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We study the influence of shear stress o4 on the phase transitions, static and dynamic dielectric,
piezoelectric, elastic, and thermal characteristics of Rochelle salt crystal. The stress effects are visible
in the ferroelectric phase and in some temperature range below Tc1 and above Tco. The stress
smears out the two second order phase transitions in Rochelle salt and smoothens the peculiarities

in temperature curves of the second derivatives of thermodynamic potential x$i, x51, dia, €14, cZ,

and sZ, as well as e¥,. Stress effects on these quantities are more essential near the upper Curie
point. The characteristics that only exhibit bends at the transition points (cﬁ7 hi4, g14) are not
affected by o4. Stress dependence of the magnitude of the specific heat peaks at the ‘transition
points’ is not monotonic and more pronounced near the lower ‘Curie point’.
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I. INTRODUCTION

It is generally accepted that Rochelle salt under-
goes two ferroelectric phase transitions. The ferroelec-
tric phase exists in a rather narrow temperature interval
from Ty = 255 K to Teoe = 297 K. Spontaneous polar-
ization is directed along the a axis; it is accompanied by
a spontaneous shear strain £4 in the plane (100). In both
the low-temperature (7' < T¢y) and high-temperature
(T > Tca) phases the crystal lattice belongs to the rhom-
bic space group, whereas in the ferroelectric phase the
crystal is monoclinic.

Microscopic theories of Rochelle salt type crystals are
usually based on the Mitsui model [1]. Thermodynam-
ics and dielectric properties of Rochelle salt within this
model have been extensively studied by Vaks [2], Zeks
et al [3,4], Mori [5], Kalenik [6], Levitskii et al [7,8].
Within the model that does not take into account the
piezoelectric coupling, however, incorrect temperature
dependence of relaxation times (diverging) and dynamic
permittivity (vanishing) were obtained near the Curie
points. The problem has been successfully approached
in our recent paper by explicit taking into account the
piezoelectric effects [9]. Tt permitted to distinguish be-
tween the free and clamped permittivities and obtain
finite relaxation times at the Curie points.

Essential to the understanding of such crucial phe-
nomena in ferroelectrics as processes of repolarization,
domain wall motion, etc. are studies of these processes
in external fields conjugate to spontaneous polarization.
For piezoelectric ferroelectrics such fields are an electric
field applied along the axis of spontaneous polarization
as well as mechanical stress producing lattice strain con-
Jjugate to polarization. For Rochelle salt those fields are:
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the electric field £ and the shear stress o4. In the above
studies of the domain processes sometimes it is necessary
to know the stress/field dependences of the physical char-
acteristics of a single-domain crystal. To calculate such
dependences of static and dynamic dielectric, piezoelec-
tric, elastic, and thermal properties of Rochelle salt is
the purpose of the present paper.

A general idea of the field effects on the system un-
dergoing a second order phase transition is well-known.
Such a field i1s expected to smear out the phase tran-
sition, induce non-zero polarization in the paraelectric
phase, as well as round off and decrease the peak values
of the dielectric permittivity. The situation with Rochelle
salt, however, is more complicated, for it undergoes two
phase transitions, and the ‘paraelectric’ phases are, in
fact, antiferroelectric ones. It is interesting to compare
the stress effects on the two Curie points, and to explore
its influence on the other characteristics, such as specific
heat.

Within a Mitsui model, modified by taking into ac-
count the shear strain g4 [9], we have recently calculated
several dielectric, piezoelectric, thermal, and elastic char-
acteristics of Rochelle salt and obtained a fair description
of experimental data. In this paper we present only the
final results for the above mentioned characteristics and
study their dependences on stress 4.

I1I. DIELECTRIC, ELASTIC, PIEZOELECTRIC,
AND THERMAL CHARACTERISTICS OF
ROCHELLE SALT

According to the Mitsui model, the phase transitions
in Rochelle salt are caused by motion of dipoles in asym-
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metric double-well potentials with two different interac-
tion constants for the dipoles of the same and of different
sublattices. The system Hamiltonian reads [9]

N N
H= Evcifai — Nvelea oy — E”Xi?E%
2
1 nTaf gt
- 52 Z Ry (ff )TT (2.1)
99’ f1'=1
2
g Ogy Tqf
SAX (G ) B e 3

The three first terms in (2.1) represent the elastic, piezo-
electric, and electric energies that do not depend on ori-
entation of quasispins; v = vkpg is the unit cell volume.
The quantity A describes an asymmetry of the double-
well potential; pp is the effective dipole moment. The
last term in the Hamiltonian is an additional internal
field produced by piezoelectric coupling with the shear
strain €4; 14 18 the so-called deformational potential.

