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Within the framework of the modified proton ordering model for the quasi-one-dimensional
hydrogen bonded ferroelectrics of the CsHyPOy4 type with taking into account the linear
in the strains €1, €9, €3, and €5 contributions into the energy of the proton subsystem,
without tunneling, using the two-particle cluster approximation, we study the influence
of uniaxial pressures p;, hydrostatic pressure py, and shear stress o5 on the phase tran-
sition, polarization, transverse dielectric permittivity, elastic constants and piezoelectric
coeflicients of the quasi-one-dimensional CsHoPOy ferroelectric crystals.
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1. Introduction

Investigation of the effects of external pressures and fields is one of the topical problems of the ferro-
electrics physics. Using high pressures in experimental studies allows one to obtain additional valuable
information about the details of the behavior of the physical characteristics of ferroelectric compounds
and to search for new physical effects, not observed at ambient pressure. It also gives a deeper under-
standing of the phase transition mechanisms in the studied ferroelectric crystals.

The CsHyPO,4 (CDP) crystals belong to ferroelectric materials with hydrogen bonds.

Exploring the shape of the P-E-hysteresis curves at lowering temperature at different values of
hydrostatic pressure, it has been established that at pressure p = pr = 0.33 GPa and temperature
T = 151K in CsHoPOy [1,2] the double hysteresis loops appear, that is, the antiferroelectric phase
transition takes place. Neutron diffraction experiments revealed doubling of the unit cell along the
a-axis in the antiferroelectric phase of CsHoPO, occurs, and the lattice parameters are the following
a=15.625A, b =6254A, c =4.886 A, B = 108.08°. A significant relative displacements of the Cst?
ions and POZ?’ groups in the (a, ¢) plane are observed, along with rotations of PO, tetrahedra by 36.8°
in the opposite directions around the b-axis going through the P atom. The protons on the bonds
goind along the b-axis are ordered antiparallel in the neighboring chains. The strain and uncompensated
dipole moment of the PO‘I3 groups agree with such ordering. Hence, in the antiferroelectric phase the
sublattice polarizations are directed along the b-axis and totally cancel each other.

The determined in [3| atomic coordinates allowed the authors to identify the structure of the
antiferroelectric phase either as the P2y or P21 /a group. From the Raman spectra of CsHaPO,4 obtained
at p = 0.8 GPa and T = 83K the conclusion was made [4] that the structure of the antiferroelectric
phase should be centrosymmetrical, and the P2; /a group was suggested.

The influence of hydrostatic pressure on the transition temperature in the partially deuterated
Cs(Hy-,D,)2PO, ferroelectrics was explored in [1,2,5-8|.
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The temperature dependences of spontaneous polarization of the CsHoPOy at different values of
hydrostatic pressure were measured in [2], and those of the longitudinal static dielectric permittivity
in [2,5-7].

An attempt of a theoretical description of the transitions between the paraelectric and ferroelectric
phases and between the paraelectric and antiferroelectric phases in CsHoPO4 and CsDoPOQOy, as well
as of the experimental points for e92(0,7,p), has been made in [9]. In the used model the crystal
is described as pseudospin Ising chains. The interactions within the chains is taken into account
exactly, whereas for the dipole-dipole interactions between the chains the mean field approximation
is used. The expressions for the reduced spontaneous polarization, equations for the temperatures
of the ferroelectric and antiferroelectric transitions, expressions for 52_21(0,T, p) were obtained. To
describe the experimental T.(p) dependence it has been assumed that the interaction between the
chains changes its sign, when the pressure exceeds the critical one, whereas the intrachain interaction
decreases Ji1 = J11(0) — kp. No attempt to describe within the proposed theory the experimental data
of [1,2,8] was made.

The generalized model of the CsHyPOy crystal has been proposed in [10], within which, using the
two-particle cluster approximation for the short-range configurational interactions between protons on
the shorter hydroge bonds, and with taking into account the long-range interactions between these
bonds, the thermodynamic and dynamic characteristics of the CsHoPOy type crystals were calculated.
Influence of hydrostatic pressure on the considered compounds is studied, following [11,12], by assuming
monotonous dependences of the model parameters on pressure.

