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The recently discovered ferroelectric nematic liquid crystals have been reported to exhibit very large dielectric
permittivity values. Here, we report a systematic investigation of the dielectric behavior of a prototypical
ferroelectric nematogen by varying the thickness of the parallel capacitor measuring cell. While in the non-polar
high temperature nematic phase results show only slight differences due to slight variations of the alignment, the
measured permittivity values in the ferroelectric nematic phase show a linear dependence on the cell thickness.

It is also shown that the characteristic relaxation frequency decreases inversely proportionally to the thickness.
The results are discussed in terms of three different available models based on different underlying mechanisms,
accounting for cancellation of the probe electric fields by polarization reorientation or by ionic charges, or based
on a recently proposed continuous phenomenological model.

1. Introduction

Among the whole variety of liquid crystal (LC) mesophases dis-
covered since the first mesogenic materials were found, the classical
non-polar nematic phase (N) is the one monopolizing their widespread
application, such as in display technologies. This uniaxial phase, in
which molecules show long-range orientational order but no long-range
translational order, exhibits a unique combination of anisotropic physi-
cal properties and fluidity. The director (i.e. the direction of the average
molecular orientation) can be easily reoriented via the application of
small electric fields, resulting in an interesting range of exploitable
electro-optic behavior. Even if the constituent molecules possess an
electric dipole, the N phase is non-polar, since at any moment there
are just as many molecules pointing in one particular direction as in
the opposite. Interestingly, and despite its prediction at the beginning
of the past century [1,2], a polar version of the N phase, in which such
inversion symmetry is broken, has been elusive until 2017, when two
different materials showing nematic phases with ferroelectric proper-
ties were found [3,4]. The polarity of the phase is evidenced both by the
very high spontaneous polarization values in the uC/cm? range [4-7]
and by the large values of the nonlinear optical coefficients [8-10].
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Among the outstanding properties of the ferroelectric nematic phase
(Ng) are also the reported values of dielectric permittivity, of the or-
der of 103-10° (e.g. [10-14]). Such range, spanning up to two orders
of magnitude, raises the question of how measurement conditions in-
fluence the results and whether reported values can be fully attributed
to the material properties [7,15,16]. These measurements correspond
to various experimental conditions in terms of sample thicknesses, an-
choring conditions and electrode resistivities. The magnitude of polar
correlations in these materials makes dielectric spectroscopy a highly
relevant technique for their investigation, not only in the case of
the Ng phase, but the subsequently described antiferroelectric phase
(M2/Ng/SmZ, phase) observed for some representative materials in
between the N and the Np phase [7], as well as for the reported chi-
ral counterpart of N [13,17-20] or the lower temperature ferroelectric
SmA phases, for which polarization lies along the layer normal [21,22].
Investigating the dielectric response of these systems is not only impor-
tant to achieve a fundamental understanding of the physical processes
leading to these phases, but also for practical applications involving
these materials such as faster and lower-consumption displays, im-
proved electro-optic modulators, high-performance electronics, mem-
ory devices, high-density capacitors, etc.
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Fig. 1. Chemical structure of RM734 and its transition temperatures on cooling.

