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We study the inuene of shear stress �

4

on the phase transitions, stati and dynami dieletri,

piezoeletri, elasti, and thermal harateristis of Rohelle salt rystal. The stress e�ets are visible

in the ferroeletri phase and in some temperature range below T

C1

and above T

C2

. The stress

smears out the two seond order phase transitions in Rohelle salt and smoothens the peuliarities

in temperature urves of the seond derivatives of thermodynami potential �

�

11

, �

"

11

, d

14

, e

14

, 

E

44

and s

E

44

, as well as "

�

11

. Stress e�ets on these quantities are more essential near the upper Curie

point. The harateristis that only exhibit bends at the transition points (

P

44

, h

14

, g

14

) are not

a�eted by �

4

. Stress dependene of the magnitude of the spei� heat peaks at the `transition

points' is not monotoni and more pronouned near the lower `Curie point'.

Key words: Rohelle salt, shear stress, piezoeletriity.

PACS number(s): 77.22.Ch, 77.22.Gm, 77.65.Bn, 77.65.Ly, 77.80.Bh

I. INTRODUCTION

It is generally aepted that Rohelle salt under-

goes two ferroeletri phase transitions. The ferroele-

tri phase exists in a rather narrow temperature interval

from T

C1

= 255 K to T

C2

= 297 K. Spontaneous polar-

ization is direted along the a axis; it is aompanied by

a spontaneous shear strain "

4

in the plane (100). In both

the low-temperature (T < T

C1

) and high-temperature

(T > T

C2

) phases the rystal lattie belongs to the rhom-

bi spae group, whereas in the ferroeletri phase the

rystal is monolini.

Mirosopi theories of Rohelle salt type rystals are

usually based on the Mitsui model [1℄. Thermodynam-

is and dieletri properties of Rohelle 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 aount the

piezoeletri oupling, however, inorret temperature

dependene of relaxation times (diverging) and dynami

permittivity (vanishing) were obtained near the Curie

points. The problem has been suessfully approahed

in our reent paper by expliit taking into aount the

piezoeletri e�ets [9℄. It permitted to distinguish be-

tween the free and lamped permittivities and obtain

�nite relaxation times at the Curie points.

Essential to the understanding of suh ruial phe-

nomena in ferroeletris as proesses of repolarization,

domain wall motion, et. are studies of these proesses

in external �elds onjugate to spontaneous polarization.

For piezoeletri ferroeletris suh �elds are an eletri

�eld applied along the axis of spontaneous polarization

as well as mehanial stress produing lattie strain on-

jugate to polarization. For Rohelle salt those �elds are:

the eletri �eld E

1

and the shear stress �

4

. In the above

studies of the domain proesses sometimes it is neessary

to know the stress/�eld dependenes of the physial har-

ateristis of a single-domain rystal. To alulate suh

dependenes of stati and dynami dieletri, piezoele-

tri, elasti, and thermal properties of Rohelle salt is

the purpose of the present paper.

A general idea of the �eld e�ets on the system un-

dergoing a seond order phase transition is well-known.

Suh a �eld is expeted to smear out the phase tran-

sition, indue non-zero polarization in the paraeletri

phase, as well as round o� and derease the peak values

of the dieletri permittivity. The situation with Rohelle

salt, however, is more ompliated, for it undergoes two

phase transitions, and the `paraeletri' phases are, in

fat, antiferroeletri ones. It is interesting to ompare

the stress e�ets on the two Curie points, and to explore

its inuene on the other harateristis, suh as spei�

heat.

Within a Mitsui model, modi�ed by taking into a-

ount the shear strain "

4

[9℄, we have reently alulated

several dieletri, piezoeletri, thermal, and elasti har-

ateristis of Rohelle salt and obtained a fair desription

of experimental data. In this paper we present only the

�nal results for the above mentioned harateristis and

study their dependenes on stress �

4

.

II. DIELECTRIC, ELASTIC, PIEZOELECTRIC,

AND THERMAL CHARACTERISTICS OF

ROCHELLE SALT

Aording to the Mitsui model, the phase transitions

in Rohelle salt are aused by motion of dipoles in asym-
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metri double-well potentials with two di�erent intera-

tion onstants for the dipoles of the same and of di�erent

sublatties. The system Hamiltonian reads [9℄
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The three �rst terms in (2.1) represent the elasti, piezo-

eletri, and eletri energies that do not depend on ori-

entation of quasispins; v = �vk

B

is the unit ell volume.

