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lonic plastic crystals are part of an emerging class of hybrid organic-inorganic ferroelectrics. The
combination of low dielectric constants (<20), strong piezoelectric coefficients (>100 pC/N) and low
temperature synthesis make ferroelectric plastic crystals strong candidates for sensing and energy
harvesting applications so more research of the electrical properties, such as dielectric loss and super-
coercive hysteresis is needed. Tetramethylammonium bromotrichloroferrate(lll) was studied as a
prototypical material and a non-centrosymmetric orthorhombic Amm?2 structure was confirmed by X-
ray diffraction at room temperature. The relative permittivity was below 20 at high frequencies (105 Hz)
but high dielectric losses at frequencies <103 Hz caused the permittivity to increase. The bulk material
showed super-coercive hysteresis with remanent polarizations of 3.8 uC/cm2 and peak-to-peak strains
of 0.046 %. The coercive field and peak-to-peak strain exhibited frequency dependence, reducing from
>80 to 30 kV/cm and 0.046 to 0.017 % respectively between 100 and 0.1 Hz. At 100 Hz the material
exhibited a strong asymmetric hysteresis that was reversible depending on the electric field direction.
The observed behavior was consistent with a defect pinning model of ferroelectric switching behavior
and thus some likely point defect species were proposed and thought to result from solution non-
stoichiometry or residual moisture and solvent.

Introduction

Ferroelectric materials with switchable spontaneous electrical polarizations, piezoelectric
coefficients and useful dielectric responses play an important role in electronics such as
capacitors, transducers, sensors and actuators.’ Currently, most commercial ferroelectrics are
metal oxides, such as BaTiOs; and Pb(Zr1«Tix)Os (PZT). However, a technological push towards
flexible electronics and novel functionality, together with a drive to explore more sustainable
material alternatives that use fewer elements from the periodic table and have lower energy
budgets, is stimulating investigation of new ferroelectric materials beyond the metal oxide-based
systems.*"® As a result, some hybrid organic-inorganic and supramolecular materials have become
interesting candidates for new ferroelectric materials. 71!

Recently, materials known as plastic crystals have emerged with a technologically significant
combination of dielectric, ferroelectric and piezoelectric properties at room temperature.’ 10
Plastic crystals are supramolecular materials consisting of arrays of ions or neutral molecules that
form the crystal lattice.'>!® They are characterized by the presence of an intermediate solid-liquid
phase at elevated temperatures, a so called mesophase, in which the molecular centers of mass
occupy fixed positions in the crystal lattice while exhibiting high rotational freedom. In this
structural state the material can be easily plastically deformed. The plasticity is advantageous as
it enables individual crystals to be pressed together to form polycrystalline ceramic-like materials
without the need for high-temperature densification.® Polycrystalline ferroelectric plastic crystals
can be poled using external electric fields, producing materials with useful macroscopic
properties, such as piezoelectricity, at a fraction of the process temperatures required for metal
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oxides.>®%1* For example, plastic crystal tetramethylammonium bromotrichloroferrate(lll)
(IN(CH3)4][FeBrClz]) requires process temperatures of <150 °C, while BaTiOs; requires
approximately 1100 °C to obtain a dense ceramic. The unique combination of plasticity at
accessible temperatures and ferroelectricity at room temperature makes plastic crystal
ferroelectrics a promising emerging class of functional materials that may prove to be useful
alternatives for metal oxides in selected applications.

[N(CHs)4][FeBrCls] is a ferroelectric with a piezoelectric coefficient (ds3) of 110 pC/N and a dielectric
constant (g,) below 20 at 10° Hz (1 MHz).° With this combination of properties [N(CHs)s][FeBrCls]
may be a strong candidate for application in energy harvesting devices or sensors, and notably the
piezoelectric coefficient exceeds that of the most commercially successful organic ferroelectrics
to date, the poly-vinyl fluoride (PVDF)-based systems (ds3 usually <40 pC/N).?>1®The temperature
dependent crystal structure of [N(CHs)4][FeBrCls], and the related material with [FeCl,] ions, is
well characterized with a total of five polymorphs as a function of temperature below the melting
point. Two ferroelectric phases exist between -10 and 75 °C, two paraelectric phases below and
above this range and a mesophase above 110 °C.>*"2° However, initial reports of the ferroelectric
properties have emerged only recently.’ As a result, detailed studies of the electromechanical
properties, ferroelectric/ferroelastic domain switching and effects of electrical leakage have not
been widely reported. The ferroelectric properties of [N(CHs)4][FeBrCls] therefore require further
attention in order to shed light on the underlying mechanisms and the functional properties of
this intriguing family of plastic crystal ferroelectrics.