Clark et al. have recently proposed that what is being measured
in these experiments is not the bulk sample but the high capacitance
of the insulating interfacial layers of nanoscale thickness that bound
the sample in typical measurement cells [15,23], thus leading to an
erroneous interpretation of the experimental results. In fact, the Ny
phase is expected to show a Goldstone mode (phason), by analogy with
other ferroelectric liquid crystals [24]. This mode would correspond to
a reorientation of the polarization vector which, coupled with a high
fluidity, would enable the charging of the insulating layers and screen
the electric field in the bulk sample (Clark et al. call it polarization-
external capacitance Goldstone reorientation mode, or PCG for short
[15]). Since this is an interfacial effect, the model predicts a relax-
ation process whose characteristics depend on the sample thickness d.
In another recent article, Vaupotic et al. [16] interpret experimental ob-
servations through the development of a continuous phenomenological
model for the Ny phase, in which director and polarization fluctuations
are coupled, giving rise to two polar modes (phason and amplitudon
modes). Despite the authors subsequently neglecting it, their theoreti-
cal model predicts an intrinsic dependence on d. Finally, it should be
noted that electrode polarization (EP) is a well-studied phenomenon
known to affect the dielectric spectra of conductive samples such as
solid-state electrolytes, aqueous solutions, ionic liquids, biological sys-
tems, etc. [24], leading to extremely high measured values of the real
and imaginary components of the dielectric permittivity, especially at
low frequencies. As several models rigorously prove, it turns out that
the dynamics of the ions depends on the sample thickness d [25]. The
spectra of LCs can also be influenced by this effect, since they always
contain ionic impurities. In the case of ferroelectric nematic materials,
ionic impurities play an important role in the observed structures under
confinement [26,27] and should not be neglected in the interpretation
of dielectric measurements. In any case, the three frameworks presented
above predict that the experimental dielectric spectra depend on the
thickness of the parallel-plate capacitor used in the measurements.

With the aim of gaining insight into the origin of the large values of
the measured dielectric permittivity, in this paper we perform a system-
atic set of broadband dielectric spectroscopy experiments for RM734,
one of the representative Ny materials, varying the measuring cell thick-
ness. By identifying characteristic features of the spectra, we interpret
the results in the view of the above-mentioned possible mechanisms.

2. Materials and methods
2.1. Material

Dielectric investigations were performed for RM734 (4-((4-nitro-
phenoxy)carbonyl)phenyl-2,4-dimethoxybenzoate), a representative
ferroelectric nematic material, which was synthesized via literature
methods [28]. Its molecular structure, phase sequence and transition
temperatures are shown in Fig. 1. On cooling, RM734 exhibits a direct
N-Ni phase transition. The N phase can be reached in a supercooled
state with cooling rates even lower than 0.25°C/min and is stable, in
almost all runs, well below 80°C. RM734 molecules have a large dipole
moment (~ 11.4 D [29]) directed at a moderate angle (20°) from the
molecular axis.
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2.2. Broadband dielectric spectroscopy

Measurements of the complex dielectric permittivity e(f) = €'(f) —
ie"” (f) were carried out from 1 Hz up to 3 MHz with an Alpha-A
impedance analyzer from Novocontrol Technologies GmbH. The mate-
rial was placed in the N phase (~ 160°C) between two circular gold-
plated brass electrodes 5 mm in diameter acting as a parallel-plate
capacitor. For improved repeatability, the same pair of electrodes was
thoroughly cleaned and used in all measurements. The separation be-
tween electrodes was fixed by spherical silica spacers of different diam-
eters. The low resistivity of gold electrodes results in a cut-off frequency
of the measuring circuit which is much higher than the frequency range
of the experiments (see for instance [30]). The sample was placed at the
end of a modified HP16091A fixture, and the temperature of the sam-
ple was controlled with a Quatro cryostat also from Novocontrol. The
stray capacitance of the measurement circuit was carefully taken into
account.

It is well-known that the use of alignment layers can give rise to
charge accumulation and additional undesired effects [7,16,31,32] and,
consequently, the measurements here were performed with the bare
metal electrodes and no surface aligning layers. In order to accurately
compare the results for the different samples, the real thickness of each
measuring cell was calibrated by normalizing the dielectric permittivity
value in the isotropic phase with that obtained in a 7 pm-thick sandwich
commercial cell (EHC Co. Ltd, Japan). The deviation from the nominal
values was small, which confirms the good performance of the silica
spacers. Obtained thicknesses range between 7 and 104 pm. The mea-
sured complex dielectric permittivity was thus calculated by dividing
the measured capacitance by the theoretical geometric capacitance of
our measuring parallel plate capacitor for each given thickness. To min-
imize the time spent at high temperatures, all samples were heated up
to 190°C and then cooled at 5°C/min down to 160°C (nematic phase)
while performing fast characterization measurements at a few given
frequencies. All measurements were then performed on cooling from
160°C at 0.25°C/min with V,,, =0.03 V;,.. The measuring voltage was
kept constant regardless of the sample thickness. The effect of increas-
ing probe voltages was also analyzed as will be shown below. Finally,
for the sake of completeness, the dielectric response of the sample under
the application of a DC bias field was studied.

