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A modi�ed four-sublattice pseudospin model for RbHSO4 ferroelectric, which takes into account
the piezoelectric coupling of the pseudospin subsystem with lattice strains, is proposed. The model
also takes into account lowering of the symmetry of the crystal under the in�uence of shear stresses
σ4 and σ6.
We have calculated, in the mean-�eld approximation, the spontaneous polarization and longitudi-

nal dielectric permittivity of mechanically free and clamped crystals, their piezoelectric, elastic and
thermal characteristics. The e�ects of hydrostatic and uniaxial pressure, shear stresses and longi-
tudinal electric �eld on the phase transition and the physical characteristics of the crystal have
been investigated. A satisfactory quantitative description of the corresponding experimental data
has been obtained. The electrocaloric e�ect in the crystal has been studied as well.
Key words: ferroelectrics, dielectric permittivity, piezoelectric coe�cients, pressure e�ect, electric

�eld e�ect, electrocaloric e�ect.
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I. INTRODUCTION

Investigation into the e�ect of mechanical stresses of
di�erent symmetry as well as the electric �eld e�ect
on the physical properties of ferroelectrics allows us to
deeper understand mechanisms of phase transitions in
these materials as well as to search for new physical
e�ects, which are not observed under zero pressure and
zero external �eld.

The ferroelectric with hydrogen bonds RbHSO4 is
an example of a crystal where the pressure e�ects
are essential. At temperature T = 263.65 K [1], a
phase transition from a high-temperature paraelectric
to a low-temperature ferroelectric phase takes place.
The crystal has a monoclinic symmetry (space group
P21/c in the paraelectric phase, P/c in the ferroelectric
phase) [2�4]. In contrast to many other ferroelectri-
cs with hydrogen bonds where the phase transition is
connected with proton ordering, in this crystal protons
are already ordered in both phases. Besides, there are
two types of sulphate groups: SO4 (1f) (f = 1, . . . , 4),
which oscillate between two equilibrium positions; SO4

(2f), which occupy one position on the hydrogen bond
[3, 4] (Fig. 1,a). The ordering of SO4 (1f) groups causes
a phase transition into the ferroelectric phase with
spontaneous polarization appearing along c-axis.

For a theoretical description of dielectric properties
of RbHSO4, we proposed a phenomenologic theory of
Landau�Devonshire [5], as well as pseudospin models wi-
th asymmetric double-well potential [6�8], which descri-
be the dielectric properties in the mean-�eld approxi-
mation.

Later in [9], based on a four-sublattice pseudospin
model of Rochelle salt [10], we proposed an analogous
four-sublattice pseudospin model of RbHSO4 with an
asymmetric double-well potential, which takes into
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Fig. 1. Unit cell of RbHSO4 (a) and schematic orientation of
e�ective dipole moments dqf of sulfate SO4 (1f) groups in
paraelectric phase (b).

account also the piezoelectric coupling of the pseudospin
and lattice subsystems. This model allowed us to describe
qualitatively elastic constants, the dielectric and thermal
properties of the crystal, as well as dielectric properties of
a deuterated RbDSO4 crystal [11]. Based on this model,
we described the e�ect of hydrostatic pressure on the
phase transition and longitudinal dielectric permittivity
of the RbHSO4 crystal [12]; also an attempt was made
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to predict the e�ect of uniaxial pressure and shear stress
σ5 on dielectric permittivity [12, 13]. However, the model
[9] does not take into account the splitting of interaction
parameters in the presence of shear strains ε4 and ε6,
and can not predict the e�ect of shear stresses σ4 and σ6
on the thermodynamic characteristics of the crystal.
In the present paper, the model of RbHSO4 [9] is

modi�ed to the case of lowering the symmetry under
the in�uence of shear stresses σ4 and σ6. The e�ect of
mechanical stresses of the di�erent symmetry on the
phase transition, dielectric, piezoelectric and thermal
characteristics of the crystal has been investigated. Besi-
des, the electric �eld e�ect on these characteristics as
well as the electrocaloric e�ect have been investigated.

II. DEFORMED 4-SUBLATTICE MODEL

For the calculation of the thermodynamic characteri-
stics of a RbHSO4 crystal, we use model [9], taking into
account four structure elements (sulfate groups (SO4)11,
(SO4)12, (SO4)13, (SO4)14) in the unit cell, which moves
in asymmetric double-well potentials.
Dipole moments dqf are ascribed to these sulfate

groups, where q is a serial number of a unit cell, f is
a serial number of a dipole moment in the unit cell
(f=1,. . . ,4). In the paraelectric phase, the sum of these
dipole moments is equal to zero, and their orientations
are shown in Fig. 1,b. Changes in ∆dqf are responsible
for the appearing of a spontaneous polarization in the
ferroelectric phase.
Pseudospin variables

σq1

2 , . . . ,
σq4

2 describe the reori-
entation of the respective dipole moments of the base
units: dqf = µf