The quantity � desribes an asymmetry of the double-

well potential; �

1

is the e�etive dipole moment. The

last term in the Hamiltonian is an additional internal

�eld produed by piezoeletri oupling with the shear

strain "

4

;  

4

is the so-alled deformational potential.

Hereafter we restrit ourselves by the mean �eld ap-

proximation. After straightforward alulations we ob-

tain the thermodynami potential of the onsidered sys-

tem
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Here

~

J = J=k

B

and

~

K = K=k

B

are normalized per

Boltzmann onstant Fourier transforms at q = 0 of po-

tentials of interation between quasispins belonging to

the same and to di�erent sublatties, respetively; �

4

is

shear stress onjugate to the strain "

4

, whereas � and �

are the ferroeletri and antiferroeletri ordering param-

eters, de�ned via the single-partile distribution fun-

tions �

f
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and obeying the system of equations
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Thermodynami equilibrium onditions yield equa-

tions for the strain "

4

and polarization P
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Seond derivatives of the thermodynami potential are:

the oeÆient of piezoeletri stress
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lamped stati dieletri suseptibility
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and the elasti onstant at onstant �eld
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The rest of piezoeletri, elasti, and dieletri hara-

teristis an be expressed via the found above.

To alulate spei� heat we use the entropy

S

R

= 2 ln2+ ln osh

1

2

(+ Æ)+ ln osh

1

2

(� Æ)��� Æ�;

R is the gas onstant. Molar spei� heat of a quasispin

subsystem at onstant stress then reads
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Rather umbersome expressions for p

�

4

�

and p

�

4

�

are given

in Appendix.

Dynami properties of the system with Hamiltonian

(2.1) are studied within the Glauber method [10℄. In this

approah, assuming that the strain is time independent

(due to lamping of the rystal above the frequeny of

piezoeletri resonane), at small deviations of the sys-

tem from equilibrium, we obtain the omplex dieletri

permittivity with two relaxation times
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The used the notations are also presented in Appendix.

III. DISCUSSION

The �tting proedure has been in details desribed

elsewhere. The found model parameters, providing a fair

desription of the presented above physial harateris-

tis of Rohelle salt, are:

~

J = 797:36 K,

~

K = 1468:83 K,

~

� = 737:33 K,

~

 

4

= �760 K, 

E0

44

= 12:8 � 10

10

dyn/m

2

, � = 1:7 �

10

�13



�1

.

The e�etive dipole moment �

1

is taken as as a de-

reasing funtion of temperature

�

1

= [2:52+ 0:0066(297� T )℄ � 10

�18

esu � m:

The temperature dependene of the rystal volume per

two quasispins (half of the unit ell volume) is obtained

from strutural experimental data of [11℄

v = 0:5219 � [1 + 0:00013(T � 190)℄ � 10

�21

m

3

:

Let us explore now the inuene of shear stress �

4

on

the dieletri, piezoeletri, elasti, and thermal hara-

teristis of Rohelle salt.

The stress �

4

in this ase is a �eld onjugate to the

order parameter. Sine both phase transitions are of the

seond order, the stress �

4

smears them out. It indues

non-zero values of polarizationP

1

(and strain "

4

) in para-

eletri phases and inreases these quantities in the ferro-

eletri phase (Fig. 1). The obtained stress e�ets of the

strain "

4

are similar to those of polarization and more

pronouned.

Theoretial dependene of spontaneous polarization

P

1

on stress �

4

qualitatively agrees with the old results of

measurements presented in [12℄. However, a quantitative

omparison of the theoretial urves with the experimen-

tal points is not possible, beause in [12℄ the polarization

urves are given in arbitrary units di�erent for di�erent

stresses.

In Fig. 2 we plot the temperature urves of a free

stati dieletri suseptibility at di�erent values of stress

�

4

, as well as on the stress �

4

at di�erent temperatures.

The orresponding dependenes of the other harater-

istis | seond derivatives of the thermodynami po-

tential, whih have sharp peaks at the transition points

| lamped dieletri suseptibility, oeÆients of piezo-

eletri strain and piezoeletri stress, as well as elasti

ompliane s

E

44

= 1=

E

44

, are analogous.

On inreasing �

4

, the magnitudes of �

�

11

, �

"

11

, d

14

, e

14

,

and s

E

44

derease, espeially fast at temperatures lose

to T

Cf

and at small stresses (at ambient pressure �

�

11

,

d

14

, and s

E

44

diverge at the Curie points). The peak val-

ues of these quantities at the lower `transition point' are

essentially dereased and shifted to lower temperatures,

whereas those at the upper `transition point' are shifted

to upper temperatures. A derease of the peak values at
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the upper `transition point' is stronger than at the lower

one. As alulations show, the presented harateristis

depend on the stress only in a ertain temperature range

| starting from temperature somewhat lower than the

lower transition point up to the temperatures somewhat

higher than the upper transition point, inluding the fer-

roeletri phase (at the presented stresses | from 235 K

up to 330 K). The temperature range of visible stress

e�ets above T

C2

is wider than below T

C1

.

