JKYPHAJT ®I3UYHUX JOC/IIPKEHD
. 12, Ne 2 (2008) 2603(11 c.)

JOURNAL OF PHYSICAL STUDIES
v. 12, No. 2 (2008) 2603(11 p.)

THE STUDY OF THE HYDROSTATIC PRESSURE EFFECT ON THE
THERMODYNAMIC PROPERTIES OF THE ROCHELLE SALT NaKC,;H,04-4H,0

R. R. Levitskii', A. P. Moina!, A. Ya. Andrusyk!, A. G. Slivka?, V. M. Kedyulich?
! Institute for Condensed Matter Physics of the National Academy of Sciences of Ukraine,
1, Sventsitsky St., Lviv, UA-79011, Ukraine
2Uzhgorod National University, 46, Pidhirna St., Uzhgorod, UA-88000, Ukraine
(Received December 24, 2007; received in final form March 27, 2008)

The effect of hydrostatic pressure on thermodynamic properties of Rs was theoretically con-
sidered within the framework of the Mitsui model adjusted by taking into account piezoelectric
interaction with the shear strain 4. The approach, according to which theory model parameters
are linearly dependent on hydrostatic pressure, was proposed for consideration. The calculations
were carried out in molecular field approximation. Theoretical results for thermodynamic char-
acteristics were compared to experimental data. Basing on theoretical study, the explanation for
discrepancies in experimental data derived by different researchers for static dielectric permittiv-
ity of a free crystal was proposed. The increase of saturation polarization due to application of

hydrostatic pressure is predicted.
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INTRODUCTION

Important information about ferroelectric crystals can
be obtained from the high pressure studies. Being the
only means to continuously vary the geometric parame-
ters of the crystal lattice, hydrostatic pressure allows to
explore to what extent transition temperature and di-
electric response of hydrogen bonded crystals depend on
the geometric parameters of hydrogen bonds. From the
theoretical point of view, the pressure studies provide a
deeper insight into the statistical mechanics of the mod-
els used to describe the particular ferroelectric crystals.

Consistent theories (e.g. [1] for the KH3POy type crys-
tals) approach the problem of the study of pressure ef-
fect on physical properties from the microscopical stand-
point, considering contributions of piezoelectric and elec-
trostrictional couplings of the pseudospin variables with
acoustic and optical phonons. Within a linear approxi-
mation those contributions for the hydrostatic pressure
case can be reduced to additional internal fields, linear
in pressure-induced lattice strains. There are also contri-
butions arising from the pressure variation of the dipole
moments, of the local geometry of the system (not deter-
mined by the macroscopic lattice strains) under hydro-
static pressure effect that should be taken into account.

In a particular case of the KHoPO4 family ferro-
electrics under the hydrostatic pressure or the uniaxial
p = —o3 stress the changes in the long-range interaction
parameters due to the pressure variation of the dipole
moments as well as the linear in lattice strains fields due
to the electrostrictional coupling with the diagonal com-
ponents of the strain tensor were taken into account [2].
This work also considered the pressure variation of the
short-range configurational interactions between pseu-
dospins, attributing it solely to the pressure variation
of the hydrogen bonds geometry, namely, to the H-site
distance . The calculations of [2] revealed a universal

linear T(Tn) vs 0 behaviour in several deuterated fer-
roelectric and antiferroelectric MeD2X Oy crystals (Me
= K, Rb, NDy, X = P, As), similar to the experimental-
ly found one [3] in KHoPOy4, KD2PO4, NH4H5POy, and
ND4D>POy.

Within the same approach there were also considered
the cases of external stresses that do lower the symmetry
of the KHyPOy4 type crystals: a shear stress og, reducing
the crystal symmetry in the paraelectric phase to that of
the ferroelectric phase, and a symmetrized stress o1 — o2,
breaking the equivalence of the hydrogen bonds oriented
along the a and b axes. In the first case, the piezoelec-
tric internal field linear in the shear strain g as well as
splitting of the short-range configurational interactions
due to lowering the crystal symmetry were taken into
account [4]. In the second case, the theory also included
the splitting as well as the internal fields due to elec-
trostrictional coupling with the strains e1 and £2 [5,6]. A
possibility was revealed that a new stress-induced mon-
oclinic phase can exist in the KHyPOy type crystals.

Though sophisticated the microscopic approach to
modelling the deformed crystal is, for KHoPOy4 type fer-
roelectrics one can easily show that the used dependen-
cies of the model parameters on lattice strains and H-site
distance can be effectively replaced (in case of hydrostat-
ic pressure) with a phenomenological linear dependence
of the parameters on the applied hydrostatic pressure.
Phenomenological linear dependencies of theory model
parameters on applied hydrostatic pressure can be used
by analogy for other types of crystals.

