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Electric ‘and optical properties of the commensurate ferroelectric long-
-periodic phase in [N(CHz)4]2ZnCly and [N(CHz)4]2CoCls crystals were in-
vestigated to explain mechanism of the double hysteresis loops appearance.

PACS numbers: 64.70.-p

1. Introduction

It has been found that the presence of the double dielectric hysteresis loops
in the commensurate regions manifests a coexistence of the long-periodic phases
within-the ilcommensurate phase. Such phenomenon was already investigated in a
few papers [1, 2]. Double hysteresis loops have been observed just above T within
the incommensurate phase on € = f(E) dependences in [NH4]BeF4 and Rb2ZnCly
crystals. In accordance with the data of [3] the appearance of double hysteresis
loops in the crystal has been explained on the basis of the defect density wave
(DDW) model. It was shown that antipolarised regions disappear under influence
of electric field and left the vestige, which serves as a germ at field removal. This
vestige may be considered as residual defects concentration around soliton [4],
that actually causes DDW existence in the crystal. DDW period coincides with
the incommensurate structure period at the field absence.

The phase induced by the electric field in the incommensurate phase consists
of regular domain-like regions Df |D; |DF|Dy |DF|Dg |Df|. .., where neighbour-
ing domains D;, D;y; with opposite direction of spontaneous polarization P are
divided by domain walls W;;y1. Under the electric field influence the width of
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positively oriented domains increases and for electric field strong enough the neg-
atively oriented domains may disappear. But to retain its own phase change the
crystalline structure does not become totally uniform. It consists rather of regular
parts D, DI, DF, D}, divided by boundaries Wi3, Was, Ws; with opposite
phases. When the electric field is switched off, the walls are widened to the size of
the normal domain walls, and the original non-polarized state reappears. It should
also be noted that analogous dielectric hysteresis loops arise in the commensurate
regions of the incommensurate phase lying far from the phase transitions. For ex-
ample, similar hysteresis loops were observed in such regions of betaine calcium
chloride dihydrate (CH3)sNCH,COO - CaCly - 2H,0 (BCCD) crystal [5].

In principle, two explanations of this phenomenon should be considered. The
first one is comprised with transformation into single domain state of the soliton
structure under field influence in the commensurate regions (where the soliton
structure possesses a domain-like character of the commensurate region). The sec-
ond explanation is related to the coexistence of the commensurate long-periodic
phase with the incommensurate phase and disappearance of one of them under
the influence of electric field. Experimental investigations of electrooptic proper-
ties in the commensurate ferroelectric long-periodic phases of [N(CHgz)4]2ZnCly
and [N(CH3)a]2CoCly crystals were performed for explanation of the mechanism
of double hysteresis loops appearance.

The czystals were grown by the slow evaporation of an aqueous solution
of the [N(CHs)4)2Cl and ZnCl, salts, taken in the proper stoichiometric ratios.
Changes of the birefringence §(An;) under the influence of electric field of strength
E were measured by Senarmonth‘s method [6]. The temperature was stabilised
with an accuracy of 0.005 K.

2. Experimental results and discussion

The experimental field dependences of ( An;) in the commensurate ferroelec-
tric long-periodic phase of [N(CHs)4]2ZnCly crystals are presented in Fig. 1. One
can see that optical birefringence 6(An) shows anomalous behaviour under the in-
fluence of electric field. The obtained dependences correlate with stress and temper-
ature dependences of 6(An;) (obtained in conditions of the “viscous” interaction).
The latter according to [7] was explained in terms of a change of soliton density
under the action of external forces. At small field strength (0 < £ < 6 x 10° V/m)
double electrooptic hysteresis loops with coercive field strength E. ~ 2 x 103 V/m
are observed (Fig. 2). They possess an analogous character as the loops observed
in [N(CHs)4]2CoCly [8], BCCD [5], [NH4]»BeFy [1] crystals.