In this work we provide a look at the room temperature structure and dynamics of polycrystalline
[N(CHs)4][FeBrCls] with X-ray diffraction, Raman and infrared (FTIR) spectroscopy, and study the
frequency and electric field dependent electrical and electromechanical properties. The super-
coercive electric field data provide insight into the hysteresis behavior of [N(CH3)4][FeBrCls] that is
relevant for understanding the functional properties and mechanisms involved with ferroelectric
switching in the wider family of plastic crystal ferroelectrics.

Experimental

Crystals of [N(CHs)4][FeBrCls] were synthesized using reagent grade tetramethylammonium
bromide (99 %, Sigma Aldrich) and iron(lll) trichloride hexahydrate (98 %, Sigma Aldrich). Reagents
were dissolved separately in deionized water at room temperature before being mixed together
with a magnetic stirrer for 10 min. The solution was dehydrated with a rotary evaporator at 70 °C
and a vacuum beginning at 150 mbar and decreasing to 70 mbar for approximately 60 min. The
dehydrated dark red agglomerates remaining were then added to 200 mL of ethanol (99.999 %,
Sigma Aldrich) and heated to 70 °C for 15 min while being mixed. Once all solids were dissolved
the solution was cooled to room temperature under ambient conditions for 24 h. The resulting
crystals were separated from the solution using vacuum filtration and dried on a hot plate for 30
min at 50 °C. Samples for microstructural comparison were produced by drying crystals in a
vacuum oven at 60 °C for 6 h.

The crystals were pressed into polycrystalline free-standing (meaning no substrate) thick films by
uniaxially pressing 0.3 g charges of crystals at 150 °C and a pressure of 12 MPa for 15 min. The
pressure was released at 150 °C and samples were removed to a bench top to cool to room
temperature under ambient conditions. Aluminum foil was used as a buffer layer on each side of
the crystals between two stainless-steel plates. Microstructural characterization was performed
with a low voltage scanning electron microscope (LVSEM) Hitachi S-3400N. A D8 focus X-ray
diffractometer with a Cu source was used for structural analysis collecting a diffraction pattern
between 5 and 70° 26 with 0.0199 ° steps and an acquisition time of 2 s per step. The dendrite
crystals were crushed prior to X-ray diffraction (XRD) measurement to minimize preferential
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orientation during powder packing, and pressed pellets were measured whole. XRD fitting was
performed with Bruker AXS Topas® software package fitting the Amm2 phase from Cambridge
crystallographic data center (CCDC) file 1574204 from Harada et al.® Atomic site positions were
fixed to literature values. A preferred orientation factor using an eighth order spherical harmonic
and a Steven’s strain factor function for orthorhombic structures were both utilized in the
refinement.

Renishaw InVia Reflex spectrometer system with the excitation wavelength of 532 nm and a
power of 1 mW was used for Raman spectroscopy. The laser was focused onto the sample with a
100x magnification of the optical lens with spectral resolution less than 1 cm™. Bruker vertex 80V
infrared spectroscopy system was used for infrared (FTIR) spectroscopy by attenuated total
reflection (ATR) method.

For electrical measurements, 3 mm diameter gold electrodes were sputter coated through a
shadow mask onto 300 um thick, 10 mm? samples. Dielectric capacitance and loss were measured
with Hewlett Packard LCR meter 4142. Ferroelectric switching measurements were performed
with an Aixacct ferroelectric tester with a Trek 10 kV signal amplifier and a laser interferometer
for strain measurement. A triangular waveform was used for all measurements and the field was
increased in 10 kV/cm intervals. For these measurements an insulating oil was avoided as the long-
and short-term effects of the oil on the [N(CHs)4][FeBrCls] material were unknown. This resulted
in some arcing during measurement which contributed to noise in the current signal.

Results and discussion

Crystal structure and microstructure

From the powder XRD pattern collected at room temperature the structure of [N(CH3)4][FeBrCls]
was identified as orthorhombic with the non-centrosymmetric space group Amm?2, in agreement
with the literature (Fig. 1a).%¥"2° By allowing the ethanol-based solution to cool to room
temperature under ambient conditions the crystal growth occurred dendritically, producing
elongated branched crystals on the order of 50 um in diameter and 500 um long (Fig. 1b).
Refinement of the Amm?2 structure to the XRD profile from crushed crystals produced a goodness
of fit (GOF) of 2.86 and lattice parameters of a=7.2223 A, b=8.9881 A and c=9.3116 A.