σqf

2 . Mean values 〈σ2 〉 = 1
2 (na − nb) are

connected with di�erences in the occupancy of the two
possible molecular positions, na and nb.
The Hamiltonian of the model in the pseudo-spin

representation is

Ĥ = NUseed −
1

2

∑
qq′

4∑
f,f ′=1

Jff ′(qq′)
σqf
2

σq′f ′

2

−
∑
q

4∑
f=1

(∆f + µfE)
σqf
2
, (2.1)

where N is the total number of unit cells.
The term Useed in (2.1) is �seed� energy, which relates

to the heavy ion sublattice and does not explicitly
depend on the con�guration of the proton subsystem.
It includes elastic, piezolectric and dielectric parts
expressed in terms of electric �elds Ei (i = 1, 2, 3) and
strains uj (j = 1, . . . , 6):

Useed = v

(
1

2

6∑
j,j′=1

c0jj′(T )ujuj′ (2.2)

−
3∑
i=1

6∑
j=1

e0ijujEi −
3∑

i,i′=1

1

2
χu0ii′EiEi′

)
.

Parameters c0jj′(T ), e0ij , χ
u0
ij are the so called �seed�

elastic constants, �seed� coe�cients of piezoelectric
stresses and �seed� dielectric susceptibility, respectively;
v is the volume of a unit cell. Matrices c0jj′(T ), e0ij , χ

u0
ii′

are given by:

ĉ0jj′=



c011(T ) c012(T ) c013(T ) 0 c015(T ) 0

c012(T ) c022(T ) c023(T ) 0 c025(T ) 0

c013(T ) c023(T ) c012(T ) 0 c035(T ) 0

0 0 0 c044(T ) 0 c046(T )

c015(T ) c025(T ) c035(T ) 0 c055(T ) 0

0 0 0 c046(T ) 0 c066(T )


, (2.3)

ê0ij =


e011 e012 e013 0 e015 0

0 0 0 e024 0 e026

e031 e032 e033 0 e035 0

 , (2.4)

χ̂u0ii′ =


χu011 0 χu013

0 χu022 0

χu013 0 χu033

 . (2.5)

The �seed� elastic constants c0jj(T ) are taken to be li-
nearly dependent on temperature:

c0jj′(T ) = c0jj′ + kjj′(T − Tc). (2.6)

The coe�cients kjj′ phenomenologically take into
account the high-temperature anharmonic lattice
interactions. In the paraelectric phase, all coe�cients
e0ij ≡ 0.
The second term in (2.1) describes interactions

between pseudospins; σqf is z -component of the
pseudospin operator that describes the state of the
pseudospin in the q-th cell on the sulfate group (SO4)1f
(f=1,2,3,4). Having done such identical transformation

σqf = ηf + (σqf − ηf ), ηf = 〈σqf 〉, (2.7)

and neglecting quadratic �uctuations, the second term
in (2.1) can be written in the mean �eld approximation:

−1

2

∑
qq′

4∑
f,f ′=1

Jff ′(qq′)
σqf
2

σq′f ′

2
(2.8)

=
1

2

∑
qq′
ff′

Jff ′(qq′)
ηf
2

ηf ′

2
−
∑
qq′
ff′

Jff ′(qq′)
ηf ′

2

σqf
2
.

The third term in (2.1) describes interactions of the
pseudospins with external electric �eld E and with
local �elds ∆f . The parameters µf are e�ective dipole
moments per one pseudospin: µ1 = µ2 = (µx, µy, µz),
µ3 = µ4 = (µx,−µy, µz).
Fourier transforms of the interaction constants Jff ′ =∑

q′
Jff ′(qq′) at k = 0, as well as local �elds ∆f are li-

nearly expanded over the strains uj :

Jff ′ =J0
ff ′ +

∑
j

ψff ′juj , ∆f =∆0
f+
∑
j

ϕfjuj . (2.9)
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Taking into account the symmetry of the crystal,
parameters Jff ′ are given by:

J 11
22

= J0
11 +

∑
l=1,2,3,5

ψ11lul + ψ114u4 + ψ116u6,

J 33
44

= J0
11 +

∑
l

ψ11lul − ψ114u4 − ψ116u6, (2.10)

J 12
34

= J0
12 +

∑
l

ψ12lul ± ψ124u4 ± ψ126u6,

J 13
24

=J0
13+

∑
l

ψ13lul, J 14
23

=J0
14+

∑
l

ψ14lul,

∆ 1
3

= ∆0
1 +

∑
l

ϕ1lul ± ϕ14u4 ± ϕ16u6,

∆ 2
4

= −∆0
1 −

∑
l

ϕ1lul ∓ ϕ14u4 ∓ ϕ16u6.