Though such an approach gives little insight into the
fundamental microscopic physics involved into the be-
haviour of the deformed crystal, it allows to describe
the observed pressure dependencies of the physical char-
acteristics of the crystals and explore the used model
more thoroughly. Such an approach has been used for
the case of CsHyPO, and CsDsPOy4 crystals, where it
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is known [7,8] that particular pressure makes the char-
acter of the ordering change from ferroelectric to anti-
ferroelectric. It was assumed [9,10] that the interaction
constant changes its sign at this pressure. By virtue of
the proper choice of the model parameters a fair descrip-
tion of experimental data for the pressure variation of the
transition temperatures and static dielectric permittivi-
ty of CsHyPO4, CsD2POy4, and RbD3PO, crystals was
obtained [10].

Rochelle salt is a particular case, where, on the one
hand, an order-disorder model (Mitsui model) does exist
and it well describes the complicated system behaviour,
including two phase transitions and an intermediate fer-
roelectric phase, on the other hand, it is still not quite
clear with what atoms should the model dipoles be as-
sociated. It is, therefore, rather problematic to attempt
to perform any consistent microscopic description of the
crystal behaviour under the external pressure. In this
case, the half-phenomenological approach to this prob-
lem, applied in this work, where the parameters of the
model are assumed to be linear functions of external pres-
sure, can be deemed acceptable.

Experimentally, the dependencies of the transition
temperatures, spontaneous polarization and the static di-
electric permittivity of Rochelle salt on hydrostatic pres-
sure were determined [11-14]. Studies [14, 15] were de-
voted, among other issues, to the uniaxial stresses influ-
ence on the transition temperatures and dielectric per-
mittivity of this crystal. No theoretical calculations of
these dependencies are available to our best knowledge.
The purpose of this work is to propose an approach to
theoretical description of hydrostatic pressure effect on
physical properties of Rochelle salt based on the previous
results.

We shall use the modified Mitsui model [16], which
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The three first terms in (1.1) represent the elastic,
piezoelectric, and electric energies attributed to a host
lattice in which potential the quasispin move (with the
“seed” elastic constant cff, the coefficient of piezoelec-
tric stress eY,, and dielectric susceptibility x59); v is
a half of the unit cell volume. In the fourth term in
Eq. (1.1), indexes f, f" number sublattices, ¢, ¢’ number
crystal units, each of them consisting of two quasispins,
Réé, = .Rig, = Jag' R(ﬁ, = Rg;, ':'qu, are t.he poten-
tials of interaction between quasispins belonging to the
same and to different sublattices, respectively. The fifth
term consists of three parts. The first part is energy asso-
ciated with the asymmetry of double-well potential and
Ay represents the value of asymmetry (A; = —Ay = A).
The second part is energy associated with the interaction
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takes into account the piezoelectric coupling with the
spontaneous strain 4. The model is free from the draw-
backs of the conventional Mitsui model and allows a
quantitative description [17,18] of the system dynamics
within the 1kHz-1THz frequency range, of which the
conventional model is not capable. Within the proposed
approach the model parameters will be assumed to be
linear functions of external pressure. On the basis of this
assumption the pressure dependencies of the transition
temperatures, dielectric, piezoelectric, and elastic char-
acteristics of Rochelle salt crystals will be calculated and
compared with available experimental data.

I. THERMODYNAMIC CHARACTERISTICS OF
THE MITSUI MODEL THAT TAKES INTO
ACCOUNT THE PIEZOELECTRIC
INTERACTION UNDER HYDROSTATIC
PRESSURE EFFECT

First we consider a two-sublattice piezoelectric order-
disorder type system with an asymmetric double-well
potential that is not effected by external pressure. Sys-
tems polarization is directed along z-axis and appears
due to ordering of the opposite sublattice structure ele-
ments in different equilibrium states. Piezoelectric inter-
actions are regarded to be considerable and the shear
strain €4 = &,, is considered to influence the energy
of equilibrium states. The model states that the phase
transitions are caused by the motion of certain dipoles
in asymmetric double-well potentials with two different
constants for the interaction between dipoles of the same
sublattice and of different sublattices. Such system is ad-
equate for Rochelle salt. Hamiltonian of this system, pro-
posed in work [16], is a modified Mitsui Hamiltonian:

(1.1)

qf

of dipoles with an additional internal field generated by
piezoelectric coupling with the shear strain €4; 14 is the
intensity of this interaction. The third part is system’s
energy associated with the interaction of dipoles with ex-
ternal electric field and p is the effective dipole moment
of unit cell.

Below we present results of work [16] for thermo-
dynamic characteristics of this model, derived within
molecular field approximation. Hamiltonian and free en-
ergy of two quasispins in this approximation are the fol-
lowing:

N N
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v
where ¥ = — and the following notations are used:
B

51 = RJrf + Rfo + A — 2’&464 + ﬂEl,

- . . - (1.3)
:R+£—R_O'—A—2’lb4€4+ﬂE1.
Here
A=AJkp, Ys=1a/ks, fi=p/ks,
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Variational parameters £ and o (€ is ferroelectric order-
ing parameter) are defined from the following set of equa-
tions where T', F1, €4 are known:

1
- bl 4 tanh
=3 {tan op T8 2T} (5)