In [13,14] the model of the deformed CsHoPOy crystal is proposed, where the interaction between
the pseudospins in the chains is taken into account in the two-particle cluster approximation and
between the chains in the mean field approximation. It also takes into account the strains ¢;, €5, present
in the crystal even at zero pressures [15]. The temperature dependences of the static and dynamic
dielectric permittivity of mechanically free crystal and piezoelectric characteristics were calculated for
the ferroelectric phase and elastic characteristics for both phases. However, since experimental data
for the piezoelectric characteristics are absent, the performed in [14] calculations of these quantities are
just some qualitative estimations. Only the calculated in [16] “seed” coefficients of piezoelectric strain
d (2)1 allow us to obtain adequate with respect to the sign and magnitude results for the piezoelectric
characteristics.

In the present paper, using the proposed in [13] model of a deformed crystal of the CsHoPOy type,
we study the influence of the uniaxial pressures p;, hydrostatic pressure pp, and shear stress o5 with
the magnitudes up to 0.5 GPa on the phase transition and physical characteristics of the quasi-one-
dimensional CDP ferroelectrics and of the hydrostatic pressure py as high as 3 GPa on its piezoelectric
characteristics.

2. The Hamiltonian of the CsH;PO,4 crystal

We shall consider the system of protons in the CsHoPOy crystals, moving in the short O-H. .. O bonds,
forming zig-zag chains along the b-axis. As the primitive cell of the Bravais lattice we choose the
elementary cell of the antiferroelectric phase (T' < Ty and p > pg) Its projection onto the (001)
plane is shown in Fig.1. It corresponds to the antiferroelectric phase (T < Tx and p > pg), and
it is larger than the actual cells at p < pg. This cell is formed by two chains, each containing two
neighboring POy tetrahedra along with two short hydrogen bonds, belonging to one of them (the “A”
type tetrahedron). The hydrogen bonds, attached to the other tetrahedron (of the “B” type), belong
to the nearest structure elements, surrounding it.

The Hamiltonian of the proton subsystem of CsHoPO,4 with taking into account the short-range and
long-range interactions consists of the “seed” and pseudospin parts. The “seed” energy Usgeeq describes
the heavy ion lattice and does not explicitly depends on the configuration of the proton subsystem. The
pseudospin part takes into account the short-range H, ot and long-range Hyp interactions between
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Fig. 1. Primitive cell of the CsHoPOy crystal.

protons that sit near the PO, groups, as well as the effective interaction with the electric field Fs.
Hence,
H = NUseed+Hshort+Hlong+HE+H%}7 (1)

where IV is the total number of the primitive cells of the Bravais lattice.
The “seed” energy is expressed via the lattice strains ¢;, (i = 1,2, 3), &5, electric field E and consists
of the elastic, piezoelectric, and dielectric parts

1
Useed = 1)2{ Z e + Z cEleies — ZeQZEgsz — €95 Eaes — 2X22E2} (2)

i,j=1

where cgo, cZESO, C5E50, egl, 625, X5y are the “seed” elastic constants, the piezoelectric voltage coefficients,

and the dielectric susceptibility of mechanically clamped crystal.
The Hamiltonian of the short-range interactions is

B B

1 ol 2 1942
short = —2w Z ( . q %%) (5Rqqu + 5Rq+r,Rq/)' (3)

The first and second Kronecker symbols corresponds to the proton interactions in the chains near
the “A” and “B” type tetrahedra, respectively; r is the position vector of the proton bond within the
cell. The parameter w, describing the short-range interactions between protons within the same chain,
is expanded in the strains €;, €5 up to the linear terms

w=uw’+> dya, (1=1,2,35). (4)
1

ﬁlong is the mean field Hamiltonian of the long-range dipole-dipole and indirect lattice mediated
interactions between protons

oot < (o) /s 2
2 q /7 "q
Hiong = ZZ prad)— ZZ prad)—5——"
qq’ 1=1 qq¢’ 1=1
I I
/ (o <l>>< (l’>> , (l’>>a(l)
SET @ PSS e SR o

qq’ Il qq’ U
! I
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Here the two first terms describe the effective long-range interactions between protons of the same
sublattice “A” or “B”, whereas the two subsequent terms correspond to interactions between protons of
different sublattices “A” and “B”. Expanding the constants of the long-range interactions in the strains
€;, €; and retaining only linear terms,