[N(CHs)4][FeBrCls] has a cesium chloride-type crystal structure where the organic [N(CHs)4]* and
inorganic tetrahedral [FeBrCls] molecular ions occupy the two sites in the crystal lattice (Fig.
1¢).%17-2% The resulting structure has distinct planes of molecular species visible along <010> and
<001>. The inorganic anions and organic cations each fill a large three-dimensional space with the
symmetry and volume of the molecular ions giving rise to unit cell parameters on the order of 10
A and to the molecules being described as, so-called globular molecular ions best visualized by
space filling the ionic volumes in the structural model (Fig. 1d). The globular molecules in the
[N(CHs)4][FeBrCls] give rise to the mesophase above 110 °C, as the molecular centers of mass can
maintain a long-range order in the crystal structure while their orientation displays high degrees
of rotational freedom and creates local disorder. Although both [N(CH3)4][FeBrCls] and the organo-
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Fig. 1. a) XRD pattern, data fit and residual difference profiles of crushed crystals and pressed pellets of [(CH3)sN][BrClsFe]. Peaks
are labelled according to Amm2 orthorhombic space group hkl values. b) SEM image of the as-grown crystals and the fracture
surface of a pressed pellet, with an intra-granular cracked region outlined in red and an inter-granular cracked region outlined
in blue. c) Model of the [N(CHs)4][FeBrCls] unit cell with Amm?2 structure viewed from the a, b and c axis. Equivalent hydrogen
and carbon positions removed for clarity and Br is randomly distributed on Cl sites. d) (010) plane of the unit cell pictured by
space filling.

metal halide perovskites are supramolecular structures, as distinct difference is that the
perovskites possess a linked network of inorganic octahedra around the organic molecule while
the [N(CHs)4][FeBrCls] anions do not form such a linked network.?!

Polycrystalline samples prepared by hot pressing were also analyzed. SEM micrographs of fracture
surfaces showed a microstructure that was ceramic-like in appearance with evidence of both
inter- and intra-granular brittle fracture (Fig. 1b). Refinement of the pressed material XRD pattern
achieved GOF of 2.49 with lattice parameters of a=7.2208 A, b=8.9894 A and c=9.3081 A. By
comparison with the crushed crystals, the XRD of pressed pellets showed some degree of
structural texturing, evident through the noticeable decreases in the relative intensities of 100,
011 and 020 reflections, and relative increases in the 111 and 102 intensities (Fig. 1a). While the
degree of texturing was not quantified, the relative intensities suggests a preferred [111]
orientation after pressing. The result demonstrates that it may be possible to manipulate the
degree of structural orientation during pressing, which could be highly advantageous for
engineering functional properties due to the crystallographic orientation dependence of
properties such as the dielectric constant and piezoelectric coefficient.?2724

FTIR and Raman spectroscopy were also used to analyze the pressed polycrystalline material (Fig.
2). The Raman spectrum showed features from both the [FeBrClz] and [N(CHs)4]* molecular ions
(Fig. 2a). At low Raman shifts (<400 cm™), bands were mainly assigned to the vibrational modes
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from [FeBrCls] (Fig. 2b).?>"?” The bands at 335, 350 and 395 cm™ are assigned as Fe—Cl stretching
modes.2® The Fe—Br vibrations are most likely responsible for bands at 227, 247, 269 and 294 cm-
1 with bands at 227 and 294 cm arising due to the asymmetry of the [FeBrClz] ion.?® The low
intensity band at 206 cm™ is unidentified here, however, we note that it a band at 206 cm™ is
observed in the Raman spectrum of FeBrs, and may relate to an Fe—Br mode.

Raman shifts at >400 cm™ were assigned to bands from [N(CHs)4]* (Fig. 2a), many of which
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Fig. 2 a) Raman spectrum of [N(CHs)4][FeBrCls], b) region 150-400 cm™ arising from [FeBrCl3], and c) region 2750-3150 cm’!
arising from [N(CH3),J*. d) FTIR spectrum, dashed circle indicates O—H bands.

corresponded to the bands of tetramethylammonium bromide dissolved in water.?873! Symmetric
and asymmetric stretching bands of C—-N were observed at 751 cm™ and 947 cm, respectively.?83!
The band at 1449 cm™ corresponded to the CH3z bending. The bands between 2700 and 3100 cm-
1 are mainly assigned to symmetric and asymmetric stretching of C—H (Fig. 3c).%%303!