1 €1
— ~[tanh =L — h—}
7 2[““1 op WG E

From thermodynamic equilibrium conditions

1 (0f(4) _ 1 /0f(4) _
B ( Oe4 )EI,T - v ( OE; )54,T -h

the shear stress o4 and polarization P; was derived:

3”45,

EO0 0
04 =cCgpeq — e B +

Py =elyeq + XTE+ ‘f (1.6)

If an independent variable is not a shear strain but a
shear stress (the case with o4 = 0 is considered in this
work), then while solving equations system (1.5) local
fields €1, €5 should be expressed not in terms of 4 but
in terms of o4. The first equation of (1.6) yields

o4 614 E 21/14
CEO + 1= = EO§
Cyq 44 VCyy

(1.7)

&y =

Now it is possible to rewrite local fields in the following
form:

S =RY¢+R o+A+54

E9=RT¢—R o—-A+6 (1.8)
- 2
F= 2 E,

Cay

where Rt and i’ are the following:

Ul (1.9)

By differentiating expressions (1.6) the clamped static

dielectric susceptibility along a-axis xj; = (gg) , the
€4

coefficient of the piezoelectric stress ej4 = (%) and
E

684
the elastic constant at constant field ¢}, = (%) were
1/E
derived: '
ji2
X5 = X1 + f(T o4, E1), (1.10)
2
el =el, — 1/14# f(T, 04, E1), (1.11)
4
ci = cpf — ﬂ (T, 04, En), (1.12)
where
e1Aay — eaArn
T,04,F) = ,
o B = g Ay — A
Aoy = *R+€2, Aoy =1— R ey,
&40 _ &o
€1 = o €9 = T

The following are the other dielectric, piezoelectric and
elastic characteristics which can be expressed through
those above:
the constant of piezoelectric stress

oF
h14 = — (—1) = 6184 7 (114)
Oes ) p, XT1
the elastic constant at constant polarization:
do
chy = (6—4) = ciy + erahua; (1.15)
€4 P,
the coefficient of the piezoelectric strain:
oP
tu=(5m) =5 (116)
60’4 E, 644
the constant of piezoelectric strain
oF hi4
g1a = — <8—1) = —F{; (1.17)
04/ p  Cas
the elastic compliance at constant field:
Oe 1
E 4
Sy = | =— = —; 1.18
n=(5m), =@ (118)
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the dielectric susceptibility of a free crystal:

oP;
X1 = < 1> = X1 t e14d1a.
04

OB (1.19)

The molar entropy of the quasispin subsystem of the
Rochelle salt is

L1 (of@
S R2m( oT )Em

R ¢ ¢ Ey
Qm{ ; [111 <2 cosh 2T> 5T tanh 5T | (7

(1.20)

where R is universal gas constant, m is the number of
molecules that forms one quasispin (dipole). In the case
of Rochelle salt m = 1.

We calculate the molar specific heat of the quasispin
subsystem at constant stress and electric field by numer-
ical differentiation of entropy:

ACTP =T <%) .
o04,E1

Studying hydrostatic pressure effect on the physical
characteristics of Rs we supposed that theory model pa-
rameters Jy, Ko, A linearly depend on applied hydro-
static pressure:

(1.21)

Jo = Jo(0)(1 + ap)
Ko = Ko(0)(1 + sap)
A = A(0)(1 + Bp),

where Jy(0), Ko(0), A(0) are the theory model parame-
ters with zero hydrostatic pressure, p is the hydrostatic
pressure, «, 7, 3 unknown theory parameters. We con-
sider parameter 1, independent of pressure as within
proposed linear approximation its dependence on pres-
sure would just result in the appearance of high order
terms. By the same reason we consider “seed” parame-
ters i, €Yy, x59 to be also independent from pressure.
Dependence of effective dipole moment on hydrostatic
pressure will be discussed below.

Thus, the study of hydrostatic pressure effect on phys-
ical characteristics of Rs basing on this approach reduces
to the choice of additional theory parameters «, s, 3.

(1.22)

II. NUMERICAL ANALYSIS. COMPARING
THEORETICAL RESULTS WITH
EXPERIMENTAL ONES. DISCUSSION OF THE
DERIVED RESULTS

Experimental data shows that Rochelle Salt preserves
its general physical properties at hydrostatic pressure up
to 25 kbar: it has two second order phase transitions,
where at the lower Curie point the occurring transition
is from nonpolar phase to ferroelectric and at the higher
Curie point the transition is reverse.

2603-4

360

340 .
320 .
300 .
280 .

260

40l — . .
0

5 10 15 20 p, kbar

Fig. 1. Experimentally measured dependencies of the
phase transition temperatures of Rochelle salt on hydrostat-
ic pressure. The points A represent data of the work [15], e
— [11], o, &, o, v — [12]. The figure presents linear approxi-
mation of the experimental data too.