Jin=Jp=J+Y  Gue, T2 = Ja =Ja+ Y G, (6)
I I

Ky =Ko =K1+ ous, Kiy =Ky =Ko+ Y _ e,
l l
where Jyp = ZRq—R CJrpad), Kepr = ZRQ—R  Krp(qq') are the Fourier transforms of the long-
q q
range interaction constants, taking into account the symmetry of the single-particle distribution func-
tions at ferroelectric ordering

)

(o) = lop) =m,  {oq) = (o) =12 (7)

we obtain
Hlong = NH0+H27 (8)
whereas the expressions for H?, Hy read

HY = vi(n} +n3) + 2vaming, 9)

. od o o I
Hy = Z —(2v1m + 2vam2) - T |- (2vam1 + 2v172) -t (10)

q

Here the following notations are used

1 1 1
v = g(Jll + Jog + 2J12) = 1) + 21/111517 W = Z(Jl + J2), Yn = Z(@ll +eu),  (11)
1

1 1 1
vy = g (K + Ko + 2K1) = i+ e, v =B+ K)o = S (Paten). (12)
l

The fourth term in (1) describes the interaction of pseudospins with the electric field

A A B B
Hp = — Eo [ 222 4 222 "9 4 4 1
E Eq#y2<2+2+2+2, (13)

where p1, is the projection of the effective dipole moment of a pseudospin on the axis y.
The therm H, in the Hamiltonian (1) describes the mentioned above dependence of the longitudinal
components of the dipole moments on the pseudospin mean values

2
2 2 1 9qf i 1 9aqf
q q q

where N is the number of unit cells; o,y is the shortened notation of the 0;141, 0’[‘142, O'[ﬁ, Ué% pseu-
dospins. The corrections to the dipole moments have the form s?// , and not syu’, because of the
symmetry considerations: the system energy should not change at reversing the signs of the field and
all pseudospins.

The term ﬁ%, just like the long-range interactions, is taken into account in the mean field approx-
imation

2
Hp=->" <% Z:Uq’f> M'Ez%

af q
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1 Eo
- TN2 Zzqufffq faq”f 5

p'E
szzz Taf +0g s+ o p)nf — 2117) 5 2

qfq q’

= —322 qfnf,u Es +NZTIfM Es. (15)

q f=1

When Eq. (7) is taken into account, the expression (15) is simplified

°o B .2 B
nio 20 20
= -3 g W Es < LA + 2l 22q2> + 2N (0} + m3) 1 Es. (16)

2 2

The thermodynamic characteristics of CDP are calculated using the two-particle cluster approxi-

mation (TPCA).

3. Static longitudinal dielectric, piezoelectric, elastic and thermal characteristics of
CSH2PO4

The thermodynamic potential of the proton subsystem of CDP per one primitive cell can be written
as

g = V2 Ugeeq + H° + 2(7]:13 +?7§),U/E2 + 2kgT'In2 — 2w — UQZO'ZEZ
1

— kgTIn(1 —n}) — kgTIn(1 — n3) — 2kgTIn D, (17)
where
1. . .
m=z5 [sinh(y1 + y2) + sinh(y; — y2) + 2asinh 1],
18)
1. . . (
o = D [smh(yl + y2) — sinh(y; — y2) + 2asinh yg].
Here the following notations are used
D = cosh(y; + y2) + cosh(y; — y2) + 2a cosh y; + 2a cosh y + 242,
a = e_kB%T
1. 1+n 1
p=gho—- " S+ Brims + Bramy + Pl (1y B + 3 Ez)
1. 1+ 1
Y2 = 5 1n i Buam + Bvimg + =B (uyFo + 3031/ Es) .
2 1—1p 2
Using the equilibrium conditions, we obtain the system of equations for the strains ¢;
20, 46;
o] = cﬁosl + cgoeg + cgosg + cgoeg) €9 By — — 4+ —
V2 vo D
1 9 9 2
- — - — 19
v;/m (nt +m3) > Yranin2, (19)

where
M = [a coshy; + acoshys + 2a2] .
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From the thermodynamic potential (17) expressions for different thermodynamic characteristics
can be easily obtained. Thus the longitudinal polarization P» reads