First of all, let us consider a phenomenological description of the obtained
results. The first motion integral in the case of the electric field of strength E;
applied to the sample may be written according to [9]:

1 /de 2 alp?=2 a
5(@) gy wset Thpleoslp=5, (1)

where p and ¢ denote the amplitude and phase of the two-component order param-
eter 71 = pcosp and 7z = psin g, respectively; af, a;, v are expansion coefficients;
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Fig. 1. Dependence of §(An) on applied electric field E for [N(CH3)4]ZnCly crystal at
T =282 K: 1-1', 2-2', 3-3" — field cycles, the arrows show direction of the changes.
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Fig. 2. Electrooptic loop in the §(An) = f(E)“co-ordinates measured in the region of
commensurate ferroelectric long-periodic phase of [N(CHa)4]ZnCly crystal.

p' comes from Fourier’s transformation of the thermodynamical potential; = is the
integrating constant. Let us rewrite Eq. (1) in the form

1/2
de . ajp¥? 2a1 Ey pf
L =[5 w— ——" cosl .
P ( + ” cos 20y p cos lyp (2)
Consequently for the §(An;) we obtain the following expression:
1 d [ 21-2 ! 1/2
6(Ang) & vy —lpz/ (E + 8P s 2 — 2015197 cos 190) dz, (3)
a 0 ' 7 v

where v;; is the expansion coefficient; d denotes the sample thickness.
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In accordance with the data of Ref. [10] the change of the phase of order
parameter could be presented as

* aByp'sinl c
= po+p1, where ¢ = %/{) 21',)’0(d900/(i12; dz; (4)
C denotes the integrating constant; o does not depend on Ej.

At first approximation it is possible to assume that @1 & by Ey, where by is
the expansion coefficient [10]. Hence, the (An;) may be expressed as

1/2

7202
2 dz. (5)

, 1.
6(Am) " Vij Ep‘z

d !

o2 ai -
x/ =4 &P cos?l(goo+blE1)——il—p—cosl(goo—i-blEl)

0 7 Y
Taking into account that spontaneous polarisation in these commensurate re-
gions appears perpendicularly to the direction of incommensurate modulation and
Ey = E;, Eq. (5) could be rewritten as

1
5(Ani) ~ Vij apz ‘

d
X/
0

— 2
= vijp

/212

fond ap

!
cos 2l(pg + 01 Ey) — 2‘%& cos (o + b1 Ey)

1/2

[ 20—=2  9a ! o
=4 &f cos 2(pg + b1 Ey) — 20Eqp cos (o + b1 Ex) , (6)

since the expression under the integral depends on the change of phase along the
modulation axis. Field dependence of §(An;) obtained from (6) with the param-
eters corresponding to average values of the coefficients of the termodynamical
potential {11] at p = const is plotted in Fig. 3. It correlates with conformable
experimental dependence. One can conclude from expression (6) that in the con-
dition when energy of the electric field applied to the crystal will be equal to the
energy of soliton lattice,

) 20-2 Al
=L + 2a1B1p =0, where cos 2l(pg + b1 Ey) = —1;
Y Y
cos (o + b1Eq) = a1E1/|a1E1| =1; E.=FE;, (7)

the domains of the commensurate ferroelectric long-periodic phase will be repo-
larised. Hence,

=2
By=E.=22

aj
To clarify the mechanism of the double loops appearance let us consider the energy
of soliton lattice as [9]

P 4 -
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Fig. 3. Electric field dependence: §(An) calculated on the basis of Eq. (6) for
[N(CHz2)4)ZnCly crystal.

where v = a}p?'~?/y; V denotes the volume of the sample; ko is the wave vector
of the incommensurately modulated structure; & is the average wave vector of the
soliton structure; U(k) denotes the soliton repulsion energy. In accordance with
expression (8) at |ko| = kg, where

RV
vo = - ? (9)

there will occur the transition from the heterogeneous to homogeneous state [9].
In this case, the expression (9) according to (7) may be presented in the form

K 4Ekpa1 (10)

EC

At low electric field one has kj — |ko| < 0 and the availability of the solitons is
preferable for the system. When this expression gets a positive value (at By = E¢)
the solitons will disappear. Hence, at Fy = E. the solitons in a sample disappear
and the transition from the heterogeneous state to the homogeneous one occurs.