Experimental dependencies of phase transition tem-
peratures on the hydrostatic pressures are presented on
figure 1. We found parameters «, » and 3 under condi-
tion of agreement of theory results and experiment data
for dependency Tc¢(p). Calculations require some theory
parameters adequate to description of the Rochelle salt
that does not undergo hydrostatic pressures effect. They
were derived previously in work [16]:

Jo(0) = 797.36 K
Ko(0) = 1468.83 K

A(0) =737.33 K

Yy = =760 K

e =1.28-10'° N/m?

eV, =3.336-107% C/m?

xi; = 0.318

w(T) =a+ k(T —297)
a=2841-107""C-m
k=-0.022-107% (C-m)/K. (2.1)

Also, we need to know the elementary cell volume at
defined hydrostatic pressure and temperature for previ-
ous calculations. Basing on the result for elastic com-
pliances derived in work [19] at 7' = 307 K and on the
result for elementary cell volume in absence of hydrostat-
ic pressure derived in work [20] we present dependence
of the elementary cell volume on hydrostatic pressure at
T =307 K in the form:

v(p) = 529.84 - 1073°(1 — 0.00445p), (2.2)
where pressure is measured in kilobars.

Work [21] showed that Rochelle salt elastic constants
cZEj are almost independent from the temperature. This
result along with the very slight dependence of elemen-
tary volume cell on temperature in absence of hydrostatic
pressure [20] allow the conclusion that dependence of el-
ementary volume cell on the temperature is small at any
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pressure and may be neglected. Therefore, for further
calculations we will use (2.2) at any temperature.

Studies of the behaviour dependence of our system on
pressure at different parameters sets «, » and 3 show
that some parameters sets result in phase transitions se-
quence other than our system should undergo at the giv-
en pressure. To exclude such parameters sets from stud-
ies, we used phase diagram of the Mitsui model plotted
in work [22]. Specifically, we consider only the parame-
ters sets presented by the point, which in phase diagram
corresponds to the Rochelle salt at every specific pres-
sure (<25 kbar) and lies within such a region where only
two second order phase transitions exist,.

a

0.36

0.33

0.30

027
0.315

<_IVI
0.320

0.325 0.330 0.335 Y

Fig. 2. Phase diagram fragment of the Mitsui model, pre-
sented in variables a = —% and v = QR%A The region with
two second order phase transition is shown in phase diagram.
The point corresponding to the Rochelle salt theory param-
eters in absence of hydrostatic pressure is presented in this
region.

Fragment of the phase diagram is shown in figure 2.
The following regions are presented there:

I — ground state is ordered; system undergos second
order p.t. (phase transition) from ordered to disordered
state;

IT — ground state is ordered; two low temperature p.t.
of first order, and one p.t. of second order;

III — ground state is ordered; first order p.t. (from
ordered to disordered state), second order p.t. (from dis-
ordered to ordered state), first order p.t. within the fer-
roelectric phase and second order p.t. to the disordered
state;

IV — ground state is ordered; one low temperature p.t.
of first order and two second order p.t.;

V — ground state is disordered; two second order p.t.;

VI — ground state is ordered; one first order p.t.;

VII — p.t. are absent, disordered state is stable.
Hence, parameters point that represents Rochelle salt at
every specific pressure (<25 kbar) should lie within the
region V.

Besides that, calculated dependencies of the phase
transition temperatures on the hydrostatic pressure must
correspond to experimental data. Analysis shows that
only positive parameters «, > and (3 satisfy the condi-
tions presented above. We derived 9 such parameters sets
that satisfy the necessary conditions.

1) a=0.024119, B=0.030254140625, s = 1.26;
2) a=0.023801, A =0.030937265625, = 1.30;
3) o =0.023492, 3 =0.031603564453, s = 1.34;
4) o =0.023043, [ =0.032570839840, s = 1.40;
5) a=0.022484, (B =0.034355771484, = 1.50;
6) a=0.021320, A =0.037444091797, » = 1.70;
7) a=0.019741, (B =0.041424570313, » = 2.00;
8) o =0.017762, A3 =0.047430888670, s = 2.50;
9) o =0.011458, [ =0.063464990230, s = 5.00.
(2.3)

055 ,-9

0.50 z

0.45

0.40

0.35

0.30 ] A ]

0.32 0.34 0.36 0.38 0.40 042 Y

Fig. 3. Phase diagram fragment of the Mitsui model.
Dashed lines show the trajectories of the Rochelle salt pa-
rameters points at variation of the hydrostatic pressure form
0 kbar to 25 kbar. Parameters points correspond to sets 1, 5,
7, 9 presented in (2.3).
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Fig. 4. Results of theoretical calculations for Tc(p) depen-
dence along with experimental data. Solid line denotes the
results of calculations derived for parameters set 1, dashed —
7, dotted — 9 (see (2.3)). Experimental points are the same
as in figure 1.