3. Results

As an example of the performed measurements, Fig. 2 shows the
permittivity components £’ and €” as a function of frequency and tem-
perature for a d =26 pm thick cell. The measured values are very large,
of the order of 10* at low frequencies, both in the higher temperature
non-polar nematic phase and in the N phase.

We first focus on the non-polar N phase. A comparison of the
recorded spectra at 140°C is shown in Fig. 3 for the different cell thick-
nesses. The recorded spectra are characterized by a relaxation process of
frequency around 10° Hz and strength around 300. Due to its strength,
this relaxation process can only be associated with a collective fluctu-
ation of dipole moments and has been shown to strongly soften when
approaching the N-Ng transition, with a rapidly decreasing frequency
and diverging amplitude [7,33,34]. The slight differences in strength
evident in Fig. 3 can be attributed to slight differences in alignment
as will be shown below. Of interest in the present context is the sharp
increase of permittivity values below 100 Hz. Such increase is typical
of EP processes and is well known for measurements of non-polar ne-
matic materials such as 5CB [31,35,36]. The characteristic frequency of
this process depends on the diffusive motion of impurity ions. In the N
phase, it occurs at low enough frequencies so that the actual spectra of
the material can be discerned.

The temperature dependence of the recorded permittivity values
across the N-Np phase transition at 10 Hz, 1 kHz and 20 kHz for the
different cells is plotted in Fig. 4. As it can be seen, the transition
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Fig. 2. Three-dimensional plot of the real (a) and imaginary (b) components
of the complex permittivity vs. temperature and frequency for a d =26 pm
thick cell. The dashed line in (b) highlights the temperature dependence of the
maximum absorption frequency.

temperature is around 128 °C, below that initially reported in Fig. 1 ob-
tained via DSC. This difference could be attributed to a slight increase
of impurities over time, which can have an effect on the transition tem-
peratures due to internal field screening effects [27]. The comparison in
the N phase at 20 kHz corresponds to the range of frequencies at which
EP does not contribute anymore. Although the temperature dependence
tendency is the same, it is clearly observed how the permittivity value
decreases for thicker cells. It should be recalled that no alignment layers
have been employed and, thus, such differences can be easily attributed
to differences in alignment. The increase of &' at the isotropic to N
phase transition (Fig. S1) indicates that in the gold electrodes, RM734
tends to align homeotropically, i.e. with the director perpendicular to
the electrode surface. However, it is reasonable to assume that the align-
ment is not perfect and that the increase of d results in the decrease of
surface-induced elastic forces in the cell center that will preserve the
homeotropic alignment.

At the transition to the polar nematic phase, the large polariza-
tion values imply that it is reasonable to assume that, in order to
minimize the depolarization field, the phase transition is accompa-
nied by a change of director orientation from homeotropic to planar
[4,14,33,37,38]. This means that in the N phase the director lies par-
allel to the cell surfaces. This is further supported by the very large
electric fields that have been reported to be required to induce the tran-
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Fig. 3. Spectrum of the real (a) and imaginary (b) components of the complex
permittivity for the different electrode separations at 140°C (N phase). Black
arrows indicate the frequencies shown in Fig. 4.