The FTIR bands in the range 500—-4000 cm™ were all assignhed to [N(CHs)4]* (Fig. 3d).3%3! The weak
band at 763 cm™ due to A; symmetric stretching and the strong band at 945 cm™ due to B,
asymmetric stretching of C4N confirmed the C,, perturbation of [N(CHs)4]* in [N(CHs)4][FeBrCls].
The weak band at 1284 cm™ was assigned to the F, rocking mode of CHs and the bands at 1414,
1479 and 3026 cm™ were assigned to asymmetric deformation of CHs.

The FTIR spectrum also showed two weak bands at 3421 and 3478 cm™ (indicated by dashed circle
in Fig. 2d) which were assigned to O—H stretching modes. The observation of these bands also in
organic-inorganic halide perovskite materials exposed to moisture supported this assignation.??
Thus, here the two bands were considered to identify the presence of water or solvent (ethanol)
and likely resulted from incomplete drying after crystallization or adsorption from the ambient
environment.
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Evidence for moisture or ethanol in the material was observed by closer inspection of the
microstructure. Higher magnification SEM imaging revealed 1-3 um sized pores at the grain
boundaries (Fig. 3a). The highly spherical shape of the pores and their location exclusively at the
grain boundaries led to the conclusion that they were most likely caused by the trapping of liquid
vaporized during hot pressing. Crystals dried at 60 °C under vacuum for 6 h before being pressed
did not have the same porosity at the grain boundaries (Fig. 3b). A reasonable conclusion was
then, that the bands in the FTIR spectrum between 3450 and 3500 cm™ show the presence
moisture that was evaporated and trapped at grain boundaries during hot pressing, resulting in
the porosity. We note that all subsequent electrical measurements were performed with material
prepared by the method of Fig. 3 a) (hot-plate-dried).

Small signal electrical response

The relative permittivity (g;) and loss
tangents were measured for pressed
pellets of polycrystalline [N(CHs)4][FeBrCls].
At the high frequency 10° Hz a &, of <20 and
a loss tangent of <0.1 was observed (Fig.
4a). The low permittivity may be
advantageous for niche applications such as
energy harvesting or sensing.3® However, as
the driving field frequency decreased, the &,
increased to 60 at 10% Hz, correlated with a
large increase in the dielectric loss to >0.6.
The loss tangent showed signs of a weak relaxation at 102 Hz and may be related to the presence
of inhomogeneity of electrical resistivity in the polycrystalline sample. Due to the loss tangent
behavior, the &, increase was considered an increase resulting from the extrinsic contributions of
electrical loss at lower frequencies.

The polarization-electric field (P-E) hysteresis loops measured at fields of 10 kV/cm showed a
characteristic dielectric response with contributions from electrical leakage currents increasing as
the driving electric-field frequency was reduced (Fig. 4b).343® At 100 Hz, the loops showed little
hysteresis but as the frequency was reduced to 2 Hz the loops became more rounded. Both the
low field hysteresis and permittivity data demonstrate the presence of electrical leakage currents.
In ferroelectrics high electrical losses originating in the bulk material are usually related to the
presence of charged defects related to either lattice vacancies or aliovalent substitutions. In oxide

Fig. 3 SEM micrographs of the fracture surface of polycrystalline
[N(CH3s)4][FeBrCls] prepared from a) hot-plate-dried, and b) vacuum-
oven-dried crystals.
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contribute to loss as concentration sites for
defects and impurities, such as moisture.
The FTIR of [N(CHs)4][FeBrCls] suggest that
moisture was present (Fig. 2), while the
porosity in the microstructures suggests
that it was present at the grain boundaries
(Fig. 3). The moisture could contribute to
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Fig. 4 a) Relative permittivity and loss tangent of [N(CH3s)4][FeBrCls],
measured between 10° and 10° Hz. Error bars show standard
deviation determined from three measured samples. b) Polarization-

electric field (P-E) hysteresis loops measured at 10 kV/cm between 2
Hz and 100 Hz.
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loss behavior by accumulating at grain boundaries, by dissolving the molecular species from
[N(CHs)4][FeBrCls] and creating vacancies in the lattice, or by becoming an interstitial impurity and
disturbing the crystal lattice. The precise role is unknown.