Figure 3 shows lines in the phase diagram that repre-
sent the path of the point correspondent to Rochelle salt
at variation of the hydrostatic pressure form 0 kbar to
25 kbar. These lines were obtained for parameters sets 1,
5,7, 9. In figure 4 the results of theoretical calculations
for dependence T¢(p) derived for parameters sets 1, 7, 9
are presented along with experimental data.
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0.0 " 1 " 1 " 1 " 1 1
0 10 p, kbar

Fig. 5. Dependence of the spontaneous polarization on the
hydrostatic pressure at 7' = 292 K. Points present experimen-
tal data of work [12]. Solid line presents the approximation of
the experimental data, dashed line presents the results of the-
oretical calculation with parameters set 7 and effective dipole
moment taken according to (2.4).

From all of the derived parameters sets we will choose
one set under condition of minimum mean square devia-
tion of theoretical results for T¢(p) from the experiment
data. Parameters set 7 satisfies this condition. We will

o = (0.33445 - p* — 1.40390 - p 4 8.52) - 10730 Cm
(2kbar < p < 8kbar)
o = (—0.2703 - p* + 4.2588 - p — 10.117) - 107" Cm (8kbar < p < 10kbar),

o = (—0.06610 - p + 7.18220) - 1073 Cm

where we accounted that according to (2.1) at zero
pressure and 7" = 292 K effective dipole moment is equal
to 8.52 - 10730 Cm. It is clear that the derived depen-
dence of effective dipole moment is valid for not too high
pressures, in our case for p < 10kbar. The result of the
approximation is presented in figure 6.

A, 10%°C-m
O+
"
)
‘l
8L
7L
6L
5 " 1 " 1 " 1 " 1 1
0 2 4 6 8 10 p, kbar

Fig. 6. Dependence of the effective dipole moment on hy-
drostatic pressure at 7" = 292 K derived for parameters set 7
(dashed line) along with its approximation (2.4) (solid line).

2603-6

consider this parameters set as the most appropriate to
the description of physical properties of the Rochelle salt
and all further calculations will be carried out with this
parameter set. However, we cannot be quite confident
that the deduced inference is true. In order to define pa-
rameters set, which is the most appropriate for Rochelle
salt, with greater confidence, we need to verify agree-
ment of theoretical results with experimental data for
other physical characteristics that do not require new
adjustable parameters for calculations. However, we have
no such experimental data.

Now we will find out a dependence of the effective
dipole moment on the hydrostatic pressure. For this pur-
pose we will use experimental data of work [12] that
is presented in figure 5. This figure shows a depen-
dence of polarization on pressure at room temperature
(T = 292 K). We will derive effective dipole moment
under condition of coincidence of the theoretical results
and approximation of the experimental data for the men-
tioned above dependence. Figure 6 shows dependencies
of effective dipole moment on pressure at 7' = 292 K that
were calculated in such a way.

We propose to approximate the derived dependence of
the effective dipole moment on hydrostatic pressure at
T = 292 K by the following smooth function:

(p < 2kbar)

Experimental data for baric dependencies of the po-
larization at T = 292 K along with calculation results
derived basing on parameters set 7 and effective dipole
moment approximated by (2.4) are presented in figure 5.
As figure shows the accordance is satisfactory.

On the basis of approximation (2.4) and depen-
dence (2.1) for u(T) we propose the following expression
for temperature and pressure dependent effective dipole
moment:

w(T',p) = po(p) + k(T — 292), (255)
where k = —0.022 - 1073% (C-m)/K, and po(p) is de-
fined by (2.4). Basing on the derived theory model pa-
rameters (parameters set 7 in (2.3) and effective dipole
moment (2.5)) we calculated other thermodynamic char-
acteristics of the Rochelle salt at different values of hy-
drostatic pressure.

Out of thermodynamic characteristics of the Rochelle
salt experimentally studied at different hydrostatic pres-
sures we know only data for temperature dependencies of
longitudinal static dielectric permittivity of a free crys-
tal €11 derived in the works [12,15]. However, these de-
pendencies are somewhat strange, as they do not have
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singularities at phase transition points (in particular at
lower transition point at p = 0 kbar), which contradicts
experimental data of other works, for example [23,24].

1 " 1 " " 1
240 260 280 300 T,K
Fig. 7. Temperature dependencies of the static dielec-
tric permittivity €11 in the absence of hydrostatic pressure.
Points: e, o, m are the experimental data derived for a free
crystal in [15], [23] and [12] respectively, o — the experimen-
tal data derived for a clamped crystal in [25]. Lines are the
calculation results derived in [16] for a free crystal (solid) and
clamped (dashed) crystal.

One should notice some similarity in the tempera-
ture behaviour of dielectric permittivities measured in
works [12,15] at increasing hydrostatic pressure. In these
works lower peaks of dielectric permittivity were derived
decreasing with applying hydrostatic pressure while the
height of upper peaks remain almost unchanged. Such
similarity is clear to be not accidental, and we shall try
and explain the reasons for such behaviour herein be-
low. We should note that the model, proposed to de-
scribe Rochelle salt physical properties, reveals singular-
ities of dielectric permittivity of a free crystal at phase
transition points. Samara [12] explains absence of singu-
larities on the dielectric permittivity at the low phase
transition point by the peculiarity of experiment, caus-
ing partial clamping of the crystal. In particular, Sama-
ra attributes the decrease of lower dielectric permittivity
peaks height subjected to an increase of the applied hy-
drostatic pressure to the increase of clamping which is
in turn caused by an increase of transmitting medium
viscosity subjected to applying pressure. At the same
time, we can explain experimentally derived lower di-
electric permittivity peaks heights at the lower point of
phase transition as compared to the peaks heights at the
upper point of phase transition by means of increasing
of transmitting medium viscosity subjected to temper-
ature decrease. The derived experimental results let us
suggest that the crystal in the neighbourhood of low-
er phase transition temperature was partially clamped
whereas in the neighbourhood of upper phase transition
temperature it was free. Therefore, we face the fact that
it is impossible to agree theory and experimental data of
works [12,15].