As a result, in the mean �eld approximation, the initial
Hamiltonian (2.1) can be written as:

Ĥ=NUseed+
N

8

∑
ff ′

Jff ′ηfηf ′−
∑
q

4∑
f=1

Hf
σqf
2
, (2.11)

where

Hf =

(
1

2

∑
f ′

Jff ′ηf ′ + ∆f + µfE

)
. (2.12)

III. THERMODYNAMIC CHARACTERISTICS
OF RbHSO4

For the calculation of the thermodynamic characteri-
stics of RbHSO4, we use the thermodynamic potential
per unit cell, which is obtained in the mean �eld approxi-
mation:

g =
G

N
= Useed +

1

8

∑
ff ′

Jff ′ηfηf ′ (3.1)

−4
1

β
ln 2− 1

β

4∑
f=1

ln cosh
β

2
Hf−v

6∑
j=1

σjuj .

Using equilibrium condition(
∂g

∂ηf

)
Ei,σi

= 0,

(
∂g

∂uj

)
Ei,σi

= 0

we obtain equations for order parameters ηf and strains
uj :

ηf = tanh
β

2
Hf . (3.2)

σj =

6∑
j′=1

c0jj′(T )uj′ −
3∑
i=1

e0ijEi (3.3)

−
4∑

f,f ′=1

ψff ′j

8v
ηfηf ′ −

4∑
f=1

ϕfj
2v

ηf .

On the basis of thermodynamic potential (3.1), we get
expressions for di�erent thermodynamic characteristics.
Expressions for components of the polarization vector
are as follows:

Pi = −1

v

(
∂g

∂Ei

)
(3.4)

=

6∑
j=1

e0ijuj +

3∑
i′=1

χu0ii′Ei′ +
1

2v

4∑
f=1

µ
(i)
f ηf .

Isothermic dielectric susceptibility of a mechanically
clamped crystal is given by:

χuii′ =

(
∂Pi
∂Ei′

)
uj

= χu0ii′ +
1

2v

4∑
f=1

µ
(i)
f η′Ei′f

. (3.5)

In order to determine η′Ei′f
, we di�erentiate the system

of equations (3.2) over �eld Ei:

Îη′Ei
= Âηη′Ei

+ AEi ⇒ η′Ei
= −(Âη − Î)−1AEi , (3.6)

where Î is identity matrix, the coe�cients of matrix Âη

and vector AEi are as follow:

Aηff ′ =
β

4
Jff ′

(
1− tanh2 β

2
Hf
)

=
β

4
Jff ′(1− η2f ),

AEi

f =
β

2
µ
(i)
f (1− η2f ). (3.7)

Coe�cients of piezoelectric stress are given by:

eij =

(
∂Pi
∂uj

)
Ei

= e0ij +
1

2v

4∑
f=1

µ
(i)
f η′ujf . (3.8)

In order to determine η′ujf
, we di�erentiate the system

of equations (3.2) over strain uj :

Îη′uj
= Âηη′uj

+ Auj ⇒ η′uj
= −(Âη − Î)−1Auj , (3.9)

where the coe�cients of vector Auj are as follow:

A
uj

f =
β

2
Hufj(1−η2f ), Hufj=

1

2

∑
f ′

ψff ′jηf ′ +ϕfj . (3.10)

Elastic constants in a constant �eld are as follows:

cjj′ =

(
∂σj
∂uj′

)
Ei

= cEi

jj′ −
1

2v

4∑
f=1

Hufjη′uj′f
. (3.11)

Molar entropy of the proton subsystem is:

S=−NA

Nm

(
dg

dT

)
Ei,σj

=
R

Nm

(
− v

2

6∑
j,j′=1

kjj′ujuj′ (3.12)

+4 ln 2 +

4∑
f=1

(
ln cosh

β

2
Hf−

β

2
Hf tanh

β

2
Hf
))

,

Here NA is the Avogadro constant, R is the gas constant,
Nm = 8 is the number of molecules RbHSO4 in the unit
cell.
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Molar heat capacity of the proton subsystem is:

∆C = T

(
dS

dT

)
Ei,σj

(3.13)

= T

( 4∑
f=1

S′ηf η
′
Tf +

6∑
j=1

S′uj
u′Tj + S′T

)
,

where such notations are used:

S′ηf = − R

Nm

β2

4

4∑
f ′=1

Hf ′(1− η2f ′)
1

2
Jff ′ , (3.14)

S′uj
=

R

Nm

(
− v

6∑
j′=1

kjj′uj′−
β2

4

4∑
f=1

Hf (1−η2f )Hufj
)
,

S′T =
R

Nm

β2

4T

4∑
f=1

H2
f (1− η2f ),

In order to determine η′Tf and u′Tj , we di�erentiate

the system of equations (3.2), (3.3) over temperature:(
Âη − Î Âu
B̂η ĉ0

)(
η′T
u′T

)
+

(
AT

BT

)
= 0 (3.15)

⇒
(
η′T
u′T

)
= −

(
Âη − Î Âu
B̂η ĉ0

)−1(
AT

BT

)
.

where such notations are used:

Aufj =
β

2
Hufj(1− η2f ), Bηjf = − 1

2v
Hufj .

(3.16)

ATf = −
Hf (1− η2f )

2kBT 2
, BTj =

6∑
j′=1

kjj′uj′ .