To confirm the transition, we studied the electric field influence on tem-
perature behaviour of the optical indicatrix rotation angle in the commensurate
long-periodic phase. The obtained experimental data for [N(CHs)4]2ZnCly crys-
tal are presented in Fig. 4. As one can see, at the absence of the electric field
the ¢, value smoothly varies with temperature and shows inessential anomalous
changes. Electric field of strength £ = 10* V/m applied to the sample results in an
anomalous temperature behaviour of ¢,. The optical indicatrix rotation (Fig. 4)
1s observed only in the commensurate homogeneous long-periodic phase (so far as
E = 10* > E.). Let us note that in this case according to the data of [12] the
rotation of the optical indicatrix arises at the electric field £ applied along b-axis.
Thus, in the commensurate long-periodic phases the transition from the heteroge-

neous to the homogeneous state with disappearance of the soliton structure occurs
at the field £ = F..
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Fig. 4. Temperature dependence of the optical indicatrix rotation angle ¢q for
[N(CH3)4)ZnCly crystal in the incommensurate phase at E=0 (a) and £=10* V/m (b).

Therefore, the incommensurate phase and the commensurate ferroelectric
one coexist in the commensurate ferroelectric long-periodic phase. Let us consider
this coexistence in detail. It has been found that in the commensurate long-periodic
phase the incommensurability wave vector takes a commensurate value m/n. Thus,
m unit cells are packed into n periods of the modulation wave. Hence, n periods of
the incommensurability waves (where n corresponds to the definite m value) will
be contained in one commensurate domain (for example, ferroelectric domain). The
neighbouring domain will contain the same number of solitons, but spontaneous

polarisation or deformation will get an opposite sign. A schematic picture of this
coexistence is shown in Fig. 5.

Fig. 5. The schema of the commensurate phase coexistence with the incommensurate

structure. The solid lines correspond to domain walls, the dash lines — to solitons.
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Let us discuss the results of investigations of the dielectric properties of
[N(CH3)4)2CoCly crystals to corroborate the considered model of phases coexis-
tence [8]. Double hysteresis loops were observed clearly at £ = E. = 5 x 103 V/m
nside the commensurate long-periodic phase at 7' = 281 K on the field depen-
dences of dielectric permittivity ¢. When approaching the phase transition temper-
atures T = 280.4 K and T3 = 281.1 K the E. value decreases and the hysteresis
loop varies from the double loop to the constricted loop. To explain the obtained
results let us analyse expression (7). As one can see, the coercive field will increase
when the value of the order parameter (namely, of spontaneous polarisation P) de-
creases. Therefore, when approaching the phase transition temperatures 7% and 75,
the P value decreases, consequently the coercive field value will be also diminished
that was observed in experiment. When the value of energy of soliton appearance
1s equal to the energy of soliton pinning on defects, the hysteresis double loop
will transform into a constricted loop. It is necessary to note that at E = E, the
energy W of the capacitor (investigated sample with electrodes) will be equal to
the energy of soliton lattice at E = 0: Wy = 0.797 x 1072 J (at T' = 280.4 K) and
Weol = 1.022 x 1073 J (at T' = 281 K). The difference of the Wy, values at various
temperatures in the commensurate ferroelectric long-periodic phase testifies to the
occurrence of the interaction between the commensurate and the incommensurate
phases.

If we suppose that the incommensurate phase is a set of the successive
long-periodic commensurate phases [13], one should consider the interaction of
such two phases as a particular case of the interaction between the commensu-
rate and the incommensurate phases. Both experimental and calculated temper-
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Fig. 6. Temperature dependence of optical birefringence along a-axis
for [N(CH3)4]2CuCly crystal at a rate of temperature change dT/8t = 60 mK/h,
A — experimental curve, m — theoretical curve.
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ature dependences of §(An) according to (3) (with the method described in [13])
for [N(CHjz)4]2CuCly crystals clearly reflect this interaction (Fig. 6). The latter
manifests itself in anomalies of the birefringence.

3. Conclusions

The commensurate and the incommensurate phases coexist and interact in
the commensurate long-periodic phase causing the double hysteresis loops appear-
ance in co-ordinates € = f(E£), §(An;) = f(F). The question of existence of the
boundaries with opposite phases and consequently the mechanism of DDW cre-
ation are still unclear. It is necessary to perform experimental investigation of the
birefringence and dielectric properties at the transitional regions under electric
field influence for detailed explanation of the considered interaction.
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