Fig. 8. Experimental data for temperature dependencies of
dielectric permittivities 11 measured at hydrostatic pressures
p=0.0, 2.2, 3.0, 4.1, 5.0 kbar derived in [12] along with the
corresponding calculation results conducted for a free crystal
at p = 0.00, 1.95, 2.83, 3.80, 4.85 kbar.

320 T,K

Fig. 9. Experimental data for temperature dependencies
of dielectric permittivities €11 measured at hydrostatic pres-
sures p = 0.0, 0.5, 1.2, 2.0 kbar derived in [15] along with the
corresponding calculation results conducted for a free crystal
at p = 0.00, 0.57, 1.10, 1.85 kbar.

Figure 7 presents static dielectric permittivity (p =
0 kbar) measured in works [12,15], permittivity of a free
crystal [23], permittivity of a clamped crystal [25] and
thes characteristics theoretically calculated in work [16].
As the figure shows, experimental data of work [15] are
in poor agreement both with the data of work [23] and
those of work [25]. However, work [12] results are in good
agreement with results of work [23] derived for free crys-
tal. The assumption about a partial crystal clamping in
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the experiment of work [15] in the vicinity of low transi- this work: it is higher than the corresponding point of the
tion point is supported by the height of dielectric permit- clamped crystal and it is lower than the corresponding
tivity peak in the low phase transition point, derived in point of the free crystal®.
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Fig. 10. Theoretically calculated physical characteristics of the Rochelle salt. Solid, dashed, dash-dotted, dash-dot-dotted
lines are the results of calculations at p = 0.00, 0.57, 1.10, 1.85, 3.43 kbar respectively. Experimental data (p = 0.00 kbar)
Pi(T): m — [26], ea(T): m — [27], @ — Pidia/x71 [28], €51(T): m — [25], e71(T): A — [23], €14(T): ¥ — [29], d1a(T"): m — [29],
A —[30], cBy: m — [31].

!However, perhaps, it is not partial crystal clamping that causes “abnormal” dielectric permittivity behaviour measured in
experiments conducted in [12, 15], but rather impurities and structure defects which may smoothen singularities at phase
transition points. Yet, in this case, it is still not quite clear, why the effect of the latter becomes stronger in the vicinity of low
transition point.
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We restricted our comparing of theoretical and ex-
perimental (works [12, 15]) dependencies of dielectric
permittivity of a free crystal at different hydrostatic
pressures by a high temperature region (temperatures,
close to the upper phase transition temperatures) since,
as noted above, we consider a crystal to be partial-
ly clamped in the low temperatures region. The cal-
culations were carried out at hydrostatic pressure val-
ues somewhat differently from the corresponding exper-
imental values. Changing value of pressure we adjust-
ed the positions of peaks in theoretically calculated di-
electric permittivity, so that they agree with the corre-
sponding peaks derived experimentally. That is to say,
by changing the value of pressure we agree experimen-
tal and theoretically calculated phase transitions tem-
peratures. So, if experiment in [12] was conducted at
p = 0.0, 2.2, 3.0, 4.1, 5.0 kbar, then calculations were
conducted at p = 0.00, 1.95, 2.83, 3.80, 4.85 kbar re-
spectively; if experiment in [15] was conducted at p =
0.0, 0.5, 1.2, 2.0 kbar, then calculations were conduct-
ed at p = 0.00, 0.57, 1.10, 1.85 kbar, respectively. Ex-
perimental data for temperature dependencies of dielec-
tric permittivities at different hydrostatic pressures as
in works [12,15] along with the results of calculations
derived for a free crystal are presented in figures 8, 9.
As the figures show, for both experiments agreement is
satisfactory.

Figure 10 presents theoretically calculated physical
characteristics of the Rochelle salt (spontaneous po-
larization P;, spontaneous deformation &4, longitudi-
nal static dielectric permittivities of a free crystal and
clamped crystal €;, €71, the coefficient of the piezoelec-
tric stress ej4 = (8P1/8{—:4)E1, the coeflicient of the piezo-
electric strain diy = (OP1/ 804)E1, the elastic constant

at constant field cf,, molar specific heat of the qua-
sispin subsystem AC{F) at hydrostatic pressures p =
0.00, 0.57, 1.10, 1.85, 3.43 kbar. Along with theoreti-
cal results the experimental data at zero pressure were
presented.