The total speci�c heat is considered to be the sum of
the proton and lattice contributions:

C = ∆C + Clattice. (3.17)

The lattice contribution near Tc is approximated by the
linear dependence

Clattice = C0 + C1(T − Tc). (3.18)

The corresponding lattice contribution to the entropy
near Tc then is:

Slattice =

∫
Clattice

T
dT (3.19)

= (C0 − C1Tc) ln(T ) + C1T + const.

Hence, the total entropy as a function of temperature
and a component of �eld E3 is

Stotal(T,E3) = S + Slattice. (3.20)

Solving (3.20) with respect to temperature at
Stotal(T,E3) = const and two values of the �eld,

one can calculate the electrocaloric temperature shift
(as seen in Fig. 15)

∆Tec = T (Stotal, E3(2))− T (Stotal, E3(1)). (3.21)

The electrocaloric temperature change can be
calculated also using the known formula

∆Tec = −
E3∫
0

TV

C

(
∂P3

∂T

)
E,σ

dE3, (3.22)

where piroelectric coe�cient(
∂P3

∂T

)
E,σ

=

6∑
j=1

e03ju
′
Tj +

1

2v

4∑
f=1

µzfη
′
Tf , (3.23)

V = vNA/4 is the molar volume.

IV. COMPARISON OF THE THEORETICAL
RESULTS WITH THE EXPERIMENTAL DATA.

DISCUSSION.

The theory parameters are determined from the condi-
tion of agreement of the calculated characteristics with
the experimental data for the temperature dependences
of spontaneous polarization P3(T ) [2, 14], dielectric
permittivity ε33(T ) in the absence of external in�uences
[2, 14, 15] and at di�erent values of hydrostatic pressure
[1] and of electric �eld [5], molar heat capacity C(T ) [16]
and elastic constants cjj′(T ) [15].
To determine the theoretical parameters, it is

necessary to use the dependence of temperature Tc on
hydrostatic pressure Tc(ph) [1]. Unfortunately, di�erent
authors propose di�erent values for Tc(0): from 258.15 K
[2] to 265.25 K [5]. Further we �will be attached� to Tc(0)
= 263.65 K [1].
Parameters of the interactions between pseudospins at

zero values of strains J0
ff ′ (f, f ′ = 1, 2, 3, 4) and local

�elds ∆0
f , which cause the asymmetry in the occupati-

on of the two positions, mainly �x the phase transition
temperature from a paraelectric to a ferroelectric phase
in the absence of external pressure and �eld, the order of
phase transition and the shape of curves P3(T ), ε33(T )
and C(T ). Their optimal values are: J0

11/kB=J
0
13/kB =

372,K, J0
12/kB=J

0
14/kB = 310K, ∆0

1/kB = 244.81K.
Deformational potentials ψff ′j and ϕfj [see 2.9)] mai-

nly �x the temperature dependences of spontaneous
strains uj , piezoelectric coe�cients and elastic constants,
as well as the shift of the phase transition temperature
under mechanical stresses. The optimal values of the
deformational potentials are:

ψ̃111 = −1700K, ψ̃112 = −4600K, ψ̃113 = −500K,

ψ̃114 = 0K, ψ̃115 = 1200K, ψ̃116 = 3500K,

ψ̃121 = −500K, ψ̃122 = −3040K, ψ̃123 = −500K,

ψ̃124 = 0K, ψ̃125 = 400K, ψ̃126/kB = −7000K,

ψ̃ff ′j = ψff ′j/kB.
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A numerical analysis shows that the thermodynamic
characteristics depend on the following sums: ψ11l+ψ13l,
ψ12l+ψ14l (l=1,2,3,5). Therefore, for the sake of simplici-
ty we chose them to be equal, that is ψ13l = ψ11l, ψ14l =
ψ12l. The rest of the parameters ψff ′j can be determined
from the symmetry of crystal RbHSO4, as it is written
in (2.10). Parameters ϕfj in�uence the thermodynamic
characteristics practically in the same way, as simply
renormalized parameters ψff ′j . Therefore, for the sake
of simplicity, we chose them to be ϕfj = 0K.

100 150 200 250
−0.5

0

0.5

1
η

f
 

η
1
, η

3
 

η
2
, η

4
 

T, K 

Fig. 2. Temperature dependence of order parameters ηf .

100 150 200 250
0

1

2

3

4

5

6

7
x 10

−3 P
3
,  C / m2 

T, K 

Fig. 3. Temperature dependence of spontaneous polarization.
Symbols are experimental data of [14] (3), [2] (�).

