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Abstract

The dielectric constant of TIInS; crystal was measured in the temperature range
including incommensurate (IC1 and IC2) and commensurate (C1 and C2) phase
transitions under external bias electric field. It has been revealed that maxima
in the temperature dependence of dielectric constant of TlInS, at the C1 and
C2 phase transition points shift to higher temperatures. The anomaly at IC2
transition point shifts to lower temperatures on applying the external electric
fields. A new complete theoretical model including the presence of two order
parameters and two polar sublattices in TlInS, has been suggested.

1. Introduction

The ternary compound T1InS; belongs to the group of chalcogenide semiconductor crystals
with layered structure. At room temperature this crystal has a space symmetry group of
C2/c [1]. It has been established that, on cooling, TIInS, exhibits a sequence of structural
phase transitions, including transitions to an incommensurate (IC) and commensurate (C)
phases. According to structural investigations, the transition to the IC phase takes place at
T;1 ~ 216 K and is associated with condensation of a soft mode at a point in the Brillouin zone
characterized by q; (8, §, 0.25), where § is the incommensuration parameter (§ = 0.012) [2].
On subsequent cooling, T1InS, exhibits IC—C phase transition at the temperature of 7,; ~ 204 K
with condensation of the soft mode at g, = (0, 0,0.25) [2] which accompanied by the
quadrupling of the unit cell volume along the direction perpendicular to the layers. However,
the presence of the ferroelectric soft mode with Curie temperature at about 7., ~ 200 K and
with the Curie constant ~103 was discovered as a result of submillimetre spectra and dielectric
constant measurements [3, 4]. The spontaneous polarization vector of the ferroelectric phase
lies in the plane of the layers.

The detailed investigations of dielectric susceptibility and spontaneous polarization in a
wide temperature range [5—7] revealed a set of anomalies in the temperature dependence of
dielectric constant in TlInS; at about 216, 206, 204, 201 K and in the range of 190-195 K.
Two theoretical approaches have been established for explanation of these anomalies [6, §].
According to [6], a weak disturbance (such as structural defects, impurities) can lead to
splitting of IC—C phase transition in TIInS; into two closely spaced IC—C phase transitions
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at T,y ~ 204 K and T,; ~ 201 K. In the frame of this model the anomaly at 7T;, ~ 206 K
is treated as a result of an abrupt change of incommensuration parameter or appearance of
a new incommensurate structure. Anomalous behaviour of ¢(7') in the range of 190-195 K
was treated as a result of coexistence of polar regions of above mentioned commensurate
phases originating at 7,,; ~ 204 K and 7, ~ 201 K. The second approach [8] postulates the
existence of an IC-IC phase transition in TIInS, at 204 K. According to this model, the above-
mentioned experimental results can be explained as follows: at T; ~ 216 K a phase transition
to the IC phase occurs. This IC phase exists in the temperature interval of 204-216 K (IC1). At
T;; ~ 204 K the crystal exhibits IC-IC phase transition to the phase IC2 which occurs within
201-204 K and finally the C phase transition takes place at 7, ~ 201 K.

Thus, one can see that in spite of detailed experimental and theoretical investigations
of low-temperature phase transitions in TIInS,, the theoretical models are incomplete for
description of a whole sequence of phase transformations in this compound.

In the present work the dielectric constant measurements as a function of temperature in
TlInS, single crystals under bias electric field near the phase transitions are investigated. A
new complete theoretical model for the thermodynamical description of the sequence of phase
transitions in TlInS; is offered as a result of present and previously reported investigations.

2. Experimental details

The crystals were grown in evacuated quartz tubes by using the modified Bridgman method.
The samples, which were in rectangular form, were oriented along the polar axis which lies in
the cleavage plane (the morphology of crystals permits cleavage to plane parallel plates with
mirror-like surfaces). The plates were gently polished, cleaned and covered with silver paste.
The dimensions of the electrodes were 5 x 2 mm? with an inter-electrode distance of 1 mm.

Measurements of the real part of the dielectric susceptibility ¢’ were performed using the
capacitance bridge method at frequencies of 50 kHz with instrument sensitivity of 0.1 pF and
with accuracy of 1%. A low-temperature cryostat system used in measurements allowed us to
scan the temperature with the rate of about 0.1 K min~!. The temperature was measured by a
copper—constantan thermocouple placed close to the sample. The accuracy of the temperature
measurements was not less than 0.02 K. The static electric fields of intensity £ between 0 and
12 kV cm™! were applied along the polar axis.