sition from planar to homeotropic configuration in the Ny phase [37]. In
terms of the measured permittivity as a function of cell thickness, very
different behavior is observed in the N phase. At the same frequency
of 20 kHz, the recorded permittivity greatly increases for decreasing
cell thickness (from values around 100 at d = 104 pm to values slightly
higher than 1000 at d =7 um). This tendency is inverted at lower fre-
quencies, for which the thicker the measuring cell, the larger the value
of the recorded permittivity (top graph of Fig. 4). It should be noted
here that Manabe et al. [11] reported a similar behavior for a material
showing a direct isotropic to Ng transition, for which they performed
measurements at two different thicknesses (110 and 10 pm). However,
it should be pointed out that, in their case, the measuring cell not only
varied in thickness but also in area, electrode material and aligning
agent. Their reported values correspond to 1 kHz, in the range at which
there is no clear correlation for RM734 (middle graph of Fig. 4). This
can be easily clarified by inspecting the spectra in the N phase, which
are shown in Fig. 5 at 125°C. For completeness, the directly measured
complex impedance is available in Fig. S2.

In the N phase, the spectra are characterized by a broad relaxation
process with a characteristic frequency in the 1-10 kHz range. It should
be noted that additional low frequency effects can be observed. Focus-
ing on the real part ¢, at low frequencies, the value increases with
increasing thickness. Around ~ 1 kHz there is a crossover frequency
at which that trend is inverted. Finally above ~ 1 MHz the values for
all thicknesses agree. This behavior can be qualitatively explained as a
thickness-dependent relaxation: the amplitude grows with d while the
frequency decreases. This becomes evident when inspecting the results
from fitting the recorded spectra to a Havriliak-Negami (HN) relaxation
(see Eq. S1), as shown in Fig. 6 (HN parameters and fitting examples are
available in Table S1 and Fig. S3 respectively). It is seen that the fre-
quency of the main relaxation mode in the polar phase increases with
decreasing cell thickness, with a difference of up to a decade between
the thinnest d =7 um cell and the thickest d = 104 um cell. Fitting re-
sults in the N phase additionally show how the dielectric spectra for all
the inspected thicknesses are fully equivalent, where the softening be-
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Fig. 4. Temperature dependence of the measured dielectric permittivity for
three different frequencies (10 Hz, 1 kHz and 20 kHz) as measured on cool-
ing for different electrode separations.

havior is clearly observed. It should be mentioned that the growth of
polar correlations in the N phase has been shown to be accompanied by
a strong softening of the splay elastic constant [33]. This softening be-
havior is characteristic of the N-Np transition, and both dielectric and
nematic elasticity softening are absent for a RM734 homologue that
does not exhibit the N phase [34].

As mentioned in Section 2, to avoid field-induced reorientations in
the N phase due to low splay elastic constants [29,33,34] all measure-
ments were carried out with a low oscillator voltage of 0.03 V.. To
test the influence of this voltage in the measurements acquired in the Ng
phase, we performed a series of frequency sweeps with oscillator values
up to 0.6 V., in a 25 pm thick cell, where the last value corresponds to
the same oscillator level reported by Vaupoti¢ et al. [16]. The results,
shown in Fig. 7a, only vary in the low-frequency regime where a small
increase of both ¢ is observed. For completeness, we also studied the ef-
fect of the application of DC fields in this same cell thickness (Fig. 7b).
The effect is much larger in this case, with a strong reduction of the
¢’ value at low frequencies, due to the probable shift to lower frequen-
cies of a relaxation process, revealing a second process at moderate DC
fields. For the 8 V DC curve (larger fields only resulted in noisier data
and no quantitative changes were measured), data can be fitted to a
relaxation process with an amplitude of around 200 in the 10 kHz fre-
quency range. It is interesting to note that there is a decrease of &’
at high frequencies likely due to the suppression of a high-frequency
molecular mode. Finally, it is worth mentioning that after the applica-
tion of the DC voltage, the initial signal was fully recovered, indicating
no degradation of the material.
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Fig. 5. Spectrum of the real (a) and imaginary (b) components of the complex
permittivity for the different electrode separations at 125°C (N phase).
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Fig. 6. Strength (A¢) and frequency of maximum absorption of the main re-
laxation mode as obtained from fitting the data to an HN relaxation for the
different cell thicknesses. An extra very low-frequency mode (not represented
here) was employed to account for the increase of ¢ at low frequencies observed
in Fig. 5.