Hereafter we restrict ourselves by the mean field ap-
proximation. After straightforward calculations we ob-
tain the thermodynamic potential of the considered sys-
tem

1 1
ngki = SVl — velyeal — ST +
Lo oy 1=
—i-Z(J—I—A)g —I—Z(J—A)a - 272 - (2.2)

1 1
— T'In cosh 5(7—1—5) —T'In cosh 5(7 —§) — Vo4y.

Here J = J/kp and K = K/kp are normalized per
Boltzmann constant Fourier transforms at q = 0 of po-
tentials of interaction between quasispins belonging to
the same and to different sublattices, respectively; o4 is
shear stress conjugate to the strain 4, whereas & and o
are the ferroelectric and antiferroelectric ordering param-
eters, defined via the single-particle distribution func-

tions ny = 1y = (ogy)

1 1
£ = 5(771 +n2), o= 5(771 — n2),

and obeying the system of equations

sinh ¢
= 2.3
7= Cosh v+ coshd’ (2:3)

_ sinh ~
~ coshy 4 cosh ¢’

where

J+ K
7=ﬁ< 7 5—2¢464+N1E1),

5:6<J_2KU+A).

Thermodynamic equilibrium conditions yield equa-
tions for the strain ¢4 and polarization P;

Py

oy =cPey — VB + 275, (2.4)

Pr= Vs + 0B, + % . (2.5)

Second derivatives of the thermodynamic potential are:
the coefficient of piezoelectric stress

JapP
rs = (Wi)E =l - sl e o), 20)

clamped static dielectric susceptibility

0P

X11(0,T,04) = (8—}]1

) =x€0+ﬁaﬁf<£ ), (2.7)
. 11 Q2 ’ ) .

and the elastic constant at constant field

d 92812
B = (6;;*) . =P _ 5;/’4 FE, o), (2.8)

where

f(é,o)= % [%4(cosh'y +cosh &) — 3(J — K)(s —E’Usinhésinh'y)] ,
4

g

2
Ay = (coshy + cosh §)? — 3J 34 (cosh v + cosh §) — (5) (J* — K*)(»} — o sinh dsinhy),

sy = coshy — Esinhy = coshd — osinhd =

1+ cosh v cosh §
coshy +coshd
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The rest of piezoelectric, elastic, and dielectric charac-
teristics can be expressed via the found above.
To calculate specific heat we use the entropy

% = 21n2—|—lncosh%('y—|—5)—|—lncosh %(7—5)—7&’—50’,

R is the gas constant. Molar specific heat of a quasispin
subsystem at constant stress then reads

o4 __ ds _ Piey €404 €4,.04 P
ACY =-T <ﬁ)g = ¢, + gt + a5 gt + dhos,

(2.9)

where

Pres aS _ 2 2 P
e = (3 = R0 - miee],

o as v J+ K
g _T(%)%T_MR 1P+ 208a],

gor(2) -t
do ar M

0S ~
gt =T (a—) = Rip[yp — 26¢0],
€4/ p. 1

J—K

[—dp + 27¢0],

1/:4 = ta/kp; a4 is the coeflicient of thermal expansion

4

oy = (3ﬁ) _ hathare (2.10)
oT o 9,

Rather cumbersome expressions for p?“

in Appendix.

Dynamic properties of the system with Hamiltonian
(2.1) are studied within the Glauber method [10]. In this
approach, assuming that the strain is time independent
(due to clamping of the crystal above the frequency of
piezoelectric resonance), at small deviations of the sys-
tem from equilibrium, we obtain the complex dielectric
permittivity with two relaxation times

and pg* are given

dmxa 4mx o

(@) = oo + 1—wn 1 —iwr’ (2.11)
where
L mm ) o o)
Xi,2 = T — (K'Y Fr KW, (2.12)
and 7; are relaxation times
T = %{Kl:F\/Kf—élKo}. (2.13)
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The used the notations are also presented in Appendix.

III. DISCUSSION

The fitting procedure has been in details described
elsewhere. The found model parameters, providing a fair
description of the presented above physical characteris-
tics of Rochelle salt, are: R
J = 79736 K, K = 146883 K, A = 73733 K,
Yy = =760 K, ¢f? = 12.8 - 10%° dyn/em?, o = 1.7 -
10713 =L,

The effective dipole moment g is taken as as a de-
creasing function of temperature

p1 = [2.524 0.0066(297 — 7)] - 1078 esu - cm.

The temperature dependence of the crystal volume per
two quasispins (half of the unit cell volume) is obtained
from structural experimental data of [11]

v = 0.5219 - [1 4 0.00013(7 — 190)] - 102! em®.