!
e (), S e

The isothermal static susceptlblhty of mechanically clamped crystal is

- OP. o | B .
Xﬁl—<——3> = X53 + =L { D(e11 + s19) — (P2 — Bro) (se115000 — 5215) )

OE; 209 A
- Sy {D(e1g + 3022) — ($1 — Bra) G022 — 415) } (21)
21)2A B 7

where the following notations are used

A = D? — D @131 + Gasar + 2Bvasan] + [B152 — (Br2)?] (e300 — 5475)

- . 1 1
¢1 =1 +3mPU Er, P2 =2+ 3mBu'Ey, o1 = T P2 =7 2 + Br,
- — 12

finy = iy + 30t iy = py + 303,

s11 = cosh(yy + y2) + cosh(yy — y2) + 2acoshy; — 2 D,
s12 = cosh(y1 + y2) — cosh(yr — y2) — mmn2D,

st99 = cosh(y + y2) + cosh(yy — y2) + 2a cosh y — n3D.

The isothermal piezoelectric voltage coefficients are

OP: 1
L=(22) =+ — (gn® +agni”), (1=1,2,3,5
=) < a€l >E2 €9 T s <M1yn1 + M2y ) ) ( y &y Dy )7

where
771 = A{ Y + i) [D (a1 + 2a2) — (B2 — Bra) (sa1s02 — 335)]
— 01[Dp1 — p1(Brasaz + Gaseaz) + pa(Brasan + Gasaz)l},

772 = A{ Ve + Yum2) [D (a2 + 312) — (P1 — Bra) (3113002 — 2475))]

— 81[Dpa + p1(Brasess + ¢13012) — p2(Brasas + ¢rsa1)] },
p1 = 2asinhy; — n1[2a cosh yy + 2a cosh ys + 4&2],
p2 = 2asinh ys — n2[2a cosh y; + 2a cosh y, + 4a2].

The piezoelectric stress constants are obtained by differentiation of electric field over strains at constant

hoi = — <8E2> = eii . (22)
Py

polarization:

The calculations of the isothermal elastic constants at constant field yield

Jo; 2 0; 0; I
cff = <8€:> = 650 " (%1771 + Yiana + 52%%01 + 52%551/2) ?7/1()
2 0; 0; I
- — <1/1i1?72 + Yiom + El%fﬁvz + EZ%§¢P2> 77;()

2

2[30; . . . . 4836;0; .
oD (01 (3e§m + 5m2) + Vo (65m + 5¢§m)] — D7 (23)
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where

»§ = sinh(y; + y2) + sinh(y; — ) — m1[cosh(y + yo) + cosh(yy — y2) — 267,
x5 = sinh(y; + y2) — sinh(y; — o) — 1m2[cosh(y; + yo2) + cosh(yy — y2) — 2a?],

¢ = 24 + [cosh(y1 + y2) + cosh(yy — y2) — 24
D

[a cosh y1 + a cosh yo + 2a2] .

Other dielectric, piezoelectric, and elastic characteristics of CsHoPOy4 can be obtained from the found
above characteristics. Thus, the isothermal piezoelectric strain constants are

dy; = " shel;, (1,5 =1,2,3,5). (24)
i

The matrix of the isothermal susceptibilities at constant field SiEj is inverse to the matrix of elastic

constants c{?:

E E E E

— c ¢ c c — —

E _ 12 C22 €23 Co5 E _ EN—1
Cr = E E E _FE |> SE=(CF)~.

