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Abstract

Dielectric dispersion studies have been carried out on the pentakis(imidazolium)
undecabromodiantimonate(IIl), (C3N,Hs)5Sb,Bryj, single crystal in the audio-
frequency region. It is found that low-frequency dielectric dispersion, observed
for the field along the a-axis of the monoclinic symmetry (P2;/n), reveals
a polydispersive nature near the paraelectric—ferroelectric phase transition
temperature (7, = 145 K). The dielectric dispersion results can be fitted with
the Cole—Cole formula. Unexpectedly, the mean relaxation frequency obeys the
Vogel-Fulcher law with freezing temperature of 143 K. Near the ferroelectric
phase transition temperature, the process of dielectric critical slowing down was
observed. Such a dynamic dielectric response is characteristic of ferroelectrics
with an ‘order—disorder’ transition mechanism.

1. Introduction

Molecular-ionic salts with the general formula R,M;X35+4) (R: organic cations, M: trivalent
metal ion—Sb or Bi, X: halogen) were extensively studied during the last twenty years.
Twelve compounds belonging to this family have been synthesized and studied so far which
appear to have ferroelectric properties. The interest has been focused on a mechanism
of the ferroelectric—paraelectric transition in these compounds [1-4]. It is shown that
ferroelectricity appears in the case of compounds characterized by two-dimensional anionic
layers (szgf) [5-7]. On the other hand, four ferroelectric salts are found to crystallize
in the RsM»X;; chemical composition, for which the anionic sublattice consists of discrete
bioctahedral units BigX?f. It is interesting that this type of anionic species is encountered
quite rarely and all salts crystallizing with RsM»X;; composition, reported to date, appear
to have ferroelectric properties [8—11]. Since the dielectric features of the methylammonium
analogs: (CH3NH3)sBi,X;; (X = CI, Br) are comparable to those found in well-known TGS-
type ferroelectrics, these materials still evoke much interest. Recently, we reported on the
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ferroelectric properties of two compounds comprising in the crystal structure the imidazolium
cations: (C3N,Hs)sBi,Cl;; (abbreviation ICB) [12] and (C5N,Hs)sSb,Br;; (IBA) [13]. Both
crystals appear to be isomorphous in the room temperature phase crystallizing in the monoclinic
space group, P2;/n. In spite of the fact that they are isomorphous in the paraelectric phase the
sequence of the phase transitions was found to be different:

ICB: Pan2 225, P2, /n( — 1), P2, /n 225 P2y —
IBA: PAn2? 225 P2, /n(1 — 1), P2, /n 25 puqr - 1,

Pn 225, puai — 1v).

The low-temperature phase (III) of IBA reveals ferroelectric properties with the
spontaneous polarization of the order of 1.8 x 1073 C m~? along the a-axis. Further cooling
of IBA leads to another polar phase (IV) below 120 K, which is also characterized by the
reversible spontaneous polarization. The transition mechanism at 166 K in ICB and 145 K in
IBA was postulated to be governed by the dynamics of the imidazolium cations [13, 14]. In
this paper, we report the dynamic dielectric properties of the (C3N,Hs)sSb,Bry; single crystal
in the vicinity of the paraelectric—ferroelectric phase transition temperature (7, = 145 K).

2. Experimental details

(C3N,Hs)sSb,Bry; was obtained from an aqueous solution of a stoichiometric mixture of
imidazole amine and antimony (III) tribromide with an excess of HBr acid. The single crystals
of this compound were grown by a slow evaporation method at constant room temperature
(25°C). The complex dielectric constant, €* = €’ — ie”, was measured with an HP 4284A
Precision LCR Meter between 100 Hz and 1 MHz. The ac amplitude was 1 V. The samples
for dielectric measurements were prepared by cutting the single crystal perpendicularly to the
a-axis. The specimen with graphite electrodes had dimensions of 4 x 4 x 1 mm?>. The error in
the real and imaginary part of the complex dielectric constants was less than 5%.