As one can see from the figure, saturation polarization
increases with increasing hydrostatic pressure. It hap-
pens in spite of decreasing effective dipole moment. The
agreement of this result with experimental data could
serve as a criterion for applicability of the proposed the-
ory to describe the effect of hydrostatic pressure on phys-
ical properties of the Rs. By now there has been no ex-
periment conducted to define polarization dependency
on temperature at hydrostatic pressures other than zero.

Similarly, spontaneous deformation increases with the
increasing of hydrostatic pressure. Also, one can notice
decreasing of the low dielectric permittivity peak of a
clamped crystal subjected to an increase of hydrostat-
ic pressure similarly to the behaviour of dielectric per-
mittivity experimentally derived in works [12,15]. This
fact supports the assumption that the crystal, used in
experiment of these works in the vicinity of lower phase
transition points, indeed was partially clamped. The spe-
cific heat peak in the low phase transition point increases
with applying hydrostatic pressure, while peak in the up-
per phase transition point remains unchanged. The be-

haviour of the physical characteristics, as those described
above, remains similar for a higher hydrostatic pressures
of at least up to 8 kbar.

CONCLUSIONS

This work offers a simplified approach to the descrip-
tion of the hydrostatic pressure effect on the physical
properties of the Rochelle salt. According to this ap-
proach lattice strain, caused by applying hydrostatic
pressure, just alters interaction constants of the Hamil-
tonian without altering its structure. A more consistent
theory should take into account the interaction of the
lattice strain with pseudospin system. Approach of this
work may help to construct this more consistent theory.

Within the framework of a simplified approach it was
obtained that only increasing dependencies of the mod-
el theory parameters Jo(p), Ko(p), A(p) on hydrostatic
pressure allow us to derive correct baric dependencies of
the phase transition temperatures of the Rochelle salt.
Out of several parameters sets, linearly dependent on
pressure, we choose one, which gives the best description
of the change of phase transition temperature, induced
by hydrostatic pressure.

Having appropriately defined the effective dipole mo-
ment we achieved good agreement between theory and
experiment for dependency of polarization on the hy-
drostatic pressure at room temperature. Derived results
show effective dipole moment to be decreasing with ap-
plying hydrostatic pressure. A poor agreement between
theory and experiment for longitudinal static dielectric
permittivity of a free crystal, in our opinion, results from
some fallacy of the experiment.

Derived decreasing of the effective dipole moment sub-
ject to increasing hydrostatic pressure is quite expect-
ed as application of hydrostatic pressure results in the
compressing of crystal elementary cell and shortening of
distances between ions in the molecule. The shorter dis-
tances between ions in the molecule, the smaller dipole
moment occurs in it. The derived dependence of effective
dipole moment on the hydrostatic pressure agrees with
the results of work [2] for KDP crystal. In this work effec-
tive dipole moment was modelled under the assumption
of being dependent on the applied pressure only through
a dependence of lattice constants on pressure. This sim-
ple model provides satisfactory agreement between theo-
ry and experiment for saturation polarization of KDP at
different values of the applied hydrostatic pressure. How-
ever, probably, besides the described above mechanism
of change of the effective dipole moment subjected to
applying pressure, there exists one other, related to mu-
tual shifting of the ions, mechanism. The complex depen-
dence p(p) derived for Rochelle salt in the present work
supports this assertion. Having experimentally studied
what particular changes in crystal structure are induced
by hydrostatic pressure one can find out whether the de-
rived herein dependence of the effective dipole moment
on hydrostatic pressure agrees with real changes in crys-
tal structure or not.
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Thermodynamic characteristics of the Rochelle salt
were calculated basing on the derived model theory pa-
rameters. The calculation results for polarization were
used as a ground on which the conformity criterion of the
developed approach to the description of the hydrostatic

pressure effect on the Rochelle salt was proposed. Based
on the calculation results for permittivity of a free and
clamped crystals the discrepancies in experiment data
for these characteristics derived by different researchers
were explained.
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JOCJIII>2KEHHSA BIIJIUBY I'ITPOCTATUYHOI'O TUCKY HA TEPMOJMHAMIYHI
BJIACTUBOCTI KPUCTAJIY CETHETOBOI COJII

P. P. Jlepunpkuii, A. II. Moina', A. . Arppycux’, A. T. Cimska®, B. M. Kemomma?
! Inemumym gisuxu xondencosanur cucmem HAH Yrxpainu, eya. Ceenuiuyvrozo, 1, Jveis, UA-79011, Ypaina
2 Vowczopodcvkuti navionasvrutl yrisepcumem, eya. Iideipra, 48, Yorczopod, UA-88000, Ypaina