ClEg C2E3 6%3 635’
€15 C25 C35 Csp

The isothermal piezoelectric strain coefficients are

g5 = Z sf-;hgj. (25)
J

4. Comparison of numerical calculations with the experimental data. Discussion of the
obtained results

It should be noted that the developed in the previous sections theory, strictly speaking, is valid for
the deuterated quasi-one-dimensional ferroelectrics only. However, the thermodynamic and dynamic
properties of hydrogen bonded ferroelectrics with tunneling €2 are determined by the effective tunneling
parameter 2, renormalized by the short-range interactions [17]. Since 2 < €, the essential suppression
of tunneling by the short-range interactions takes place. We shall assume that the presented in the
previous sections results are valid for CDP crystals as well.

In order to calculate within the proposed theory the temperature dependences of the corresponding
physical characteristics of the CDP crystal at different pressures, we need to set the values of the
following parameters:

the two-particle cluster parameter w;

long-range interaction parameters vg;

effective dipole moments us;

deformation potentials d;, 5, ¥is, ¥ss;

“seed” dielectric susceptibilities y53;

“seed” coeflicients of piezoelectric manpyru egi, 685;

“seed” elastic constants 650, c{go, cSEE,O.

In the fitting procedure we use the experimental data for the physical characteristics of CDP,
namely, for Ps(T') [15], €:(T), e5(T") [15].

The “seed” piezoelectric voltage coefficients egi, 685 are determined from the expressions 6(2)1 =
Zé:l CEd Y, where the values of d 9, are taken from [16], which are calculated relative to the axis
OX (d9, = 14.59 - 10 % esu/dyn, dJy = —6.33 - 10 8esu/dyn, dy; = —1.39 - 10 8 esu/dyn?, d; =
—11.93 - 10% esu/dyn?). As a result, we obtain €3, = 2.2767 - 10% esu/cm?, €3, = —1.2286 - 10 esu/dyn,
683 = 3.6323-10% esu/dyn, 6(2)5 = —0.5079-10* esu/cm?. The elastic constants C,; are calculated, using
Eq. (23). The physical characteristics are calculated in the vicinity of the transition temperature with
an accuracy of 0.002 K.
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The primitive cell volume of CDP is taken to be vy = 0.467 - 1072! cm?.

The value of the effective dipole moment is assumed to be dependent on hydrostatic pressure p as
Hy = ,ug + kpp. In the present work we take k, = 0.2 - 10718 e C;n

The obtained optimal set of the model parameters is given in Tables 1.

Table 1. The set of the theory parameters for the CDP crystal.

T, K % ]’;—;, K ]’;—;, K | gy, 1078 K | o/, 1078, esu- cm | x59, esu - cm

153 | 640.3 | 1.75 0.45 2.7 0.5 0.443

S [ 6 g [ K|S K|S K[ Y g [ Y | Sl K
B B B B

kp kp’ kp’ kp’

187.6 | —67.7 | 288.2 | —22.2 | 175.8 | —63.5 | 270.2 | —20.8

The “seed” parameters c)F are [18]: ¥ = 28.83- 1010 dLQ, e =11.4-10% dyQ, el = 42.87-1010

I B0 = 26.67 - 1010 D4 B0 = 1451010 &% = 65.45 - 1010 D H0 = 5131010 &
cm ’ cm?’ cm?’ cm=’?
B0 = 84 1010 & B0 = 750 1010 B0 = 5.20. 1010 dvp

Let us discuss the obtained results. We shall analyze the 1nﬂuence of hydrostatic pp, = —01 = —09 =
—og and uniaxial p; = —o; pressures and shear stress p = —o5 on the thermodynamic characteristics
of the CDP crystal.

Let us note, that we are not aware of any experimental studies of the uniaxial pressures p; = —o; or

shear stress p = o5 effects on the thermodynamic characteristics of these crystals. The obtained here
results, therefore, estimate the effects of these stresses only qualitatively. Experimental measurements
will allow us to determine the values of the model parameters more precisely and describe the new
experimental data quantitatively.

Fig. 2 illustrates the dependence of the transition temperature T, on hydrostatic and uniaxial pres-
sures and the shear strain os.

Pressures p1, pp and stress o5 decreases the transition tem-
perature 7., whereas the uniaxial pressures ps, p3 increase it. 170
The rate of the pressure changes 3 dTG is the largest. 160

The calculated with the accepted values of the model pa-
rameters dependences T,.(p) quantitatively well describe the ex-
perimental data of [1] both at p < pr and p > py, as well as
the data of [5]. The transition temperature in the CDP crystals 130
decreases with the rate ch = —56 K/GPa [8]; —85K/GPa [1]; 120
—110K/GPa [5]; —68K/GPa [7].