Fig. 1. Dependenes of polarization P

1

on temperature at

di�erent stresses �

4

(bar): 1 | 0, 2 | 5, 3 | 10, 4 | 30,

5 | 50, 6 | 75 and on stress �

4

at di�erent temperatures

(K): 1 | 235 (dashed line), 2 | 250 (dashed line), 3 | 255.1

(thik solid line), 4 | 259, 5 | 276, 6 | 292 (think solid

lines), 7 | 296.8 (thik solid line), 8 | 302, 9 | 350 (dotted

lines). Experimental points are taken from [13℄.

As an analog of the stress dependene of the �rst order

transition temperature, in the ase of the seond order

phase transition we plot the dependenes for the temper-

atures of the rounded maxima of the dieletri susepti-

bility (`transition temperature' or `Curie point').

As one an see (�g. 3), the upper `transition temper-

ature' in Rohelle salt is stronger a�eted by stress �

4

than the lower one, and stress dependenes of the both

`transition temperatures' are essentially non-linear. This

drastially di�ers from the almost linear dependene of

the temperature of the �rst order phase transition in, for

instane, KD

2

PO

4

on the stress �

6

[15℄.

Fig. 2. Dependenes of a free dieletri suseptibility �

�

11

on temperature at di�erent stresses �

4

and on stress �

4

at

di�erent 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

4

) predits that

dependenes of the suseptibility peak magnitude �

max

and its temperature �T

max

on external �eld onjugate

to the order parameter should follow the rule

�T

max

� E

2=3

;

�

max

� E

�1=3

;

at the usually assumed linear temperature dependene of

the oeÆient � of the Landau expansion. For Rohelle

salt sometimes the quadrati temperature dependene of

� is used [16℄:
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� = �

0

"

�

(T �
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+ T
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2

�

2

�

�

T

C1

� T

C2

2

�

2

#

;

(one an easily hek that �(T

C1

) = �(T

C2

) = 0). It

yields a di�erent dependene for �T

max

(E)

�T

max

=� 1�

p

1 + k

0

E

2=3

;

with k

0

being the same for both lower and upper `Curie

points'. The obtained theoretial points for j�T

max

j and

�

max

, however, are poorly approximated by the above

given dependenes.

Fig. 3. Dependenes of the maximal values of the

free dieletri suseptibility �

�

11

at the lower �

max1

and

upper �

max2

transition points and their temperatures

j�T

max

j = jT

maxf

� T

Cf

j on stress �

4

.

In Fig. 4 we show the temperature urves of the

elasti onstant 

E

44

at di�erent stresses �

4

. The stress

smoothens the temperature dependenes of 

E

44

and in-

reases with distane between its minima. The inuene

of stress is again seen in a temperature range from 235 K

up to 255 K.

Fig. 4. Dependenes of the elasti onstant 

E

44

on temper-

ature at di�erent stresses �

4

. Notations and values of stress

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

[16℄.

Fig. 5. Dependenes of the piezomodule h

14

on tempera-

ture at di�erent stresses �

4

and on stress �

4

at di�erent 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 an see in Fig. 5, the shear stress �

4

pratially

does not a�et the onstant of piezoeletri stress h

14

at

any temperature. Neither we have found any stress ef-

fets on the onstant of piezoeletri strain g

14

or the

elasti onstant at onstant polarization 

E

44

. At zero

stress all these harateristis have only small bends at

Curie points or no peuliarity at all.

In ontrast to the presented above graphs, where the

peak values of the harateristis were monotonously

lowered down by the stress, dependene of the peak val-

ues of spei� heat on this stress is non-monotoni. The

maximal values of �C

�

at the `transition points' are �rst

strongly dereased, but at �

4

> 10 bar they start to in-

rease with �

4

. Also, unlike in the �gures below, these

dependenes are more pronouned at the lower `transi-

tion point'.

Fig. 6. Dependenes of the spei� heat C

�

on tempera-

ture at di�erent stresses �

4

. Notations and values of stress

are the same as in Fig. 1.

Stress and temperature dependenes of the relaxation

time and imaginary parts of the dynami dieletri per-

mittivity are totally analogous to presented above depen-

denes of stati dieletri suseptibility and other har-

ateristis having sharp peaks at the Curie points. More

interesting are stress e�ets on the real part of the per-

mittivity.