Let us explore now the influence of shear stress o4 on
the dielectric, piezoelectric, elastic, and thermal charac-
teristics of Rochelle salt.

The stress o4 in this case is a field conjugate to the
order parameter. Since both phase transitions are of the
second order, the stress o4 smears them out. It induces
non-zero values of polarization P; (and strain £4) in para-
electric phases and increases these quantities in the ferro-
electric phase (Fig. 1). The obtained stress effects of the
strain ¢4 are similar to those of polarization and more
pronounced.

Theoretical dependence of spontaneous polarization
Py on stress 04 qualitatively agrees with the old results of
measurements presented in [12]. However, a quantitative
comparison of the theoretical curves with the experimen-
tal points is not possible, because in [12] the polarization
curves are given in arbitrary units different for different
stresses.

In Fig. 2 we plot the temperature curves of a free
static dielectric susceptibility at different values of stress
o4, as well as on the stress o4 at different temperatures.
The corresponding dependences of the other character-
istics — second derivatives of the thermodynamic po-
tential, which have sharp peaks at the transition points
— clamped dielectric susceptibility, coefficients of piezo-
electric strain and piezoelectric stress, as well as elastic
compliance s¥ = 1/c¥, are analogous.

On increasing o4, the magnitudes of x7y, x31, d14, €14,
and s¥, decrease, especially fast at temperatures close
to Tcy and at small stresses (at ambient pressure x9y,
dy14, and s¥, diverge at the Curie points). The peak val-
ues of these quantities at the lower ‘transition point’ are
essentially decreased and shifted to lower temperatures,
whereas those at the upper ‘transition point’ are shifted
to upper temperatures. A decrease of the peak values at
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the upper ‘transition point’ is stronger than at the lower
one. As calculations show, the presented characteristics
depend on the stress only in a certain temperature range
— starting from temperature somewhat lower than the
lower transition point up to the temperatures somewhat
higher than the upper transition point, including the fer-
roelectric phase (at the presented stresses — from 235 K
up to 330 K). The temperature range of visible stress
effects above T 1s wider than below T¢y.

P, (uClem?)

0.0
220 240 260 280 300

P, (uC/em’)

Fig. 1. Dependences of polarization P; on temperature at
different stresses o4 (bar): 1 — 0, 2 — 5, 3 — 10, 4 — 30,
5 — 50, 6 — 75 and on stress o4 at different temperatures
(K): 1 — 235 (dashed line), 2 — 250 (dashed line), 3 — 255.1
(thick solid line), 4 — 259, 5 — 276, 6 — 292 (think solid
lines), 7 — 296.8 (thick solid line), 8 — 302, 9 — 350 (dotted
lines). Experimental points are taken from [13].

As an analog of the stress dependence of the first order
transition temperature, in the case of the second order
phase transition we plot the dependences for the temper-
atures of the rounded maxima of the dielectric suscepti-
bility (‘transition temperature’ or ‘Curie point’).

As one can see (fig. 3), the upper ‘transition temper-

ature’” in Rochelle salt is stronger affected by stress o4
than the lower one, and stress dependences of the both
‘transition temperatures’ are essentially non-linear. This
drastically differs from the almost linear dependence of
the temperature of the first order phase transition in, for
instance, KD3PO4 on the stress o [15].

) 1
40 o, (bar)

Fig. 2. Dependences of a free dielectric susceptibility x7;
on temperature at different stresses o4 and on stress o4 at
different temperatures. Notations, values of temperature and
stress are the same as in Fig. 1. Experimental points are taken
from [14].

The Landau theory (expansion up to P*) predicts that
dependences of the susceptibility peak magnitude xpax
and 1ts temperature AT}, on external field conjugate
to the order parameter should follow the rule

Ajjmax ~ E2/3a

Xmax ™~ E_l/?)a

at the usually assumed linear temperature dependence of
the coefficient « of the Landau expansion. For Rochelle
salt sometimes the quadratic temperature dependence of
« is used [16]:
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bl

(T_Tc1+Tcz 2_ Ter — Tea \’
2 2

(one can easily check that a(Tc1) = a(Te2) = 0). Tt
yields a different dependence for ATy« (F)

ATmax =~ 1= /1 + K E2/3,

with k' being the same for both lower and upper ‘Curie
points’. The obtained theoretical points for |AT}ax| and
Ymax, however, are poorly approximated by the above
given dependences.