The components of e�ective dipole moments µx, µy,
µz are found from the condition of agreement between
theory and experiment for the corresponding components
of spontaneous polarization and dielectric permittivity.
The optimal value of the longitudinal component is µz =
2.8 ·10−30C·m. Since the symmetry of the crystal permi-
ts existence of the transverse component of spontaneous
polarization Px, but experimentally it is absent or very

−40 −30 −20 −10 0 10 20 30
10

0

10
1

10
2

10
3

10
4

ε
33

 

∆T, K 

εu
33

εσ
33

Fig. 4. Temperature dependences of dielectric permittivity of
the mechanically free εσ33 and clamped εu33 crystal. Symbols
are experimental data of [5] (◦), [2] (�).

small, then parameter µx = 0.0C·m. The symmetry of
the crystal forbids existence of the transverse component
Py, because, as was said above, µ1 = µ2 = (µx, µy, µz),
µ3 = µ4 = (µx,−µy, µz), and contributions to polari-
zation Py compensate each other in pairs (µy1 with µy3
and µy2 with µy4). To determine the component µy, one
could use some experimental data for the component of
dielectric permittivity ε22. However, this permittivity is
measured only at one temperature; and this is not enough
to separate the pseudospin and lattice contributions into
permittivity. Further, we assume that the pseudospin
contribution into ε22 is absent, and then µy = 0.0C·m.

−0.4 −0.2 0 0.2 0.4
0

1

2

3

4

5
x 10

−3

∆T, K 

ε−1
33

 

(εu
33

)−1

(εσ
33

)−1

Fig. 5. Temperature dependences of the inverse dielectric
permittivity of mechanically free (εσ33)−1 and clamped (εu33)−1

crystal. Symbols are experimental data of [5] (◦), [14] (3), [15]
(O).
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Fig. 6. The temperature dependences of piezoelectric coe�cients e3j , d3j , h3j , g3j .

The �seed� dielectric susceptibility χu0ii′ , coe�cients of
piezoelectric stress e0ij and elastic constants c0ij are found
from the condition of agreement between theory and

experiment in the temperature regions far from the phase
transition temperature Tc. Their values are obtained as
follows:

χu011 = 0.301, χu022 = 0.403, χu033 = 0.35, χu013 = 0.0; e0ij = 0
C

m2
;

c011 = 3.06 · 1010
N

m2
, c012 = 1.54 · 1010

N

m2
, c013 = 0.8 · 1010

N

m2
,

c022 = 3.8 · 1010
N

m2
, c023 = 0.67 · 1010

N

m2
, c033 = 3.62 · 1010

N

m2
,

c044 = 0.48 · 1010
N

m2
, c055 = 0.53 · 1010

N

m2
, c066 = 1.25 · 1010

N

m2
,

c015 = c025 = c035 = c046 = 0.0
N

m2
,

k11 = −37 · 106
N

m2 ·K
, k12 = −2 · 106

N

m2 ·K
, k13 = −10 · 106

N

m2 ·K
,

k22 = −10 · 106
N

m2 ·K
, k23 = −30 · 106

N

m2 ·K
, k33 = −42 · 106

N

m2 ·K
,

k44 = −5 · 106
N

m2 ·K
, k55 = −2 · 106

N

m2 ·K
, k66 = −27 · 106

N

m2 ·K
.

The volume of a unit cell is v = 0.842 · 10−27 m3.
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Now let us focus on the obtained results. At low
temperatures T � Tc all pseudospins are ordered in
the same direction, that is ηf → 1 (Fig. 2), because
all parameters of interaction J0

ff ′ > 0. Then the

spontaneous polarization tends to saturation (Fig. 3).
When temperature increases, the pseudospins di-

sorder, that is parameters ηf , decreases. As a result, the
e�ective mean �eld 1

2

∑
f ′
Jff ′ηf ′ decreases [see (2.12)].

However, local �elds ∆0
1 = ∆0

3 = −∆0
2 = −∆0

4 do not
depend on temperature and cause a stronger disorderi-
ng of sublattices �2� and �4� in comparison with �1�
and �3�. At temperature Tc, the second order phase
transition takes place. Then the e�ective mean �eld
1
2

∑
f ′
Jff ′ηf ′ disappears, but there remain only local �-

elds ∆0
f , which cause antiparallel ordering of pseudospi-

ns (η1 = η3 = −η2 = −η4). Near Tc the spontaneous
polarization monotonically and continuously decreases
as the temperature increases and goes to zero at the
Tc point, the longitudinal dielectric permittivities of the
mechanically free εσ33 and clamped εu33 crystal go to in�ni-
ty at temperature Tc (Fig. 4), and corresponding inverse
permittivities (εσ33)−1 and (εu33)−1 tend to zero (Fig. 5).
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Fig. 7. The temperature dependences of elastic constants cjj′ .
Symbols are experimental data of [15].