Super-coercive electric field hysteresis

The evolution of polarization (P-E), current (I-E) and strain (S-E) hysteresis behavior of
[N(CHs)4][FeBrCls] was observed by sequentially increasing the electric field from 20 to 80 kV/cm
with successive field cycles at 10 Hz (Fig. 5a-c). A maximum electric field of 80 kV/cm was chosen
as dielectric breakdown occurred at higher electric fields. As the electric field was increased, the
P-E loops progressively opened from nearly linear and little hysteretic to square-like with large
hysteresis, reminiscent of switching in ferroelectric materials (Fig. 5a). The bloated shape of the
P-E loop corners show leakage current contributions which also partly contributed to the apparent
remanent polarization (P,) values that rose from 1.2 to 2.9 uC/cm? between fields of 60 and 80
kV/cm.363% The current-electric field (I-E) hysteresis loops developed what appeared to be
ferroelectric switching peaks over the same electric field range, with some noise caused by arching
due to the measurements being conducted in air and not an insulating oil (Fig. 5b). The P-E and I-
E development coincided with opening of the strain-electric field (S-E) hysteresis loops from minor
butterfly-like loops to with peak-to-peak strains (Spp) of 0.019 % at 60 kV/cm, to major butterfly-
like shapes with Sy, of 0.048 % at 80 kV/cm (Fig. 6¢). Some higher frequency noise in the S-E loops
was inherent to the measurement set up due to low displacement values (100 nm). S-E loops
include all electromechanical contributions to the macroscopic strain, but the butterfly-like shape
for ferroelectric materials usually arises due to the significant strain contributions from
ferroelastic (non-180°) domain switching and the piezoelectric effect.3” Therefore, from these
hysteresis measurements we infer that the polycrystalline [N(CHs)4][FeBrCls] materials behave
similarly to a typical polycrystalline ferroelectric with some electrical leakage contributions visible
in the P-E and I-E loops.
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Once the electric field magnitude of 80 kV/cm was reached, further evolution of the hysteresis
loops was observed over the first ten cycles at this field (Fig. 5d,e,f). This was a useful exercise to
qualitatively observe a phenomenon called wake-up behavior and other electrical contributions.*°
The degree of domain switching saturation refers to the fraction of total ferroelectric domains
that switch during each application of electric field, and when additional domains switch with each
subsequent cycle this is referred to as wake-up behavior. In the P-E loops, the Pr was observed to
increase from 2.9 to 3.8 uC/cm2 with ten further cycles (Fig. 5d). The gap between the start and
finishing points of the P-E loops, shown by the dashed circle in Fig. 5d, reduced with increased
number of electric field cycles. This can signify a reduced number of new domains switching with
each cycle, however, we note that the gap in the P-E loops can also be related with domain back
switching between electric field cycles, electrical phenomena such as charge injection, and even
instrumental error, so interpretation of the underlying mechanism is not straightforward. The
magnitude of the I-E loop peaks increased by nearly 70 % in the first ten cycles, highlighted by the
straight arrows in Fig. 5e. A non-linear conductivity component may also be evident in the I-E
loops, highlighted by curved arrows in the figure, distinguishable by the curvature of the loops as

the electric field decreases from the maximum in both positive and negative field directions.343¢
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Fig. 5 [N(CHs)4][FeBrCls] super-coercive hysteresis loops with electric field frequency of 10Hz. a) Polarization, b) current density,
and c) strain during increasing electric field from 20 kV/cm to 80 kV/cm, d) polarization, e) current density, and f) strain, during
first 10 cycles at electric field of 80 kV//cm. The dashed circle in d) highlights the start and finish points of the P-E loops.

It is important to note that while these observations of wake-up behavior cannot distinguish
between the possible contributions from simultaneous increases in electrical leakage and domain
switching, they do give a general idea that the switching behavior begins to stabilize over the first
10 cycles at 80 kV/cm. In contrast to the polarization and current, the Sy, of the strain loops did
not increase with further cycling, instead remaining consistent at 0.046 + 0.002 % (Fig. 5f). It could
then be concluded that electrical mechanisms with no contribution to strain, either increased
electrical leakage or increased 180° domain switching, caused the apparent wake-up behavior
over the first ten electric field cycles.
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Frequency dependence of hysteresis
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Fig. 6 [N(CH3)4][FeBrCls] super-coercive ferroelectric switching as a function of frequency from 0.1 Hz to 100 Hz. a) P-E loops and,
b) I-E loops. c) I-E loops during increasing of electric field from 0 to 80 kV/cm in the positive field direction with current density
on a log scale. d) S-E loops of each frequency decade 0.1, 1, 10, 100 Hz. e) The log E. as a function of log frequency, determined
from the I-E peak and the S-E trough in the positive field direction. Data at 100 Hz is excluded from plot. f) The peak-to-peak (Spp)
strain plotted as a function of the applied field frequency. The orange line is guide to for the eye.