3. Experimental results

The temperature dependences of the real part of the dielectric susceptibility of TlInS, under
bias electric fields with different intensities are demonstrated in figure 1. The figure shows that
increasing the electric field intensity leads to decreasing values of ¢ in the temperature range
of successive phase transitions. To analyse the &'(T') curves, it is convenient to consider the
behaviour of the phase transition peaks under the bias field separately:

e as seen from the figure, changes in &'(T) behaviour near the incommensurate phase
transition at 7;; ~ 216 K are similar to those which have been obtained by applying
uniaxial mechanical stress on T1InS; in the direction perpendicular to the layers [9]. The
applied field changes the ¢'(T') profile, but does not affect the phase transition point at
T;1 ~ 216 K;

e the phase transition point at 7;; = 206 K is shifted to lower temperatures by applying
the fields with low intensity (up to 4 kV cm™!). The rate of this shift d7;,/dE was
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Figure 1. The temperature dependences of dielectric susceptibility of T1InS; near the phase

transitions measured at frequency 50 kHz on applying to the sample external bias electric fields
with different intensities.
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Figure 2. The electric field intensity dependences of the phase transition temperatures in T1InS,
in the (E, T') phase diagram.
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about —0.125 K cm kV~!. On applying the fields with higher intensity, the peak of &'(T')
slightly decreased;

o the IC—C phase transition point at 7,; ~ 204 K shifted from 203.8 K at £ = 0 to a higher
temperature of 204.4 K at E = 12 kV cm~!. The rate of the shift dT.,/dE was about
0.05KcmkV~';

o the IC—C phase transition point at T, = 201 K shifted from 200.6 K at E = 0t0 201.4 K
at E = 12kV cm™!. The rate was about 0.066 K cm kV~"'.

All of these shifts are shown using the (E, T') diagram in figure 2.

4. Discussion of the results

According to structural investigations, the IC—C phase transition in T1InS, crystal takes place
with a quadrupling of the unit cell volume giving rise to an improper ferroelectricity in
this compound. Thus, irreducible representations of the space group of symmetry C2/c
corresponding to the wavevector g (0, 0, 0.25) determine transformation properties of the order
parameter. For TlInS,, the Landau free energy density can be written in terms of the complex
order parameter Q(x), representing the one-dimensional modulation of the commensurate
structure along the spatial coordinate x, and polarization P(x) [10]:

L B s 8 dQ' dQ\ kdQdQ' y o
f(x)—zQQ +2(QQ)+12<de de>+2dx dx+2(Q +0™)
FEPO'+ 0"+ 100" P2 + P2 _ pE (1)
2 2xo0

where @ = ao(T — Tp). The polarization P lies in the plane of the layers (YZ), which is
perpendicular to the X direction and plays the role of a secondary order parameter. By the
minimization of the average free energy density f(x) with respect to the polarization, we
can eliminate P from the expression. Then after substitution of the two-component order
parameter Q, Q* by its polar representation Q = p exp(ip) and application of the constant
amplitude approximation [11], the free energy density expansion (1) transforms to

fx) = %pz + Pt =0 <j—i> + gpz (j—f)z +yp®cos8p — %(25,’/)4 sindg — E)°
where
, 1
e )

In the presence of an electric field (E # 0), the minimization of the free energy
F = f f(x) dx with respect to the phase ¢ (x) leads to the double sine—Gordon differential
equation:
,d%p /8 /4

kp ﬁ+16y,0 sindg cosdp — 8E x'p E cosdp =0 2)
X

where ¥’ = y + x£2. The first integral of the differential equation (2) for the phase ¢(x) can
be written in the form:
k (de

2
— (=L ) =z—2y'p%sin®4¢ + 2& x'p*E sindgp
2 \dx

where z is a constant of integration.
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The solutions ¢ (x) are given by

1 (k\'? % du
SO
4\2 o [z—g)lV
where
g(u) = Asin*u — Asinu
A =2y'p° A=2x'p’E. )

The modulation period of ¢(x) can be separated into regions of positive and negative
polarizations, x, and x_ respectively. The intersoliton distance,

1 LN (7 du
=g =g <5> /0 c— sG] 7 )
The minimization of the free energy F' with respect to the z parameter leads to
2 2\ 112
/0 lz—g)?*1du = 78 <%> ) (6)

The IC—C transition temperature T = T, is determined by the divergence of the modulation
period 2xg = x; + x_. In the case of E # 0 the intersoliton distances are not equal, so that
at T — T, one of them diverges. The limiting situation at 7 = T is given by the boundary
conditions: ¢(—o0) = —r/4; p(+00) = m /4. Thus, from (4) and (5) we obtain the condition
for the IC—C transition (xo — 00):

7=A+|Al @)

From (6) and (7) we can obtain in the weak-field regime:

’ ;4
T(E) — T,(0) = 2 %P |:1+1n Sv e i||E|. )
6y’ EX'IE|

Apart from a logarithmic correction, equation (8) suggests a linear dependence of T,
on E. This theoretical result is consistent with the 7,;(E) shift obtained in our dielectric
constant measurements. If we consider the phase transition at 7,; = 204 K as an improper
ferroelectric phase transition with quadrupling of the unit cell, we can confirm the agreement
of the above-mentioned theoretical result with the 7, (E) shift obtained experimentally.