Piezoelectric coe�cients are nonzero only in the
ferroelectric phase (Fig. 6), coe�cients e3j and d3j in
absolute value go to in�nity at the temperature Tc,
whereas h3j and g3j are �nite and continuously go to
zero at the Tc point. Unfortunately, there are no experi-
mental data for piezoelectric coe�cients.
Temperature dependences of elastic constants (Fig. 7)

and molar heat capacity (Fig. 8) have �nite breaks in the
Tc point.
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Fig. 8. The temperature dependence of molar heat capaci-
ty. Symbols are experimental data of [16] (◦). Dashed line is
lattice contribution, approximated by straight line.
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Fig. 9. Dependence of transition temperature Tc of the
RbHSO4 crystal on hydrostatic pressure ph, ◦ [1]; on uniaxial
pressures: p1, p2, p3; and on shear stresses σ4, σ5, σ6.
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Fig. 10. Temperature dependence of dielectric permittivi-
ty of the mechanically free εσ33 crystal at the presence of
hydrostatic pressure ph (kbar): 0.0 � 1; 3.36 � 2, ◦; 4.01
� 3, �; 4.79 � 4, M; 5.87 � 5, O; 6.85 � 6 .. Symbols are
experimental data of [1].
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Fig. 11. Temperature dependences of spontaneous polarization P3, dielectric permittivity of the mechanically free crystal ε
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As one can see from these �gures, the calculated
temperature dependences satisfactorily agree with the
corresponding experimental data.

It is necessary to note that the temperature depen-
dences of P3(T ), εσ,u33 (T ), ∆C(T ) shown above virtually
coincide with the analogous curves calculated in [9] in
the absence of mechanical stresses and an electric �eld.

The e�ect of mechanical stresses mainly reveals itself
through the shift of temperature Tc (Fig. 9).

Note that the phase transition temperature practically
linearly depends on the stresses which do not change
the symmetry of the crystal, that is on the hydrostatic
ph and uniaxial p1, p2, p3 pressures, as well as on the
shear stress σ5. The temperature dependences of the
thermodynamic characteristics at these stresses (except
for p1) are qualitatively similar, as in the case of absence
of stresses, in particular, curves εσ33(T ) at di�erent values
of hydrostatic pressure ph (Fig. 10), as well as curves
P3(T ), εσ33(T ), c22(T ), e31(T ) ∆C(T ) at mentioned above
stresses 5 kbar in magnitude (Fig. 11, curves ph, p2, p3,
σ5).

The dependence of transition temperature Tc on
hydrostatic pressure ph (Fig. 9, curve ph), as well as
temperature dependences εσ33 at di�erent values of ph
(Fig. 10) well agree with analogous curves, calculated in
[12].

Uniaxial pressure p1 has a di�erent in�uence. At
small values of p1, the phase transition remains the
second order one, and the temperature dependences of
the thermodynamic characteristics are qualitatively si-
milar as in the case of absence of pressure; in parti-
cular, one can see this on the temperature dependences
P3(T ) and εσ33(T ) at di�erent values of uniaxial pressure
p1 (Fig. 12, curves 0, 1, 2). Starting from some criti-
cal pressure pcr1 =2.66 kbar (tricritical point), the phase
transition becomes the �rst order one. As a result, at
p1 > pcr1 there are �nite breaks on the curves of the
temperature dependences of thermodynamic characteri-
stics (Fig. 12, curves 3, 4, 5 and Fig. 11, curves p1).

Shear stress σ4 does not in�uence thermodynamic
characteristics, and in Fig. 11, curves σ4 coinside with
curves 0, since deformational potentials ψff ′4 = 0K. The
pseudospin contribution to molar heat capacity ∆C is an
exception, in Fig. 11 curve σ4 (solid line) does not coi-
nside with curve 0 (dashed line). This is connected wi-
th temperature dependences of �seed� elastic constants
c0jj′(T ); as a result, terms −vkjj′uj′ appear in expressi-

on S′uj
[see (3.15)].

Shear stress σ6 changes the symmetry of the crystal
and, in contrast to other stresses, lowers the temperature
Tc nearly quadratically, but not linearly (Fig. 9, curve
σ6). In this case, the phase transition remains the
second order one. In addition to lowering the Tc point,
the curves of temperature dependences P3(T ), εσ33(T ),
c22(T ), e31(T ) ∆C(T ) are somewhat deformed (Fig. 11,
curves σ6). This is because the stress σ6 splits the
parameters of interactions J11 and J13, as well as J12 and
J14, since pseudospins �1� and �3�, as well as �2� and �4�
become nonequivalent. Corresponding order parameters
η1, η3 and η2, η4 also split (Fig. 13).
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Fig. 12. Temperature dependences of spontaneous polarizati-
on P3 and dielectric permittivity of mechanically free crystal
εσ33 at di�erent values of uniaxial pressure p1.
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Fig. 13. Temperature dependences of the order parameters ηf
at shear stress σ6 = 5 kbar.
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Fig. 15. Temperature dependence of total entropy Stotal at
di�erent values of longitudinal electric �eld E3.
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Fig. 16. a) Temperature dependence of electrocaloric change
of temperature ∆Tec at weak electric �elds E3 (MV/m): 0.15
� 1,1'[17]; 0.5 � 2; 1.0 � 3; b) Temperature dependence of
∆Tec at strong �elds E3 (MV/m): 1.0 � 1; 2.0 � 2; 5.0 � 3;
10.0 � 4; 20.0 � 5; 30.0 � 6; 40.0 � 7; 50.0 � 8.