Domain switching in ferroelectrics is governed by the time- and field-dependent processes of
domain nucleation and growth, and thus is inherently frequency dependent.**® However,
extrinsic factors such as interfacial properties, residual stress, chemical defects and structural
defects (including grain boundaries) can also have a huge influence on domain switching.3>4°-%7
The significant influence of extrinsic factors is perhaps best manifested by the fact that real E.
values determined experimentally from hysteresis measurements are typically much smaller (<10
%) than the intrinsic values predicted by Landau-Ginzburg theory.* As a result, the frequency
dependence of ferroelectric hysteresis measurements can provide valuable information
concerning the domain kinetics and type of extrinsic factors that are dominant in a ferroelectric.

Here the hysteresis behavior of [N(CH3)4][FeBrCI3] was studied at fields of 80 kV/cm between
frequencies 100 and 0.1 Hz (Fig. 6). The P-E loops range from sharp loops at 100 Hz indicating the
freezing of domain switching, to round or ballooned loops at lower frequencies (<1 Hz), showing
strong leakage current contributions (Fig. 6a). The coercive field (Ec) was determined from the
median of the I-E peaks in both positive and negative electric field directions (Fig. 6b). The Ec
decreased from >80 kV/cm at 100 Hz, to 30 kV/cm at 0.1 Hz. This reduction of Ec with decreasing
frequency is highlighted in Fig. 6¢c where the I-E loops are plotted from 0 to 80 kV/cm as a log of
the current density. At 50 and 100 Hz the peak current was reached at 80 kV/cm so Ec is =80
kV/cm.

A decrease of E. with reducing frequency was also observed in the S-E loops where the minimum
of the butterfly-like loops in each field direction correlates with the E. (Fig. 6d).>’ For clarity Fig. 6d
only shows the S-E loops at 0.1, 1, 10 and 100 Hz. Loops at 50 (not shown) and 100 Hz did not have
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a butterfly-like shape, thus providing no features that were clearly representative of domain
switching, similarly as the simultaneously measured I-E loops.

The E. as a function of frequency observed in both I-E and S-E loops is shown on a log-log plot in
Fig. 6e. The coercive field determined from the minimum of the S-E loops in the positive field
direction is consistently lower than that determined from current loops. This could be a mark of
the complex interaction between leakage currents and domain switching behavior, or
alternatively related to the material having distinguishably different E. for 180 and non-180°
domain switching.>®

Both E. data sets exhibited an approximately linear relationship up to 50 Hz, with more non-
linearity in that determined from the S-E loops. For oxide ferroelectrics, such as PbZro,Tio.s0s3, Ec
vs frequency log-log plots can exhibit two distinct linear regions with different gradients in a wide
enough frequency range.**-%® These regions signify domain nucleation and domain growth limited
switching. We note that only a single gradient is visible in the data in Fig. 6e, but this is not
uncommon for bulk samples such as these, as the frequency range is limited and not large enough
to see the two distinct regions.>3

For domain growth limited switching the E. and frequency relationship can be described using a
power law as as E, X fﬁ, where f = %and n represents the dimension of domain growth, usually

with integer values of 1, 2 or 3.43%* The linear fits of each E. data set here showed gradients of
0.153 and 0.159 for I-E and S-E data sets respectively (red lines in Fig. 6e). Both gradients are
marginally smaller than the value of 0.167 that arises from n = 1. This signifies that the switching
kinetics approximately follow domain growth-limited switching as described by the Kolmogorov-
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Fig. 7 Strain-electric field hysteresis loop at 100 Hz

and 80 kV/cm of a well cycled [N(CH3)4][FeBrCls]

material. Inset shows electric field profile.
Avrami-Ishibashi model.*
The magnitude of the peak-to-peak strain (Spp) as a function of frequency is also a useful metric to
study and leads to two intriguing observations. Firstly, the Sy, reduces as a function of frequency
by more than 50 % (Fig. 6f). In ferroelectrics where domain wall de-pinning from point defects or
kinetically facilitated ferroelectric switching causes the E. to decrease with reducing frequency,
the Spp often increases.?”:5%° But interestingly the opposite is observed here.
The second interesting observation is the S,, magnitude and shape at high frequency. At 100 Hz
the S-E loop has an oval shape and bears similarities to loops observed in poled ferroelectrics that
are cycled at electric fields below their Ec and in the opposite direction to the average polarization
direction (Fig. 6¢).°* A similar oval or kidney-like shape is predicted at high frequencies by phase
field models based on the time dependent Ginzburg-Landau kinetic equation and is caused by
incomplete reversal of the polarization vectors.*>> Models show that the effect is exaggerated by
internal stress and the volume of the material that is impacted by grain boundaries, which then
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introduces a grain size effect. However, contrary to predicted models and observations of the
electromechanical response in ferroelectrics with incomplete domain switching, the Sy
magnitude is similar to that measured in the butterfly-like loops where domain switching is clearly
observed, i.e. 0.046 % at 10 Hz. This is unusual as the ferroelastic switching component of strain,
including domain wall motion, often contributes the largest fraction of total strain to butterfly-like
hysteresis.>®