3. Results and discussion

Plots of the real part of the g-axis relative permittivity €, versus temperature at twenty
frequencies over the paraelectric phase are displayed in figure 1(a).
Dielectric losses, €/, near the phase transition are displayed in figure 1(b). It is clearly seen
that the dielectric dispersion becomes remarkable over the frequency range 130 Hz—100 kHz.
The data in figures 1(a) and (b) were subsequently re-plotted as €/ versus €, (Cole-Cole
plots) as presented in figure 2. The experimental values of the complex dielectric permittivity

€*(w) can be fit accurately with the phenomenological Cole—Cole formula:
40T

1 + (iwt)!—@
where € and €, are the low- and high-frequency limits of the dielectric constant, respectively,
w is angular frequency, T is the characteristic relaxation time and « is the parameter, which
represents a measure of distribution of the relaxation times.

The fit parameters of the relaxation process are listed in table 1. The Cole—Cole plots
(see figure 2) deviate from semi-circles over the temperature region: 7 — T, < 1.2 K. The «
parameter ranges from 0.1 up to 0.23 approaching 7 in the paraelectric phase. It indicates that
a polydispersive relaxation process in the title crystal takes place. Macroscopic relaxation time
(7) as a function of temperature close to the paraelectric—ferroelectric transition is shown in

€f =€x
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Figure 1. (a) Temperature dependence of the real part €, of the dielectric constant at selected
frequencies along the a-axis near 7, = 145 K in the paraelectric phase (II) (b) Temperature
dependence of the imaginary part of the permittivity, €/, at selected frequencies in phase (II).
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Figure 2. Cole—Cole plots of €/ versus €, at selected temperatures showing the relaxation nature

of the dielectric dispersion in the paraelectric phase.

figure 3. The relaxation process in (C3N,Hs)sSb,Bry; is characterized by an apparent critical

slowing down approaching 7.

The macroscopic relaxation time fulfils the Curie-Weiss law in the paraelectric phase,
T o< (T — T.)~" (figure 3), in a limited temperature region for AT = T — T, between 0.5 and
3 K. Below 145 K and above 148 K there is observed a clear deviation from a linear part of this
relation. It should be emphasized that a presence of critical slowing down of the macroscopic
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Table 1. Fit parameters of the relaxation process in (C3N;Hs)5SbyBry;.

T (K) € €00 o 7 (107 s)

145.087 42357 11.68 0.23 46.7
145.15 37176 - 12,17 0.22 377
145.25 32727 1253 0.21 30.7
145.35 291.09 1287 0.20 254
145.43 262.04 13.11  0.20 21.6
145.53 238.13  13.36  0.19 18.5
145.58 21847 1357 0.18 16.2
145.67 201.65 13.81 0.18 14.3
145.76 187.42 1399 0.17 12.7
145.84 175.00 1415 0.17 114
145.93 16423 1431 0.16 10.3
146.04 15453 1451 0.16 9.37
146.15 146.09 14.65 0.15 8.57
146.31 131.62 1491 0.14 7.25
146.72 109.65 1536 0.13 5.39
146.93 101.28 1555 0.12 4.73
147.25 90.67 1580 0.11 3.92
147.48 8488 1594 0.10 3.50
148.07 73.19 16.13  0.097 2.68
148.66 6453 1627  0.087 2.12
149.16 58.90 16.34  0.080 1.78

relaxation time in a close vicinity to 7 allows us to classify the title compound as a ferroelectric
of an ‘order—disorder’ type. The value of 7y, characterizing the microscopic relaxator, is related
to the macroscopic relaxation time, 7, according to the formula [16]:

Téx
0 e @
The activation free energy A E* is calculated according to the Eyring equation:
h AE*
Ty = k_T €X k—T (3)

The activation energy AE™ is not constant over the analysed temperature range. For the
temperatures 7 > T. + 0.5 K (for AT ca 1 K) average A E* was estimated to be 0.39 eV,
whereas in the close vicinity of 7. (for AT = 0.5 K above T,) it increases significantly up to
0.78 eV. The observed increase in magnitude of A E* approaching T is frequently encountered
in the ferroelectric materials. The activation energy for (C3N;Hs)sSbyBr;; is comparable to
that of the (C3N,Hs)sBiyCly; analog (0.47 eV) [12]. The magnitude of AE™ is typical of
molecular-ionic salts containing bulky organic cations [12, 17]. The relatively large value of
AE* may be justified by the fact that the imidazolium cations possessing two heteroatoms
of the imidazole ring have a tendency to form a complex network of hydrogen bonds, which
additionally stabilize the cations in the lattice.