4. Discussion

The aforementioned PCG [15] and EP [25] models, as well as the
continuous phenomenological model (CPM hereafter) by Vaupoti¢ et al.
[16], introduce dependence of the measured spectra on d. In the present
section, we will analyze our data in this context.
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Fig. 7. Spectrum of the real component of the complex permittivity at 120°C
for a cell of 25 um at different probe (AC) (a) and DC-bias (b) voltages.

4.1. Analysis in terms of PCG and CPM

The model proposed in a recent preprint by Clark et al. [15] states
that when a voltage is applied across a measuring cell with polymer
aligning layers (high-capacity interfacial layers), the polarization vec-
tor, which is initially uniform and parallel to the plates, reorients,
and with this reorientation the applied field is cancelled in the bulk
sample. The N layer would then become, in an effective manner, con-
ductive, enabling the charging of the interfacial capacitors. A so-called
polarization-external capacitance Goldstone (PCG) reorientation mode
is then the result of the coupling of orientation and charge. The model
predicts a relaxation process with amplitude Aepcg « d and frequency
fpcg & 1/d. Fig. 8 shows Ae and f as a function of thickness obtained
from fits to the experimental data. The dependence on d mentioned
above is well reproduced by the fitting results, although it should be
mentioned that this was done considering a HN relaxation process and
not a simple Debye relaxation process. It is also interesting to note that
the distribution of relaxation times also depends on d, as evidenced
by the change from 0.91 to 0.76 of the parameter «, which defines
the broadness of the process (see Eq. S1 and Table S1). In the de-
scription of the PCG model, it is pointed out that the disappearance
in the N phase of the ionic-conductivity characteristic of the imagi-
nary component with a 1/ frequency dependence [15] can be used
as an additional test. Fig. 5.b shows that this is not the case in these
measurements. However, is it important to recall at this point that the
measurements presented in this paper were performed without align-
ment layers, i.e. with the material in contact with the gold electrodes.

Varying anchoring strength conditions, including the use of bare
gold electrodes, have also been covered by Vaupotic¢ et al. [16], who
noted that the strength of the PCG mode should increase with increasing
bias field, although the effect is not seen in the case of their measure-
ments. Our results do not show this effect either. In terms of their CPM
[16], the dielectric spectrum is described by two relaxation processes: a
polarization reorientation mode (referred to as phason mode) and a po-
larization amplitude mode (amplitudon). At 0 DC bias field, the main
relaxation process of the Ny phase would be dominated by the phason.
However, according to their experimental findings, upon the applica-
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Fig. 8. Relaxation amplitudes (filled symbols) and frequencies (empty symbols)
of the characteristic relaxation process at three temperatures of the Ng vs. cell
thickness. The red dashed lines are fits to the experimental data at 120°C.