At frequenies below 5 GHz, the real part of the per-

mittivity has a maximum at both Curie points. These

maxima are lowered down and rounded o� by the stress

�

4

(Fig. 7a) | similarly to those of a stati dieletri

suseptibility. At higher frequenies, the real part of the

permittivity "

0

11

has broad maxima around the Curie

points and narrow minimawithin the broad peaks in the

lose viinity of T

Cf

. The higher frequeny, the wider and

deeper are the minima of "

0

11

. Under the stress, the over-

all magnitude of the broad maxima is dereased, whereas

the narrow minima are rounded o� and raised up, until

they vanish at all (Fig. 7b, ).

Fig. 7. Dependenes of a real part of dynami dieletri

permittivity "

0

1

(�) at � = 3:0 GHz (a), 5.1 GHz (b), and

9.45 GHz () on temperature at di�erent stresses �

4

and on

stress �

4

(right) at di�erent 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 theoretial desription of the stress �

4

inuene on the physial harateristis of Rohelle salt.

Absent or very outdated experimental data for this inu-

ene, unfortunately, do not permit to verify the obtained

results quantitatively.

The found dependenes qualitatively aord with the

available data and with the expeted behaviour of the

harateristis in external �elds onjugate to the order

parameter. The stress e�ets are visible in the ferroele-

tri phase and in some temperature range below T

C1

and

above T

C2

. Sine the stress �

4

smears out the two se-

ond order phase transitions in Rohelle salt, overall its

e�ets on the alulated quantities (seond derivatives

of the thermodynami potential �

�

11

, �

"

11

, d

14

, e

14

, 

E

44

and s

E

44

, as well as "

00

11

) are limited to smoothening of the

peuliarities in their temperature urves (sharp maxima

or minima at the Curie points). Stress e�ets on these

quantities are more essential near the upper Curie point.

The quantities that do not have large peuliarities at the

transition points (

P

44

, h

14

, g

14

) are not a�eted by �

4

.

The stress inuene on the pseudospin ontribution to

the spei� heat is di�erent. Dependene of the magni-

tude of the spei� heat peaks at the `transition points'

is not monotoni and more pronouned near the lower

`Curie point'. At ertain stress, the lower peak of the

spei� heat beomes even higher than at �

4

= 0.

APPENDIX

The quantities p

�

4

�

and p

�

4

�

entering the expression for

spei� heat (2.9) are

p

�

4

�

=

�

1

v

�

��

�T

�

�

4

= p

"

4

�

+ e

�

�

4

; p

�

4

�

= p

"

4

�

+ e

�

�

4

;

where

p

4

=

�

��

4

�T

�

p

1

;"

4

=

1

T

q

p

1

4

;

p

"

4

�

=

�

1

v

1

�

4

�

�

�

�

N

T

1

N

12

N

T

2

N

22

�

�

�

�

; e

�

=

�

1

v

1

�

4

�

�

�

�

N

"

4

1

N

12

N

"

4

2

N

22

�

�

�

�

;

p

"

4

�

=

�

1

v

1

�

4

�

�

�

�

N

11

N

T

1

N

21

N

T

2

�

�

�

�

; e

�

=

�

1

v

1

�

4

�

�

�

�

N

11

N

"

4

1

N

21

N

"

4

2

�

�

�

�

;

N

T

1

= �

(1 � �

2

� �

2

)� 2Æ��

2T

;

N

T

2

=

(1 � �

2

� �

2

) � 2��

2T

;

N

11

= osh  + osh Æ �

�

2

(

~

J +

~

K){

4

;

N

12

=

�

2

(

~

J �

~

K)� sinh Æ;

N

21

=

�

2

(

~

J +

~

K)� sinh ;

N

22

= osh  + osh Æ �

�

2

(

~

J �

~

K){

4

;

N

"

4

1

= �2� 

4

{

4

;

N

"

4

2

= 2� 

4

� sinh :

Notations used in the expression for dynami dieletri

permittivity are

K

0

=

�

�

�

�

a

11

a

12

a

21

a

22

�

�

�

�

; K

1

= a

11

+ a

22

;

K

(0)

= �

�

�

�

�

a

12

a

1

a

22

a

2

�

�

�

�

; K

(1)

= �a

1

;

and

a

11

= 1�

~

J +

~

K

T

1� osh  osh Æ

(osh  + osh Æ)

2

;

a

12

=

~

J �

~

K

T

sinh  sinh Æ

(osh  + osh Æ)

2

;

a

21

=

~

J +

~

K

T

sinh  sinh Æ

(osh  + osh Æ)

2

;

a

22

= 1�

~

J �

~

K

T

1� osh  osh Æ

(osh  + osh Æ)

2

;

a

1

=

4(1� osh  osh Æ)

(osh  + osh Æ)

2

;

a

2

=

4 sinh  sinh Æ

(osh  + osh Æ)

2

:

[1℄ T. Mitsui, Phys. Rev. 111, 1259 (1958).