We decided to fit the dielectric results with the Vogel-Fulcher (VF) equation for two
reasons. First, a clear polydispersive relaxation process in the paraelectric phase is observed.
Second, non-Eyring behavior of the relaxation time in a wide temperature range was found.
It is well-known, that the dielectric properties of the relaxor ferroelectrics (relaxors) and
structural glasses [18-20] are described by the phenomenological VF equation [21, 22]. The
characteristic feature of these systems is the appearance of a broad temperature and frequency
dependent maximum of dielectric permittivity € (7', ) and the extremely slow relaxation below
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Figure 3. Temperature dependence of the macroscopic relaxation time (r) and its inverse (z 1)
above T (145 K).

T,, (below T,, we have to deal with the onset of relaxor freezing). The mean relaxation
frequency follows the Vogel-Fulcher law:

—Eqvr i|
k(T — Tvr)
where: wo—the attempt frequency, E,yr—activation energy for the orientation of electric
dipoles, Tyr—Vogel-Fulcher temperature (static freezing temperature) and 7 is the
temperature where €” reaches its maximum value. In the case of (C3NyHs)sSbyBryy,
the relatively slow relaxation time is especially characteristic of the relaxors, whereas the
distribution of the relaxation times is rather moderate. The fitted curves corresponding to the VF
equation are presented in figure 4 as a solid line with: wy = 2.5 X 10° s7, Euve = 0.096 eV
and Tyr = 143 K. As shown in figure 4, unexpectedly, the VF model describes quite well
the relaxation process in the classic ionic ferroelectric—[C3N,Hs]s[SboBry;]. The temperature
Tyr = 143 K, quite close to the Curie temperature (145 K), is strictly connected with dynamics
of the system. The magnitude of E,yr is typical of the ferroelectric relaxors. In our opinion, the
dynamics of the imidazolium cations seems to play an important role in the freezing process.
It should be noted, however, that one of the VF parameters, namely wy, in our case is relatively
low. In various relaxors wy is comparable with the lattice vibration frequencies and ranges from
10? to 10" Hz [22].

The crystal structure of both imidazolium analogs: (C5N,Hs5)sBi,Cly;  and
(C3N;,Hs)5Sb,Bryg, is quite complex because in the crystal lattice there are four structurally
non-equivalent imidazolium cations present. Three of five cations, being disordered in phase
II, are postulated to contribute to the dynamic dielectric permittivity close to 7. These

® = wyexp [ 4)
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Figure 4. (a) The logarithms of the estimated relaxation frequencies @ = 1/t versus reciprocal
temperature 1000/ 7 (b) versus temperature. The solid line represents a fit using Vogel-Fulcher
relation.