The temperature dependences of the strains ¢; of the CDP
crystal at ambient pressure are presented in Fig. 3a, whereas the 10y 0.1 0.2 03 p, GPa
influence of the pressure pp,, shear stress o5, and uniaxial pres-  pjg. 2. Dependence of the tempera-
sures pi, p2, p3 on these dependences is illustrated in Figs. 3b-3f.  ture T. of the transition between the

The calculations show that the temperature and pressure  paraelectric and ferroelectric phase of
curves of the strains ¢; and e5 are determined mainly, by the  CDP on the uniaxial pressures p; — 1,
values of the “seed” elastic constants c 0 [18], whereas the effects P2 — 2, ps — 3, hydrostatic pressure p
of the deformation potentials J;, Js, 4,0,, 5 on the strains ¢; and h, ¢ — [1],  — [5] and shear stress
€5 are very insignificant. 5 — 5.

The pressure-induced changes in the strains ; change the values of the theory parameters w, vy,
Vo, shifting thereby the transition temperature. With increasing pi1, pn, and o5 the parameter of the
short-range interactions w decreases, with w; < ws < wp and, correspondingly To; < Tes < Tgp,
whereas with increasing po and p3 the parameter w increases, with we > ws and Tpo > Te3.

The effects of the pressures of different symmetries on the temperature dependences of spontaneous
polarization Ps and longitudinal static dielectric permittivity €99 (7, p) are illustrated in Figs. 4 and 6,

150

140

110

respectively.
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1 0.02 0.02 €5
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€2 d e €1 f
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140 150 T, K 140 150 T, K 140 150 T, K

Fig. 3. The temperature dependences of the strains ¢; of the CDP crystals in absence of external pressures (a);
under hydrostatic pressure pj (b); under shear stress o5 (c); under uniaxial pressures p; (d); p2 (e); ps (f) with
the magnitude of 0.3 GPa each.

s P,, 1072C/m? 4P57 1072 C/m? 4PS7 1072 C/m?
(a)
0 0
T,K 120 140 T,K 120 140 T, K
4PS, 1072C/m? 4PS, 1072C/m?
(d) ()
3 3
2 12 2 .
5 0 2 0
1 1 3
0 0
120 140 T, K 120 140 T, K

Fig. 4. The temperature dependence of spontaneous polarization of CDP under uniaxial pressures p; (a), pa
(b), p3 (c), hydrostatic pressure (d), shear stress o5 (e) of the following magnitudes (GPa): 0.0 — 0, 4 [1], 0.1
— 1,03 2,05 3.

In these figures we plot the temperature dependences of spontaneous polarization FP;, static di-
electric permittivity e92(7,p) at ambient pressure and under applied uniaxial pressures, hydrostatic
pressure, and shear stress o5, each with a magnitude of 0.5 GPa. The applied pressures p1, pp, the stress
o5 and the pressures ps and ps shift the curves of Py, e95(7,p) to lower and to higher temperatures,
respectively.

In order to compare the effects of pressures p;, pp, and stress o5 on P, e92(T, p), we calculate these
characteristics of CDP as functions of the temperature difference AT =T — T, (see Figs.5,7).

Increasing pressures pi, pp and stress o5 decreases the magnitude of saturation polarization Ps,
with Py < Py, < Pss, but increases the dielectric permittivity e99(7, p) and £92(5) > €92(1) > e92(h).
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On the other hand, pressures ps and
p3 increase the polarization Pz and Pso
with Ps3 < Psg, but decrease the permit-
tivity e22(2) and e22(3).