tion of a DC bias field the phason is suppressed and shifted towards low
frequencies, while the amplitudon becomes visible and moves to higher
frequencies [16]. This appears to be compatible with our results, since
the 8 V¢ curve reveals a process of much lower amplitude and slightly
higher frequency, while the low-frequency increase in &' could be at-
tributed to the shifted phason (see Fig. 7). Finally, although a possible
explanation for the decrease of &’ at high frequencies is the suppression
of a non-collective molecular mode, one should not rule out the pos-
sibility that it is the high-frequency collective mode predicted for the
N phase by this same model, whose frequency is expected to be in the
MHz regime [16]. Returning to the thickness dependence, it is shown
that the frequencies of the ferroelectric modes depend on the cell thick-
ness as &x /d?, & /d* and ¢,/d, where &g, &, and ¢, are the director
elastic, polarization elastic and flexoelectric characteristic lengths re-
spectively. These terms, calculated either from assumed flexoelectric
coefficient values (&,/d) or in base of their results (52 /d?), are consid-
ered negligible, and no dependence of the frequencies with d is further
described. However, our results clearly show such dependence, in line
with the flexoelectric term &, /d (Fig. 8). It is interesting to note that
Barthakur et al. have recently reported a “colossal flexoelectric effect”
in RM734 above the nonpolar to polar nematic phase transition [39].
All of this indicates that the development of experimental approaches
for an accurate determination of material parameters in the ferroelec-
tric nematic phase, such as flexoelectric coefficients, elastic constants
or polarization elasticity, is required for a deeper interpretation of the
results. Finally, the previously mentioned dependence of the distribu-
tion of relaxation times of the dielectric mode («) on d could perhaps
be related to a deeper dependence of these material parameters.

4.2. Analysis in terms of EP

The fact that at low frequencies in the N phase, the real compo-
nent of the permittivity increases, which evidences the presence of EP
effects, and that at the transition to the polar phase, the ionic conductiv-
ity contribution does not disappear (Fig. 2), stimulates us to analyze our
results in the N phase in terms of EP models. When an electric field is
applied to the sample, free ions tend to move towards the electrode-
sample interface giving rise to electrical double layers. The voltage
drops rapidly in these regions, which leads to a large polarization and
effective screening of the electric field in the bulk sample. This can re-
sult in extremely high values of the real and imaginary components of
the dielectric permittivity at low frequencies. This is a well-known ef-
fect thoroughly investigated for a wide variety of systems [40], and it
is also present in nematic liquid crystals as observed, for example, in
materials such as 5CB in different conditions [31,35,36]. Indeed, EP
effects result in a similar linear dependence on d of the measured &
at ultralow frequencies for 5CB investigated with bare ITO electrodes
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Fig. 9. Measured permittivity vs. inverse of electrode separation at different
frequencies at 125°C. Only datapoints with common linear behavior are shown.

[35]. In the case of Ny materials, ion concentration was estimated to
be up to several orders of magnitude larger than in conventional ne-
matics [26] and, thus, EP characteristic frequencies are expected to be
higher than in the latter. Over the years, a great number of models have
been developed to describe EP and here we will, as an example, ana-
lyze our data in terms of an ion diffusion model by Chassagne et al.
[25]. Even though the authors intend to use this model for dielectric
studies of colloidal suspensions, it can also be applied to the present
case, since no assumption on the nature of the constituent particles is
made. Therein, a method to compensate for EP based on using cells of
different thicknesses is proposed as well. In this framework, the spec-
tra are characterized by three (angular) frequencies: wp, below which
ions fully accumulate at the electrodes; w,, above which EP effects be-
come negligible; and an intermediate frequency w, = /wpay. In the
high frequency limit, > ey, the measurement is no longer affected by
this phenomenon and it reflects the real material value. Below wp, the
model predicts a linear dependence of the measured permittivity &/ (vs.
the intrinsic sample permittivity eLC) with d, compatible with our ex-
perimental results (qualitatively this can be seen in Fig. 5). Intuitively,
this can be understood as follows: as the thickness of the measuring
cell is increased, the ions can move further and, as a result, higher po-
larization is created and hence a higher permittivity is measured. In
the intermediate frequency region, wp << @ <<y, &, depends on the
thickness d as:

C— = g (), (€Y

where oy ¢ is the conductivity of the sample, ¢ is the vacuum permittiv-
ity, €* is a permittivity related to EP and « is the inverse of the Debye
length. The characteristic frequencies wp,®, and w, are identified in
Fig. S4 for the case of the 104 pum thick cell. It is evident that, as ex-
pected, such frequencies vary with thickness. From Eq. (1) it is possible
to obtain ELC((’U) at each frequency point directly from the intercept of
the linear regression of the measured permittivity for different thick-
nesses. Fig. 9 shows regression examples at several frequencies. It is
important to note that this correction method is only justified in the
intermediate frequency region, which is different for each thickness.
Therefore, at a given w, only the data for some of the thicknesses can
be employed (see Fig. 9).