The e�ect of longitudinal electric �eld E3 is reduced
to smearing of the phase transition. As a result, curves of
temperature dependences of thermodynamic characteri-
stics in the external �eld become smoothed (Fig. 14).
As one can see from this �gure, the calculated curves

εσ33 at di�erent values of the �eld satisfactorily agree with
experimental data. Therefore this model can be suitable
for the investigation of the electrocaloric e�ect in the
RbHSO4 crystal, that is the change of temperature ∆Tec
of the crystal at adiabatic (at constant entropy) change
of the applied electric �eld (Fig. 15).
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Fig. 17. Field dependence of electrocaloric change of
temperature ∆Tec at di�erent values of initial temperature
∆T = T − Tc. Dashed lines correspond to the ferroelectric
phase.

The e�ect of the �eld on the total entropy Stotal is
less marked, than the e�ect on the only pseudospin
contribution ∆S, because the lattice contribution to
the heat capacity stabilizes the electrocaloric change of
temperature of the crystal.
Figure 16 shows the dependence of ∆Tec on the

initial temperature at di�erent values of adiabatically
applied longitudinal �eld E3, and Fig. 17 shows the
dependence of ∆Tec on the electric �eld at di�erent ini-
tial temperatures.
Thick red curve 1' in Fig. 16 is calculated in [17] using

Landau expansion method. In the weak �elds (E3 <
1 MV/m) at initial temperature T = Tc the temperature

change follows the law ∆Tec ∼ E
3/2
3 (green curve in

Fig. 17); at T < Tc, ∆Tec ∼ E3 (blue dashed curves in
Fig. 17); at T > Tc, ∆Tec ∼ E2

3 (red curves in Fig. 17).
At stronger �elds E3 > 1 MV/m the dependences
∆Tec(E3) deviate from the mentioned laws and reach
saturation at E3 � 50 MV/m.

V. CONCLUSIONS

The present model predicts a linearly increasing
dependence of temperature Tc on hydrostatic ph and uni-
axial p2, p3 pressures, as well as on shear stress σ5. The
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phase transition remains the second-order one, and the
temperature dependences of di�erent thermodynamic
characteristics are qualitatively similar, as in the case
of absence of stresses.
Uniaxial pressure p1 linearly lowers the temperature

Tc. At small values of the pressures, the phase transition
remains the second-order one, but starting from some cri-
tical pressure pcr1 the phase transition becomes the �rst-
order one.
Shear stress σ4 does not in�uence the calculated

thermodynamic characteristics, shear stress σ6 nearly

quadratically lowers the temperature Tc.

The e�ect of the longitudinal electric �eld E3 boils
down to smearing the phase transition.

In the weak �elds E3, electrocaloric change of
temperature ∆Tec linearly increases with the �eld in the
ferroelectric phase, quadratically � in the paraelectric

phase and follows the law ∆Tec ∼ E
3/2
3 at initial

temperature T = Tc. At strong �elds, the dependenci-
es ∆Tec(E3) deviate from the mentioned laws and reach
saturation at E3 � 50 MV/m.
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ÏÎËÜÎÂI ÒÀ ÄÅÔÎÐÌÀÖIÉÍI ÅÔÅÊÒÈ Â ÑÅ�ÍÅÒÎÅËÅÊÒÐÈÊÓ RbHSO4

À. Ñ. Âäîâè÷1, Ð. Ð. Ëåâèöüêèé1, I. Ð. Çà÷åê2

1Iíñòèòóò ôiçèêè êîíäåíñîâàíèõ ñèñòåì ÍÀÍ Óêðà¨íè,
âóë. Ñâ¹íöiöüêîãî, 1, Ëüâiâ, 79011, Óêðà¨íà

2Íàöiîíàëüíèé óíiâåðñèòåò �Ëüâiâñüêà ïîëiòåõíiêà�

âóë. Ñ. Áàíäåðè 12, 79013, Ëüâiâ, Óêðà¨íà

Ñå íåòîåëåêòðèê iç âîäíåâèìè çâ'ÿçêàìè RbHSO4 ¹ ïðèêëàäîì êðèñòàëà, äå åôåêòè òèñêó ñóòò¹âi. Íà
âiäìiíó âiä iíøèõ ñå íåòîåëåêòðèêiâ iç âîäíåâèìè çâ'ÿçêàìè ôàçîâèé ïåðåõiä iç âèñîêîòåìïåðàòóðíî¨ ïàðà-
ôàçè â íèçüêîòåìïåðàòóðíó ñå íåòîôàçó ïîâ'ÿçàíèé ç óïîðÿäêóâàííÿì íå ïðîòîíiâ, à ñóëüôàòíèõ ãðóï SO4,
ÿêi ñòðèáàþòü ìiæ äâîìà ïîëîæåííÿìè ðiâíîâàãè.