The temperature dependences of the
elastic constants cg , piezoelectric eg; and
strain dy; coefficients, piezoelectric volt-
age ho; and strain go; constants at am-
bient pressure and under applied uniax-
ial pressures, hydrostatic pressure, and
shear stress o5, each with a magnitude of
0.5 GPa, are shown in Figs. 8,9,10. Also
the figures contain the curves calculated
at the values of hydrostatic pressure of

P,,1072C/m? P,,1072C/m?
4
39
3.1 5 0
3 1 h
2.9
2.8
2.7

50 130 140 150 T, K 2'(—380 -70 -60 -50 -40 -30 AT, K
Fig.5. Dependences of spontaneous polarization of CDP on
on temperature 7" and on the temperature difference AT =
T —T,: at ambient pressure — 0, 4 [1]; at pressures of different
symmetries, each with the magnitude of 0.5 GPa: uniaxial p;

— 1, po — 2, p3 — 3, hydrostatic — h, shear stress o5 — 5.

2 GPa, 3 GPa as well at 3.1 GPa, the pressure above the critical one.

€ € €
10° 22 10° 22 5 10° 2
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Fig.6. The temperature dependence of the dielectric permittivity €22 of CDP under uniaxial pressures p; —

(a), p2 — (b), ps — (c), hydrostatic pressure
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Fig.7. Dependences of the dielectric permittivity €22 on temperature 7" and on the temperature difference

AT =T — T,: at abmient pressure — 0, ¢ [1];

at pressures of different symmetries, each with the magnitude of

0.5 GPa: uniaxial p; — 1, po — 2, p3 — 3, hydrostatic — h, shear stress o5 — 5.
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Fig. 8. The temperature dependence of the elastic constants cg and the dependence of the elastic constant c£}
on the temperature difference AT =T —T,: at ambient pressure — 0, at pressures of different symmetries, each
with the magnitude of 0.5 GPa: uniaxial p; — 1, po — 2, p3 — 3, shear stress o5 — 5, and under hydrostatic
pressure (GPa) 0.5 — h0,5, 2 — hz, 3 — h3, 3.12 — h3,12, 3.15 — h3.15.
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Fig.9. The temperature dependences of the piezoelectric voltage eq; and strain dg; coefficients: at ambient
pressure — 0, at pressures of different symmetries, each with the magnitude of 0.5 GPa: uniaxial p; — 1, pa —
2, p3 — 3, shear stress o5 — 5, and under hydrostatic pressure (GPa): 0.5 — ho5, 2 — ha, 3 — hg, 3.12 — h3 12,
3.15 — h315.

The applied pressures p1, pp and the stress os shift the temperature curves of cg , €91, day, hoy, and
go1 to lower temperatures, whereas the pressures ps and ps shift the curves to higher temperatures.
The elastic constants cl, ¢k, c%, C'IE3 have minima at T' = T, whereas cgg, ek, c‘l%, C2E5 have maxima.

At hydrostatic pressure above the critical one pp > ppe- the jumps of the elastic constants cﬁ and
the maximal values of the piezomoduli eg;, do; decrease; at pressures py > 3.4 GPa the jumps of cg
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vanish, whereas the piezomoduli ey, do; coincide with their “seed” values. At pressures above pp, the
temperature curves of the piezoelectric voltage and strain constants have downward jumps at T = Tl

With increasing pressures po and p3 the jumps of the elastic constant c?% increase, whereas the
pressures pi, pp, and stress o5 decrease cgjg (Fig.8).
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Fig.10. The temperature dependences of the piezoelectric voltage ho; and strain go; constants: at ambient

pressure — 0, at pressures of different symmetries, each with the magnitude of 0.5 GPa: uniaxial p; — 1, pa —

2, p3 — 3, shear stress o5 — 5, and under hydrostatic pressure (GPa): 0.5 — ho5, 2 — ha, 3 — hg, 3.12 — h3 12,
3.15 — h3_15.