In this way, ¢ . for EP corrected spectra can be deduced at fre-
quencies within the validity range. Results at several temperatures are
shown in Fig. 10. This suggests the existence of a relaxation process be-
low 1 kHz with an amplitude larger than 103. The value obtained in
this calculation at higher frequencies (~ 10) is in agreement with the
EP-free values of Fig. 5 at high frequencies. Due to the comparatively
large value of the signal vs. €] ., these results should be taken as es-
timates. A comparison of EP corrected data vs. measured permittivity
can be found in Fig. S5. It should be noted that strict reliability criteria
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Fig. 10. ¢ . vs. frequency obtained as EP corrected data (solid symbols). Di-
rectly measured data €], =¢; . in the EP free region (empty symbols) at 125°C
(these EP free values at high frequency do not appreciably vary at the rest of
the temperatures shown).

were selected for the EP analysis. Only frequencies for which at least
four data points were available for the linear regressions were analyzed
(see Fig. 9), and the latter were only further considered if R? > 0.99 was
met. Under these criteria, EP correction only resulted in physically rele-
vant values (i.e. s’LC > 0) in a limited temperature range above ~ 120°C.

Finally, it should be noted that, according to the EP model, the
slopes obtained from the linear regressions in the intermediate fre-
quency region should have a 1/f"=2 dependence (see formula (1)).
However, in our case n varies between 1.4 and 1.7 on cooling, calculated
as described in Fig. S6. Some authors have suggested that this deviation
is to be expected under certain conditions when indeed n = 3/2 should
be observed [25,41,42]. In any case, the broadening of the curves is re-
lated to the above-mentioned behavior of the a parameters obtained in
the HN fits and calls for taking the results with care.

5. Conclusions

The systematic investigation of the dielectric behavior of RM734 for
different measuring conditions presented in this work (i.e. thicknesses
of the measuring parallel plate capacitor) experimentally evidences that
an adequate interpretation of dielectric spectroscopy measurements in
ferroelectric nematic liquid crystals requires the development of dedi-
cated models. The permittivity values obtained here are in agreement
with those reported for several Np materials (e.g. [10-12,16]), and thus
similar thickness effects can be expected as a general rule for these com-
plex fluids.

The results have been analyzed in the light of three different mod-
els: the PCG [15], the CPM [16] and the EP [25] models. The three
account for the dependence of the measured permittivity on the sample
thickness; however, the underlying mechanisms greatly differ. The PCG
model takes into account the large polarization values of the ferroelec-
tric nematic materials and the cancellation of external fields, such as the
AC measuring field, resulting from the small reorientations of such large
polarization. In the EP model, large values of permittivity are expected
at low frequencies arising from the ionic conductivity of the studied
sample. In the CPM model, the thickness dependence is related to the
flexoelectricity, nematic elasticity and large polarization of the mate-
rials. Determining the relevant material parameters that are currently
absent could help to interpret the results in terms of this model.

It would be reasonable to assume that in Ny systems, more than one
of these mechanisms can be involved. Additionally, it should be taken
into account that polarization structures in confined ferroelectric ne-
matic materials can be intricate, with the formation of different domains
divided by walls and defects. The latter can additionally carry electri-
cal charge. Understanding the origin of the large permittivities in the
N phase is key both from fundamental and application-focused point
of views. Further experimental research in this direction should focus,
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on the one hand, on systematic research of materials other than RM734
in the hope of obtaining more distinctive results. On the other hand,
the employment of measurement methods of £(w) free of EP, such as
open-ended four-electrode measurements, despite being more difficult
to implement in the laboratory, could shed some light on the mecha-
nisms at play.
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