Çàïðîïîíîâàíî ìîäèôiêîâàíó ÷îòèðèïiä ðàòêîâó ïñåâäîñïiíîâó ìîäåëü ñå íåòîåëåêòðèêà RbHSO4, ó
ÿêié ãðóïàì SO4 ïðèïèñóþòüñÿ åôåêòèâíi äèïîëüíi ìîìåíòè i ïñåâäîñïiíè; à êðèñòàë ðîçãëÿäà¹òüñÿ ÿê ñè-
ñòåìà âçà¹ìîäiéíèõ ïñåâäîñïiíiâ. Öÿ ìîäåëü óðàõîâó¹ ï'¹çîåëåêòðè÷íèé çâ'ÿçîê ïñåâäîñïiíîâî¨ ïiäñèñòåìè
ç äåôîðìàöiÿìè  ðàòêè, à òàêîæ çìiíó ñèìåòði¨ êðèñòàëà ïiä âïëèâîì çñóâíèõ íàïðóã σ4 i σ6. Ó íàáëè-
æåííi ìîëåêóëÿðíîãî ïîëÿ ðîçðàõîâàíî ñïîíòàííó ïîëÿðèçàöiþ òà ïîçäîâæíþ äiåëåêòðè÷íó ïðîíèêíiñòü
ìåõàíi÷íî çàòèñíóòîãî é âiëüíîãî êðèñòàëiâ, ï'¹çîåëåêòðè÷íi, ïðóæíi òà òåïëîâi õàðàêòåðèñòèêè. Äîñëi-
äæåíî âïëèâ ãiäðîñòàòè÷íîãî òà îäíîâiñíèõ òèñêiâ, çñóâíèõ íàïðóã òà ïîçäîâæíüîãî åëåêòðè÷íîãî ïîëÿ íà
ôàçîâèé ïåðåõiä i ôiçè÷íi õàðàêòåðèñòèêè êðèñòàëà.

Ó ìåæàõ öi¹¨ ìîäåëi îòðèìàíî ëiíiéíî çðîñòàþ÷ó çàëåæíiñòü òåìïåðàòóðè Tc âiä ãiäðîñòàòè÷íîãî ph òà
îäíîâiñíèõ p2, p3 òèñêiâ, à òàêîæ âiä çñóâíî¨ íàïðóãè σ5. Ïðè öüîìó ôàçîâèé ïåðåõiä çàëèøà¹òüñÿ ïåðåõî-
äîì äðóãîãî ðîäó, à òåìïåðàòóðíi çàëåæíîñòi ðiçíèõ òåðìîäèíàìi÷íèõ õàðàêòåðèñòèê ÿêiñíî ïîäiáíi, ÿê çà
âiäñóòíîñòi ìåõàíi÷íèõ íàïðóã. Îäíîâiñíèé òèñê p1 ëiíiéíî ïîíèæó¹ òåìïåðàòóðó Tc. Ïðè öüîìó çà ìàëèõ
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FIELD AND DEFORMATION EFFECTS IN RbHSO4 FERROELECTRIC

òèñêiâ çáåðiãà¹òüñÿ ïåðåõiä äðóãîãî ðîäó, à, ïî÷èíàþ÷è ç äåÿêîãî êðèòè÷íîãî òèñêó pcr1 , ïåðåõiä ñòà¹ ïåðå-
õîäîì ïåðøîãî ðîäó. Çñóâíà íàïðóãà σ4 íå âïëèâà¹ íà ðîçðàõîâàíi òåðìîäèíàìi÷íi õàðàêòåðèñòèêè, çñóâíà
íàïðóãà σ6 ïîíèæó¹ òåìïåðàòóðó Tc.

Âïëèâ ïîçäîâæíüîãî åëåêòðè÷íîãî ïîëÿ E3 çâîäèòüñÿ äî ðîçìèâàííÿ ôàçîâîãî ïåðåõîäó. Çà ñëàáêîãî
ïîçäîâæíüîãî ïîëÿ E3 åëåêòðîêàëîðè÷íà çìiíà òåìïåðàòóðè ∆Tec ëiíiéíî çðîñòà¹ ç ïîëåì ó ñå íåòîôàçi,

êâàäðàòè÷íî � ó ïàðàôàçi, i çà çàêîíîì ∆Tec ∼ E
3/2
3 çà ïî÷àòêîâî¨ òåìïåðàòóðè T = Tc. Ó ñèëüíîìó ïîëi

çàëåæíîñòi ∆Tec(E3) âiäõèëÿþòüñÿ âiä çãàäàíèõ çàêîíiâ, à çà E3 � 50 ÌÂ/ì äîñÿãàþòü íàñè÷åííÿ.
Îòðèìàíî çàäîâiëüíèé êiëüêiñíèé îïèñ âiäïîâiäíèõ åêñïåðèìåíòàëüíèõ äàíèõ.

Êëþ÷îâi ñëîâà: ñå íåòîåëåêòðèêè, äiåëåêòðè÷íà ïðîíèêíiñòü, ï'¹çîåëåêòðè÷íi êîåôiöi¹íòè, âïëèâ òè-
ñêó, âïëèâ åëåêòðè÷íîãî ïîëÿ, åëåêòðîêàëîðè÷íèé åôåêò.
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