[2℄ V. G. Vaks, Vviedieniie v mikroskopihieskuiu tieoriiu

signietoeliektrikov (Nauka, Mosow, 1973), (in Russian).

[3℄ B. Zeks, G. C. Shukla, R. Blin, Phys. Rev. B. 3, 2306

(1971).

[4℄ B. Zeks, G. C. Shukla, R. Blin, J. Phys. 33, supplement

to N 4, 2-67 (1972).

[5℄ K. Mori, Ferroeletris 31, 173 (1981).

[6℄ J. Kalenik, Ata Phys. Pol. A 48, 387 (1975).

[7℄ R. R. Levitskii, I. R. Zahek, V. I. Varanitskii, Ukr. Phys.

J. 25, 1766 (1980).

[8℄ R. R. Levitskii, R. O. Sokolovskii, Condens. Matter Phys.

2, 393 (1999).

[9℄ R. R. Levitskii, I. R. Zahek, T. M. Verkholyak,

112



INFLUENCE OF THE SHEAR STRESS �

4

ON THE PHYSICAL PROPERTIES OF ROCHELLE SALT

A. P. Moina, Phys. Rev. B. 67, 174112 (2003).

[10℄ R. J. Glauber, J. Math. Phys. 4, 294 (1963).

[11℄ W. J. Bronowska, J. Appl. Crystallogr. 14, 203 (1981).

[12℄ R. D. Shulwass-Sorokina. Z. Phys. 73, 700 (1932).

[13℄ J. Habl�utzel, Helv. Phys. Ata 12, 489 (1939).

[14℄ W. Taylor, D. J. Lokwood, H. J. Labbe, J. Phys. C.:

Solid State Phys. 17, 3685 (1984).

[15℄ I. V. Stasyuk, R. R. Levitskii, I. R. Zahek, A. P. Moina,

Phys. Rev. B. 62, 6198 (2000).

[16℄ O. Yu. Serdobolskaya, Fiz. Tverd. Tela 38, 1529 (1996).

[17℄ W. P. Mason, Phys. Rev. 55, 775 (1939).

[18℄ F. Sandy, R. V. Jones, Phys. Rev. 168, 481 (1968).

VPLIV ZSUVNOÕ NAPRUGI �

4

NA F�ZIQN� VLASTIVOST� SE�NETOVOÕ SOLI

R. R. Levi~ki�

1

, �. R. Zaqek

2

, A. P. MoÝna

1

, T. M. Verhol�k

1

1

�nstitut f�ziki kondensovanih sistem Na�onal~noÝ akadem�Ý nauk UkraÝni,

vul. Svn�~kogo, 1, L~v�v, 79011, UkraÝna

2

Na�onal~ni� un�versitet \L~v�vs~ka pol�tehn�ka",

vul. S. Banderi, 12, L~v�v, 79013, UkraÝna

Dosl�d�eno vpliv zsuvnoÝ naprugi �

4

na fazovi� pereh�d, statiqn� � dinam�qn� d�elektriqn�, p'zoelek-

triqn�, pru�n� � teplov� vlastivost� se�netovoÝ soli. D�� �Ý naprugi pom�tna v se�netoelektriqn�� faz�

ta v de�k�� temperaturn�� d�l�n� | ni�qe v�d T

C1

� viwe v�d T

C2

. Napruga rozmiva dva fazov� perehodi

drugogo rodu v kristal�, zglad�u osoblivost� temperaturnih krivih drugih poh�dnih termodinam�qnogo

poten��lu �

�

11

, �

"

11

, d

14

, e

14

, 

E

44

, s

E

44

� "

�

11

. D�� naprugi pom�tn�xa v okol� verhn~oÝ toqki K�r�. Harakteris-

tiki, �k� ne ma�t~ osoblivoste� u toqkah perehodu (

P

44

, h

14

, g

14

), v�d naprugi �

4

praktiqno ne zale�at~.

Bariqna zale�n�st~ ampl�tudi p�k�v teplomnosti v \toqkah perehodu" nemonotonna � pom�tn�xa v okol�

ni�n~oÝ \toqki K�r�".
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