The frequency dependent hysteresis results show that while the S-E shape at 100 Hz may be an
effect of driving the samples just below the E. and achieving incomplete polarization reversal, the
frequency dependent S-E magnitude suggests that the electromechanical response of
[N(CHs)4][FeBrCls] is complicated and may involve mechanisms in addition to those most common
in oxide ferroelectrics, that is, ferroelastic switching and the piezoelectric effect. It is important to
note that the effect of grain boundaries, and thus the role of grain size, on the frequency
dependence of hysteresis in plastic crystal ferroelectrics is currently unknown. However, the grain
size in these materials, approximated from the as grown crystals, is several orders of magnitude
larger than the grain size range in which grain size effects are significant in oxide
ferroelectrics.3®41>> As well as this, the kinetic coefficient for polarization reversal has not yet been
studied, nor the impact of stress. For this reason, there is tremendous room for further
investigation of switching dynamics in these ferroelectric materials.

Asymmetry of the electromechanical response

To establish a greater understanding of the electromechanical properties and mechanisms, the
strain hysteresis was measured during successive cycles at 100 Hz, with opposite electric field
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Fig. 8 Consecutive hysteresis loop measurements made on a well cycled sample of [N(CH3)4][FeBrCls] after reversing the field
direction from positive to negative. a) Current density, inset shows electric field profile, b) polarization, c) strain, and d) strain for
each field cycle plotted separately, with cycle number.

directions described as follows.

First a sample was taken through the wake-up process of systematically increasing the electric
field with each successive cycle from 0 to 80 kV/cm at 10 Hz. Once at 80 kV/cm, the field frequency
was increased to 100 Hz and the sample was cycled 10 times with the field first becoming positive
and then negative (Fig. 7 inset). In this state, the sample exhibited a strongly asymmetric hysteresis
most evident in the S-E loop (Fig. 7). The asymmetric shape exhibits more complete switching
(meaning more butterfly-like shape) in the negative field direction and less complete switching in
the positive field direction.

The polarity of the applied electric field direction was then reversed, with the first half of the field
cycle being negative and the second half positive (inset Fig. 8a). Over the next 10 cycles a reversal
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of the asymmetric shape was observed (Fig. 8). The I-E loops evolved, developing a broad peak
below the maximum electric field in the positive field region, and a peak at the maximum field in
the negative electric field direction (Fig. 8a). The P-E loops first showed a large gap between the
starting and finishing points, which reduced over successive cycles (shown with a dashed circle in
Fig. 8b). In the S-E loops, the asymmetric shape progressively reversed with respect to electric
field with each successive cycle, going through a symmetric shape after 3 cycles (Fig. 8c,d). The
evolution slowed down, approaching an apparent finite limit of asymmetry, so that loops from
field cycles 10 to 15 (not shown) exhibited little difference.

The electric field direction was then reversed again (Fig. 9). Over a further 10 cycles the I-E loop
shape reverse sequentially (Fig. 9a). The P-E loops again evolved to close a gap between the start
and finish points of the loop (shown by the dashed circle Fig. 9b), and the I-E shape began to
reverse with respect to electric field (Fig. 9c,d). The shape evolution on this second reversal of
electric field was slower, with the symmetric S-E shape not occurring until the 6" cycle and the
asymmetry being generally less pronounced by the 10 cycle (Fig. 9d).

Asymmetric hysteresis behavior during bipolar electric field cycling has previously been attributed
to the orientation and formation of defect dipole complexes in ferroelectrics. Hysteresis
asymmetry is common among materials referred to as “hard” ferroelectrics, such as Fe doped
Pb(Zr,Ti)Os and BiFeO3, and is usually caused by defect pinning.®™® Defect pinning is the result of
point defects being distributed to produce an internal bias field that interferes with domain wall
movement.*® The hysteresis asymmetry is usually most apparent before a saturated domain
switching state is reached and can change over time and number of electric field cycles, depending
on the mobility of the point defects. In [N(CHs)4][FeBrCls], the reversibility of hysteresis asymmetry
with respect to the electric field direction tells us that that the mechanism for hysteresis
asymmetry is electrically activated. While the frequency dependence of the electric field
hysteresis behavior (as shown in Fig. 6) demonstrates that the mechanism behind the asymmetry
possesses slower kinetics than ferroelectric/ferroelastic domain switching. These two
observations are consistent with a defect pinning model, but do not exclude the possibility of
other mechanisms, such as grain size effects or small domain switching kinetic coefficients. We do
note however, that while some similar supramolecular ferroelectrics do exhibit some frequency
dependent hysteresis, switching was achieved at frequencies in excess of 1 kHz, an order of
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Fig. 9 Consecutive hysteresis loop measurements made on sample of [N(CHs)4J[FeBrCls] in the positive field direction after
measurements in (Fig. 8). a) Current density, inset shows electric field profile, b) polarization, c) strain, and d) strain for each field
cycle plotted separately, with cycle number.
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magnitude higher than that observed here.®®"%8 Hence we think the role of extrinsic effects, such
as charged defects, is likely in the materials observed here.

