepa po3paxoBaHO KOMMOHEHTH
BeKTopa rnossipusauii Ta TeH30pa CTaTUYHOI AieNeKTPUYHOI MPOHNKHOCTI MeXaHiYHO 3aTUCHYTOrO i BiNbHOIO
KpucTanis, ix N'€e30eNeKTPUYHI Ta TeM/I0Bi XapakTepucTukn. ocnifkeHo BNAUB rigpoCTaTUYHOro TUCKY Ha ¢a-
30BUIA Nepexig Ta ¢pi3nyHi xapakTepucTKm Kprctany. OTprMaHO A06PUIA KibKICHWIA ONUC eKcnepuMeHTanbHINX
AAHUX AN LUX KPUCTaNIB.

Kntouosi cnoBa: cerneroenekTpuviku, $pa3oBuii nepexis, AieeKTpuyHa MnPOHUKHICTb, M'€30e/eKTPUYHI
Koe@ilieHTH, rigpoCTaTnYHNIL TUCK
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