Xmax

50
40
30|
20 _ Xmaxl
10+ Kmax2
% 20 40 6o
o,(bar)
AT 1)
10+ Tmaxz'Tcz
5} TCI_Tmaxl
0 L 1 N 1 | L
0 20 40 60, (bar)
Fig. 3. Dependences of the maximal values of the

free dielectric susceptibility x7; at the lower ymax1 and
upper Ymax2 and their temperatures
|ATmax| = |Tmaxs — Tcf| on stress o4.

transition points

In Fig. 4 we show the temperature curves of the
elastic constant ¢}, at different stresses o4. The stress
smoothens the temperature dependences of ¢, and in-
creases with distance between its minima. The influence
of stress is again seen in a temperature range from 235 K
up to 255 K.

110

c,, (10" dyn/cm®)
2

0 I 1 L 1 n 1 L 1 1 "

220 240 260 280 300 320 T (K)
Fig. 4. Dependences of the elastic constant ¢} on temper-

ature at different stresses g4. Notations and values of stress

are the same as in Fig. 1. Experimental points are taken from
[16].

i h, (10* dyn/esu)

4
3
12

8r u
u
6
320 240 260 280 300 520 T (K)
h, (10* dyn/esu)
9.0
9

—_— 05 ]
(4] S ! 4 _|
---------- 3‘712 ===
L Oy
1
e S—— 0 o
0 10 20 30 40 o, (bar)

Fig. 5. Dependences of the piezomodule hi4 on tempera-
ture at different stresses o4 and on stress o4 at different tem-
peratures. Notations, values of temperature and stress are the
same as in Fig. 1. Experimental points are taken from [17].
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As one can see in Fig. 5, the shear stress o4 practically
does not affect the constant of piezoelectric stress hi4 at
any temperature. Neither we have found any stress ef-
fects on the constant of piezoelectric strain ¢i4 or the
elastic constant at constant polarization cf,. At zero
stress all these characteristics have only small bends at
Curie points or no peculiarity at all.

In contrast to the presented above graphs, where the
peak values of the characteristics were monotonously
lowered down by the stress, dependence of the peak val-
ues of specific heat on this stress is non-monotonic. The
maximal values of AC? at the ‘transition points’ are first
strongly decreased, but at o4 > 10 bar they start to in-
crease with o4. Also, unlike in the figures below, these
dependences are more pronounced at the lower ‘transi-
tion point’.

AC? (J/mol K)

3.0

2.8

2.6

2.4

22+
1 " 1 L | L 1

300

1 "
220 320 7' (K)
Fig. 6. Dependences of the specific heat C° on tempera-
ture at different stresses o4. Notations and values of stress
are the same as in Fig. 1.

Stress and temperature dependences of the relaxation
time and imaginary parts of the dynamic dielectric per-
mittivity are totally analogous to presented above depen-
dences of static dielectric susceptibility and other char-
acteristics having sharp peaks at the Curie points. More
interesting are stress effects on the real part of the per-
mittivity.

At frequencies below b GHz, the real part of the per-
mittivity has a maximum at both Curie points. These
maxima are lowered down and rounded off by the stress
o4 (Fig. 7a) — similarly to those of a static dielectric
susceptibility. At higher frequencies, the real part of the
permittivity €{; has broad maxima around the Curie
points and narrow minima within the broad peaks in the
close vicinity of Ty . The higher frequency, the wider and
deeper are the minima of £7;. Under the stress, the over-
all magnitude of the broad maximais decreased, whereas
the narrow minima are rounded off and raised up, until
they vanish at all (Fig. 7b, c).

200
180 |
160 |
140 [
120 |
100 [
8o
60 [
40|
20

120

100

80

60

40

20

0 " L 1 "
220 240 260 280 300

b)

80

20 " 1 L 1 2 1 n 1 1 1 "
220 240 260 280 300 3207 (K)
c)

Fig. 7. Dependences of a real part of dynamic dielectric
permittivity ei(v) at v = 3.0 GHz (a), 5.1 GHz (b), and
9.45 GHz (c) on temperature at different stresses o4 and on
stress o4 (right) at different temperatures. Notations and val-
ues of stress are the same as in Fig.1. Experimental points are
taken from [18].
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IV. CONCLUSIONS

We presented a theoretical description of the stress o4
influence on the physical characteristics of Rochelle salt.
Absent or very outdated experimental data for this influ-
ence, unfortunately, do not permit to verify the obtained
results quantitatively.