Using a defect pinning model, the gradual reversibility of the asymmetry in [N(CH3)4][FeBrCls] may
be explained by point defects being mobile under electric field. The presence of an internal bias
field is evident in the 10™ cycle Fig. 8b by the different E. observed in the positive (68 kV/cm) and
negative (-72 kV/cm) electric field directions, giving an internal bias field of -4 kV/cm. The bias
field in Fig. 9b after the 10" cycle was +4 kV/cm, showing that when the electric field is reversed
the bias field also reverses.

The synthesis process and the FTIR data provide information about the possible sources of point
defects in the [N(CHs)4][FeBrCls]. The iron trichloride hexahydrate precursor is hygroscopic,
meaning that an undetermined mass of water was present during the weighing of iron trichloride
hexahydrate powders resulting in the solution being deficient in [FeCls]. This non-stoichiometry is
expected to produce [N(CHs)4][FeBrCls] crystals with [FeBrCls]  vacancies (Vizepyci31 in Kréger-Vink
notation), charge balanced by disassociated Br ions. The Br  may be included as either interstitial
Bri or as a substitutional Brjr.p,ci3; at the anion site in the crystal lattice. Both scenarios are
plausible because of the small ionic radius of Br (1.96 A) relative to the crystal lattice parameters
(on the order of 10 A). The literature also suggests that the halide species, such as Br’, are likely
mobile under an electric field, analogous to O% in metal oxide ferroelectrics, and this could also
play a role in the systematic evolution of hysteresis asymmetry observed here.3® In addition, the
FTIR data (Fig. 2) shows the presence of moisture (H,0). It is thus, plausible that H,O also plays a
role in the observed behavior, either as an interstitial impurity creating a point defect in the
structure, or as a solvent for the molecular ions at grain boundaries. Therefore, the data suggests
that the four types of point defects Vizeprci3), BTFeprciz, Br{, and H,0; are likely present within
the [N(CHs)4][FeBrCls] crystal lattice and could be involved in both the frequency dependence and
the reversible asymmetry observed in the hysteresis.

Conclusions

The polycrystalline [N(CHs3)4N][FeBrCls] with the non-centrosymmetric structure Amm?2 was
fabricated by crystallization from solution and hot pressing at 150 °C. The materials exhibited a
ferroelectric like hysteresis behavior at the driving electric field frequency of 10 Hz, with some
wake-up behavior typical of many ferroelectrics, achieving a P, of 3.8 uC/cm? and Sy, of 0.046 %
at a field of 80 kV/cm. The hysteresis behavior exhibited a strong frequency dependence at driving
electric field frequencies between 0.1 and 100 Hz and at 100 Hz the loops were strongly
asymmetric. This asymmetry was reversible under opposite driving electric field directions.
Meanwhile, the dielectric loss tangent and permittivity showed contributions from electrical
leakage, evident by increased values at frequencies below 10° Hz. The high losses, frequency
dependence and reversible asymmetry evident in the electrical measurements showed an
intriguing fingerprint consistent with defect pinning. In a defect pinning model the mobility of
point defects present in the material produce an internal bias field that interferes with domain
switching. Two plausible sources of point defects in the [N(CHs)4][FeBrCls] crystal were non-
stoichiometry resulting in Vig.p,ci3) and Bry, BTteprciz Or moisture (H20), the latter was
supported by the presence of O—H stretching bands identified with FTIR.

This study sheds light on type of defects and the role they may play in the dielectric,
ferroelectric/ferroelastic domain switching and electromechanical properties of ferroelectric
plastic crystals and other emerging hybrid organic-inorganic supramolecular ferroelectrics. It
highlights the need for a further investigation of domain switching kinetics from intrinsic growth
and nucleation processes to the extrinsic influences like grain boundaries and defects.
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