The values of the piezomodules esq, es3, do1, hot, hos, go1 and the absolute values of ego, €95, dao,
das, das, hoo, hos, g22, go3, gos decrease with increasing pressures po and ps and increase with pressures
p1, pp and stress o5 (Figs. 11,12, 13).
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Fig.11. Dependence of the piezoelectric voltage coefficients eq; on the temperature difference AT =T — T,:
at ambient pressure — 0, at pressures of different symmetries, each with the magnitude of 0.5 GPa: uniaxial p;
— 1, p2 — 2, p3 — 3, shear stress o5 — 5, and under hydrostatic pressure (GPa): 0.5 — hg.5, 2 — ho, 3 — hs.
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Fig. 12. Dependence of the piezoelectric strain coefficients dg; on the temperature difference AT =T — T,: at
ambient pressure — 0, at pressures of different symmetries, each with the magnitude of 0.5 GPa: uniaxial p; —
1, p2 — 2, p3 — 3, shear stress o5 — 5, and under hydrostatic pressure (GPa): 0.5 — ho.5, 2 — ha, 3 — hs.
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Fig.13. Dependence of the piezoelectric voltage ho; and strain gs; constants on the temperature difference

AT = T — T.: at ambient pressure — 0, at pressures of different symmetries, each with the magnitude of

0.5 GPa: uniaxial p; — 1, po — 2, ps — 3, shear stress o5 — 5, and under hydrostatic pressure (GPa): 0.5 —
h0,5, 2 — hz, 3 — hg.

5. Conclusions

In the present work, within the framework of the modified proton ordering model for the quasi-one-
dimensional hydrogen bonded ferroelectrics of the CsHsPO4 type, with taking into account the linear
over the strains ¢; and e5 contributions into the energy of the proton system, and within the two-
particle cluster approximation, we study the influence of hydrostatic and uniaxial pressures and shear
stress o5 on the phase transition and physical properties of the CDP crystal. It is established that these
stresses change the strains €;, €5, which leads to the stress dependences of the transition temperature
and other characteristics of these crystals.

The behavior of spontaneous polarization, static dielectric permittivity, elastic constants, and piezo-
electric coefficients at pressures up to 0.5 GPa, as well as the behavior of elastic constants and piezo-
electric coefficients under hydrostatic pressure below and above the critical one is explored.
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Bnauve ogHOBICHMX Ta rigpoCTaTUYHOrO TUCKIB, 3CYBHOI HAaNpyru s Ha
chasosi nepexoan Ta TepMoagMHaMIYHI XapakTepUCTUKM
KBa3iogHOBUMIipHUX cerHetoenekTpukis tuny CsH,PO,

Brosuu A. C.!, Bauex 1. P.2, Jlepunpkuit P. P.', Moima A. P.!

! Inemumym gisuru xondencosarnux cucmem HAH Yxpainu,
eyna. Ceenyiuvkozo, 1, Jveis, 79011, Yxpaina
2 Haugonanvnuti yrisepcumem “Tvsiscora noaimerwira”,
eyn. C. Bandepu, 12, JIvsis, 79013, Yxpaina

V Mexkax MoaudIiKOBAHOI MOE MPOTOHHOIO BIIOPSIKYBaHHS KBa310IHOBUMIDHUX CErHe-
ToeJIeKTPUKiB 3 BogHeBuMu 3B’ si3kamu tuity CsHo POy 3 BpaxyBamusm JiniitHux 3a medop-
MAaIlisIMU €; Ta £5 BHECKIB B €HEPTiI0 IPOTOHHOI CUCTEMH, aJie 6€3 BpaXyBaHHs TYHEJTIOBAHHS
B HAOJIM2KEHHI JIBOYACTUHKOBOTO KJIACTEPa, JTOCTIIXKEHO BILIMB OTHOBICHUX P; Ta TiIpocTa-
TUYIHOTO Pj, TUCKIB, 3CyBHOI HAIPYTHU 05 Ha (pa30BUil mepexis, MOJsIpU3aIiio, HOMepeTHy
JieJIEKTPUYHY TPOHUKHICTH, MPY2KHI craji Ta m'e3omonyni ceraeroesiekrpuka CsHoPOy.
3a HaJIe2KHOrO BUOOPY MiKpomapaMeTpiB OTpUMaHO J00pUil KiTbKICHAN OMUC BiAIOBI THIX
€KCIIePUMEHTAJIbHIX JAHUX JUIS IUX KPUCTAJIIB.

Knto4oBi cnoBa: ceznemoensekmpuru, desekmpusha NPOHUKHICIG, N'e30M00yAl, 3CY6-
HG HANPY2G.
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