cations are indistinguishable at high temperatures because of significant orientational disorder.
Approaching 7 they differentiate themselves. This process is especially marked in
(C3N;,Hs)5Bi,Clyy, for which the o parameter increases significantly in the close vicinity of
T., whereas in (C3N,Hs)5Sb,Bry; it is enhanced in a wide temperature range from 0.11 to 0.23
for the temperature interval ca 2.3 K from 7,. On the other hand, it is well-known that the
dielectric response in many of the order—disorder ferroelectrics is usually described to a good
approximation by the mono-dispersive Debye-type relaxation equation [15]. In our opinion,
there may be two reasons for such a dielectric behavior in the bromine analog. First, the di-
electric relaxators (imidazolium cations) are better separated in the bromine compound, taking
into account their characteristic relaxation times, in comparison to those in the chlorine ana-
log, which may lead apparently to larger distribution of the relaxation process. Second, the
single crystals of the bromine analog may be more defected than the chlorine one. The best
possibility seems to be related to the fact that (C3N,Hs)sSb,Bry; is characterized by a very
fragile ferroelastic domain structure over the paraelectric phase. The monoclinic angle changes
by more than 3° (between 300 and 145 K, [13]) in the bromine analogs, which means that the
domain structure continuously rebuilds, influencing the quality of the single crystal sample. On
the other hand in the close vicinity of 145 K there a remarkable critical slowing down of the
relaxation process is observed with a characteristic minima on the €/, (7) curve at 7c. Such a
dielectric response is typical of ferroelectric crystals of high quality which are characterized by
the order—disorder mechanism of the continuous phase transition [15].

We have succeeded in obtaining, so far, five ferroelectric compounds crystallizing with the
chemical stoichiometry RsM,X;; (where R stands organic cations such as: methylammonium,
pyridinium and imidazolium). These ferroelectrics may be divided into two subgroups which
are characterized by quite different dynamic dielectric properties and phase transition sequence.
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The methylammonium analogs: (CH3NH3)sBi,Cl;; and (CH3NHj3)5Bi,Bry, crystallize in the
paraelectric phase in the orthorhombic symmetry (Pcab). In the case of methylammonium
derivatives, the relaxation process, taking place in the microwave-frequency region, appears to
be quite fast [23, 24]. It points out a significant freedom of motion of the methylammonium
cations. On the other hand the pyridinium and imidazolium derivatives, were found to
crystallize in their paraelectric phases in the monoclinic symmetry (P2;/n). The relaxation
process taking place in the audio-frequency region for these salts indicates an important slowing
of motion of the aromatic cations near 7; in comparison to that found in the methylammonium
salts. One can state, that subtle differences in the structure of these two subgroups are
significantly enhanced in their dynamic dielectric properties. The relatively large magnitude
of AE* and a long macroscopic relaxation time for salts containing aromatic cations may
be explained in terms of various possible hydrogen bond configurations and apparent steric
effects. The imidazolium cation possesses two protonodonor sites, thus they are able to form
a three-dimensional network of the hydrogen bonds N-H...Br/Cl. The elongation of the
relaxation times by nearly 5-6 orders, as compared with those found for the methylammonium
analogs [23, 24] in our opinion is a result of fact that the organic moieties are much more
strongly stabilized in the crystal lattice than the CH;NH; ones.

Static and dynamic dielectric properties of both imidazolium ferroelectrics (ICB, IBA),
reveal a significant similarities. The relaxation process taking place within the audio-frequency
region is limited to 2-3 K around 7. The macroscopic relaxation time in both cases reveals a
critical slowing down reaching ca 1.1 x 1073 s for IBA and ca 5 x 10~* s for ICB close to T,.
It should be emphasized, that the relaxation process in the imidazolium analogs is quite slow as
compared to normal ‘order—disorder’ ferroelectrics [15]. We can also distinguish one feature
which differentiates these two isomorphic ferroelectrics. The chlorine analog fulfils the Curie—
Weiss law (t versus (T’ — T,)~!) better than the bromine analog. An extraordinary feature in
the case of [C3N,Hs]s[Sb,Bry;] is the fact that the dynamic dielectric properties are quite well
fitted with the VF equation over the analyzed temperature region. It means that title compound
classified as normal ferroelectric exhibits some features characteristic of ferroelectric relaxors
or structural glassis.

In conclusion, the dynamic dielectric properties of the imidazolium analogs reflect their
structural isomorphism in the paraelectric phase (II). The significant temperature changes
of the macroscopic relaxation time both in ICB and IBA compounds clearly show that the
phenomenon of the critical slowing down takes place in the imidazolium ferroelectrics and
thus confirms the order—disorder mechanism of the paraelectric—ferroelectric phase transitions.
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