YV mexax asomiarparkoBol mMomesi Mimyl, mio BpaxoBye I1'€30€JIEKTPUYHY B3a€MO/II0, TEOPETHIHO BHBYEHO
BILIMB TiPOCTATUYHOrO TUCKY HA TEPMOJMHAMIUHI BiacTmBOCTI cerHeToBol couti. /Iyt mocitimzKeHHs 3ampOIOHO-
BAHO MiJXi, akuil 6a3yeTbCst HA MPUIYIEHH], Mo AedopMariis KpUCTAIiYHOl I'PATKY, CIPUYINHEHA €0 TiapocTa-
TUYHOI'O THCKY, JIUIIIE IEDEHOPMOBY€E KOHCTAHTHU B3a€MO/Iil B raMiJIbTOHIaHI, He 3MiHIOIOYH oro cTpyKTypu. Bingmo-
BIHO /10 IIBOTO MPUIYIIEHHS, OOMEKUBINNCH JIHIHHUMHI PO3KJIAJAMHA MOJEIBHUX IapaMeTpPiB Teopil Mmoo THCKY,
JOCJTI/IZKEHO MOBEJIHKY MOJIEJ Bij| IPUKJIAIEHOro Trigpocrarudnoro Tucky. O6uucienns 3pobijeHo B HabIuKeHH]
MoJteKyJisipHOro nojist. OJiep:kaHo, IIo JIMIIe 3POCTal0vi MOJIEJIbHI HapaMeTrpy Teopil 3 IifipoCTaTUIHUM TUCKOM
MOXKYTb OIMCATHU CIIOCTEPEKYBAaHI 3aJIEKHOCTI TeMreparyp ha3zoBOro mepexojiy Bill THCKY.

Bubip nmapamerpiB Teopil KoHTposOBaIn (Pa30BOIO JiarpaMoro: TOYKA ITapaMeTpiB Teopil, 1o BiJAOBigae cer-
HETOBI# coJli IpYU IEeBHOMY 3HAYEHHI I'iIPOCTATUYHOIO TUCKY, [IOBUHHA OyTH B iiyisiHni Ha ¢da3oBilt giarpami, y sakiit
BiAOyBa€THCs TOCIIIIOBHICTD (DA30BUX MEPEXO/IIB, CIOCTEPEKYBAHA Ha €KCIIEPUMEHTI. I3 feB’situ omepkannx Habo-
piB mapamerpiB Teopii BUOpaHO OWMH, STKUil 3a0e3Medye HaIMEHIIe CepeTHFOKBAIPATHIHE BiIXUIEHHSA TEOPETHIHO
pO3paxoBaHUX GAPUYHMX 3aJI€2KHOCTEN Temieparyp (a3oBHUX IIEPEXOIB Bl BiITOBIAHIX €KCIEPUMEHTAIbHUAX 3a-
JIEZKHOCTEH.
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EdexkruBunit gunonsHuit MOMEHT BHOPAHO 3 YMOBH Y3TOM2KEHHSI TEOPil Ta €KCIIEPUMEHTY JJIsi 3aJIe2KHOCTI
rosisipu3arniil Bij MijpoCcTaTMYHOrO THCKY Npu KiMHATHIA Temmeparypi. st edeKTHBHOrNO JUIIOJBHOIO MOMEHTY
OJIEP2KaHO CHJHY 3 I'iIPOCTATUYHUM THUCKOM 3AJIEZKHICTB.

I3 orpumannME MOZETBHIMEU TApaMeTpaMu TEOPil Ta ePEKTUBHUM JUMTOTBHIM MOMEHTOM PO3PAaXOBAHO TEMIIEe-
paTypHi 3aJIE2KHOCTI IPYKHUX, JI€JIEKTPUIHUX, 1T’ €30eJIeKTPUIHUX Ta TEIJIOBUX XaPAKTEPUCTUK CEIHETOBOI COJIi
[IPU Pi3HUX 3HAYEHHSX TiJIPOCTATUYHOIO TUCKY i MOPIBHSHO 1X i3 HASBHUMH €KCIIEPUMEHTAJIbHUMU jJanuMu. Ha
OCHOBI IIODIBHSIHHS OJIEP’KAHUX PE3YJIbTATIiB PO3PAXYHKY I IPOHUKHOCTEN BIJIBHOIO Ta 3aTHCHYTOIO KPUCTAJIA
3aIPOIIOHOBAHO TTOSICHEHHST PO30I2KHOCTEN B €KCIEPUMEHTAIBHIUX JAHNX, sIKi OTPUMAJIHA Pi3HI JOCTITHUKH TS CTa-
TUYHOI JIi€TEKTPUIHOI TPOHUKHOCTI BiibHOrO Kpuctasa. Ilepenbatieno, 1o mossipu3ariis HACHYEHHS 3POCTATHME
i3 IPUKJIAIAHHSAM IiJIpoCTaTUIHOrO TUCKY. Lleit ycraHoBIeHnt TeopeTuIHO (DaKT 3aIPOIIOHOBAHO BUKOPUCTATH SIK
KpUTEPiit aeKBATHOCTI PO3POBIIEHOTO MAXOMLY IO ONMKUCY BILUIMBY TiAPOCTATUIHOrO THUCKY HAa (Bi3wvHi BIaCTHBOCTI
KpUCTaJja CEI'HETOBOI COJIi.
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