The found dependences qualitatively accord with the
available data and with the expected behaviour of the
characteristics in external fields conjugate to the order
parameter. The stress effects are visible in the ferroelec-
tric phase and in some temperature range below 71 and
above To. Since the stress o4 smears out the two sec-
ond order phase transitions in Rochelle salt, overall its
effects on the calculated quantities (second derivatives
of the thermodynamic potential X7, x5,, di4, €14, cFy
and s, as well as ¢/,) are limited to smoothening of the
peculiarities in their temperature curves (sharp maxima
or minima at the Curie points). Stress effects on these
quantities are more essential near the upper Curie point.
The quantities that do not have large peculiarities at the
transition points (cl;, hi4, g14) are not affected by o4.
The stress influence on the pseudospin contribution to
the specific heat is different. Dependence of the magni-
tude of the specific heat peaks at the ‘transition points’
1s not monotonic and more pronounced near the lower
‘Curie point’. At certain stress, the lower peak of the
specific heat becomes even higher than at o4 = 0.

APPENDIX

The quantities p?“ and p?¢ entering the expression for

specific heat (2.9) are

o4 M1 a€ _ €4 o4 __ €4
Pet =~ (8_T)04 =P tecas, p;t =Pyt o,
where
_ (994 _1m
P4 = 3T — qul 3
P1,€4
s U NENpy 1 1| NTENp
pg - T A T 3 € = ——— €4 3
v Ay | N3 Nog v Ay | N3*Nas
por = M L NNy (=ML | NN
g v Ay | NoyNT | Ty Ay | NagN3* |

(1= &2 —0?) - 28¢0

NT =
1 2T 3
r_ 11 =& —0°) =290
Ny = )
27T

Ny1 = coshy + cosh § — g(j—l— [1’)%4,

Niy = Z(J — K)ésinh g,

N[ N

Nop = (j—l— IN()O'sinh'y,

Nog = cosh vy + cosh § — g(j — [%)%4,

Nt = =204,

Nit = 28440 sinh .

Notations used in the expression for dynamic dielectric
permittivity are

Koy = Zi Z;z , K1 = a1+ azs,
K(o) - _ a2 ay K(l) = —ay
Az g |’ ’
and
B J 4+ K 1—cosh~coshd
= T (cosh~y + coshd)?’
J—K sinhysinhé
Ao =
' T (cosh~y + cosh §)?’
J+ K sinhysinhé
=
21 T (cosh~y + cosh §)?’
J — K 1—cosh~cosh§
aoo — 1-— ’
T (cosh~y 4+ cosh§)?
_ 4(1 — cosh y cosh 9)
“= (cosh vy + cosh §)2
_ 4sinh~ysinhd
(cosh 4 + cosh 6)2°
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BIIJIUB 3CYBHOI HAIIPYTH ¢, HA ®I3UYHI BJIACTUBOCTI CETHETOBOI COJIN

P. P. Jlepumpkuit', . P. Bauex?®, A. II. Moina', T. M. Bepxousx'
! Inemumym $isuxu wondercosarnus cucmem Hayionaavrol axademit nayx Yrpainy,
ey.a. Ceenuiuyvroeo, 1, Jlveis, 79011, Vxpaina
2 Hayionaavruti ynisepcumem “Jlosiscora nosimexnira”,
eyna. C. Bandepu, 12, Jlveis, 79013, Yxpaina

HocmimkeHo BILIUB 3CYBHOI HAIIPYTH 04 Ha da30Buil mepexim, cTaTwdHl i JMHaMIYHI JleJeKTPAYHI, II'€30e/IeK-
TPUYHI, TPYKHI f TEIIOBl BJACTUBOCTI cerneToBol cosn. id i€l Halpyru HoMiTHa B CerHeToesIeKTpudHii dasi
Ta B JedKlil TeMmeparypHiii miaAHm — HuKYe Blo 1o 1 Bumie Bim Tcz. Hampyra posmusae ma dpasosl mepexomm
APYTOro POy B KPUCTAJ, 3TJIAIKYE 0COOIUBOCTI TeMIepaTypPHUX KPUBUX APYTUX MOXIAHUX TEPMOIMHAMIUHOTO
motTeHtiany x51, X51, dis, €14, ¢y, s2 1 e¥,. Hisa manpyru noMiTHia B 0KoJIl BepXHBOI ToUKK Kiopi. Xapakrepuc-
THKH, AKi He MafoTh 0COBMMBOCTEH ¥ TOWKAX Mepexomy (Cay, Ria, gia), B HAIIPYTH 04 TPAKTHTHO He 3aeKaTh.
Bapuuna saiexHicTh aMILIITYOM IHKIB TEIJIOEMHOCTH B “TOYKaX Mepexoy”’ HeMOHOTOHHa i MOMITHIIIA B OKOJII
HIDKHBOI “roukm Kropi”.
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