The results of dielectrical [4] and Raman scattering [12] investigations have revealed that
the IC-C ferroelectric phase transition in TlInS, at 201 K is accompanied by condensation
of soft ferroelectric mode at the centre of the Brillouin zone and can be referred to a proper
ferroelectric phase transition. In this case the spontaneous polarization is a primary order
parameter and the phase transition can be described in terms of the thermodynamic potential
where no Lifshitz invariant appears [13]. Then we can express the free energy density as

a , b, c(dP\* d (PN f ,[(dP
f)y==P+-P+- (=) +Z(—) +=P*(—)-EP
2" T4 T2 ax ) T2 \a?) T2 \an

where P is a transition parameter (the polarization), a is assumed to be temperature dependent
as a = ao(T — Tp). The thermodynamical analysis of this expansion under the small-field
approximation (E2/a’> <« a/b) leads to the following expressions for the electrical field
dependence of the incommensurate phase transition temperature 7; and the commensurate
ferroelectric phase transition temperature 7, in the lowest order of E [14]:

b
T,(E) — T;(0) = —3a—0[80X(T;)E]2

11 E

T (E) — T.(0) = PAT) a
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where x(T) and P;(T) are temperature dependent dielectric permittivity and spontaneous
polarization functions respectively. The observed shifts of the incommensurate (at 7;; =
206 K) and commensurate ferroelectric (at 7., = 201 K) phase transition temperatures
under external electric field in TlInS, are in qualitative agreement with the above-mentioned
theoretical approach which considers the IC-C phase transformation as a proper ferroelectric
one.

Thus, taking into account the experimental results and theoretical considerations, we can
confirm the presence of two order parameters in TlInS,, which correspond to two lattice
instabilities in this crystal. The first of them is a two-component order parameter, which
causes an improper ferroelectric phase transition accompanied by multiplication of the unit cell
volume. The incommensurate structure preceding this transition is described by the presence
of a Lifshitz invariant in the free energy Landau expansion. The second order parameter is one
component, which is a spontaneous polarization of the ferroelectric phase appearing at 201 K.
The incommensurate structure preceding the proper ferroelectric phase transition is a type II
incommensurate phase [15] with no Lifshitz invariant in the Landau free energy expansion.
So, we can make an assumption about formation of two sublattice polarizations (P; and P,)
appearing as a result of improper and proper ferroelectric phase transitions in TlInS, at the
temperatures 7, and T, respectively. Taking into account all of these remarks, we can suggest
a new model for the free energy Landau expansion of TlInS,,

6 do* d kdQ dQ*
B <QQ_Q*Q) 0dQ

f)=5007+2(00" +is Z) st Db+ 0
2 4 2 dx dx 2dx dx 2

. n 1 a b c (dP,\’
HEP(Q*+ O+ Q0" P+ —P*+ P>+ P+ [ 2L
IEP(Q"+ 0™+ 00™P, R LA LIS G

d (d*P ap,\’
+5(d 2”)+§P3 (d—P> — PE— P,E.
X X

The presence of two different lattice instabilities can be described by the temperature
dependences of two constants in the free energy expansion,

a=ay(T —T)
a=ay(T —T3).

The total spontaneous polarization in TIInS; is the sum of the sublattice polarizations:
Py =P + P,
The dielectric response is also the sum of sublattice responses:

dp, dP; dP,

X=——F7==—= + —

dE dE dE

The offered model is in qualitative agreement with the results of the dielectric constant
measurements in the temperature interval of 10-80 K, presented in [7] and [16]. As discussed
in [7], the weak ferroelectric phase transition obtained at 7, ~ 79 K can only be described

using a two-non-equivalent-sublattice model offered in [17].

= Xi t Xp-

5. Conclusion

In this paper the influence of the external bias electric field on the successive structural
phase transitions in TlInS, is studied. The measurements of the temperature dependences
of the real part of the dielectric susceptibility have been performed. The observed shifts
of the phase transition points give information about the nature of these transitions. The
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coexistence of improper and proper ferroelectricity in the same crystal structure has been
proposed according to experimental results. The free energy Landau expansion describing the
phase transformations in TlInS, have been reinvestigated. A new theoretical model including
two order parameters and two sublattice polarizations has been suggested.
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