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Abstract

Ferroelectric nematic liquid crystals are currently being subject to a plethora of investigations
since they are of great fundamental interest and could potentially foster promising applications.
However, many basic aspects are still poorly understood, among which the problem of the dielectric
constant stands out. Ferroelectric nematics have previously been reported to exhibit giant dielectric
constants whose value depends on the thickness of the measurement cell, claims that have recently
been shown to be the result of an incorrect interpretation of the experimental data. The intrinsic
permittivity of these materials has not been determined yet. In this work, we tackle this problem
by modeling the dielectric response of the liquid crystal filled cell through an equivalent circuit
proposed by Clark et al. in Physical Review Research 6, 013195 (2024) accounting for polarization
reorientation and the effect of insulating interfacial layers. We arrive at the conclusion that the
perpendicular component of the permittivity €, is of the order of 10 in the prototypical ferroelectric
nematogen DIO, while the parallel component ¢ is of the order of 150. In this way, the dielectric

tensor of DIO has been fully determined.
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Materials with high permittivity have always garnered substantial interest due to their
potential applications as capacitive elements in electronics, energy storage, sensors, actua-
tors, etc. A high dielectric response is expected near the paraelectric-ferroelectric transition
temperature in traditional ferroelectric materials [1]. However, since a few decades ago, ma-
terials with permittivity values exceeding 103 started to be reported to mantain this so-called
“colossal” response over a wide temperature range showing a seemingly relaxational (and
Arrhenius-like) behavior. The intrinsic nature of those colossal permittivity (CP) values was
soon questioned and finally attributed to extrinsic effects stemming from electrode/sample
interfaces or domain boundary effects (see, e.g., [2]). It is interesting to note that this does

not hinder their usability in applications and it is still a very active field [3].

The recent discovery of the ferroelectric nematic phase (Ng) has sparked a new research
area at the intersection of many disciplines such as soft matter, ferroelectrics and liquid
crystal chemistry and physics. The interest is fueled by its unique fundamental properties
and, again, potential impact in applications. Materials in the Ng phase exhibit polar prop-
erties comparable to those of solid ferroelectrics i.e., spontaneous polarization values ranging
from 1-6 C/cm? [4-6], large nonlinear optical coefficients [7, 8] and also, very interestingly,
CP effects [9-12], all with the added advantage of fluidity. The field is now at the stage of
studying the origin of these properties, firstly, to understand the fundamental physics behind
them and, secondly, to be able to design materials with tailored and improved characteristics

for applications.

The origin of the CP in Np materials is a subject of debate. Initially, it was attributed
to the high polar ordering of the molecules in the Ny phase [5], and later more specifically
described as collective relaxation phenomena [13]. However, large discrepancies among re-
ported measurements are found in the literature typically spanning two orders of magnitude
(103-10°, see e.g. [5, 6, 9, 11]). This clearly hints at the existence of some nonintrinsic
conditions related to the measurements themselves such as the method, sample preparation,
confinement conditions or even sample purity. This motivated a systematic study of the
dielectric properties of the two prototypical Ng materials RM734 and DIO by our group as
reported in references [14] and [15], respectively. In these works, a dependence of the com-
plex permittivity £*(w) = &’(w) —ie” (w) (w = 27 f is the angular frequency) with the sample
thickness in the Ny phase was clearly quantified. Furthermore, we proposed an interpreta-

tion of the observed relaxation processes in the entire phase sequence. In the Ny phase, the



overwhelmingly dominant relaxation observed in both materials was a low-frequency (~ 103
Hz) mode attributed to the collective director orientation fluctuations, known as Goldstone
mode.

Clark et al. proposed that, if the permittivity is measured in the typical parallel-plate
configuration with the material planar-aligned so that the polarization P lies parallel to the
electrode surface (which is the configuration of minimum energy and observed experimen-
tally), the reorientation of the large P results in a near perfect cancelation of the applied
field in the bulk leading to a very low effective resistance of the LC sample [16]. All the
voltage drop occurs at the two electrode interfacial layers acting as capacitors whose thick-
ness is in the range of tens to hundreds of nanometers. What is measured in this picture
is a very large capacitance independent of the sample thickness that results in a very large
and thickness-dependent permittivity.

Recently, we noticed that suppressing the Goldstone mode through the application of
a DC bias field in the Ng phase resulted in strikingly similar dielectric spectra in RM734
[14], DIO [15] and UUQU-4-N [17], regardless of the sample thickness. This can be seen
in Fig. 1, where the permittiviy of the three materials coalesces to a common value at
low frequencies. This is to be expected, since the dipole moments of these molecules are
very similar (DFT-calculated values are 11.4 D for RM734 and UUQU-4N, and 10.3 D for
DIO). Thus, it follows that measurements under a DC bias field strong enough to suppress
polarization reorientation processes provide their actual dielectric spectra. In this case, the
parallel component of the permittivity is probed, and a common value of £ ~ 150 can be
estimated. As it can be seen in Fig. 1, it could be somewhat larger (~ 200) for RM734, but
one should note that in this material there is an increase in the real part of the permittivity
at low frequencies due to electrode polarization effects. These values are compatible with
those reported by Vaupotic et al. [13] for a RM734 homologue.

However, for a complete characterization of the uniaxial Ng phase, the perpendicular
component of the permittivity e, is yet to be determined. As explained by Clark et al. (see
Fig. 2), an externally applied electric field reorients the polarization vector, which is, as
explained above, initially spatially homogeneous and parallel to the electrode plates, by an
angle ¢ (the Goldstone variable) [16]. In their words, this process charges the interfacial
insulating layers of thickness d; that bound the sample in typical measurement cells. These

layers can be polyimide layers typically used to align liquid crystal molecules but, in cells
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FIG. 1. Spectrum of the real component of the complex dielectric permittivity of RM734, DIO
and UUQU-4-N in the Np phase upon suppression of the Goldstone mode. These measurements
correspond to 25, 5.1 and 30 pm-thick cells with bias fields of 0.32, 1.10 and 0.27 Vpc/pm,

respectively. Original data from Refs. [14, 15, 17].

with no alignment layers, they can also be liquid crystal molecules which cannot reorient due
to surface pinning. The latter is the case in our experiments in which surface agents were
not employed. The low-frequency dielectric response of such a cell can then be modeled as
two series capacitors Cr associated with the insulating layers at each electrode in series with
the LC sample modeled as a resistance Ry in parallel with the capacitance of the liquid
crystal Cpe. In mathematical form, the complex impedance of the circuit and its relation

with e*(w) are:

2 1 d

z* = = )
() 1wCh + wCrc + R%(j iwAegpe* (w)

(1)

The capacitor Cp¢ contains its actual dielectric constant, while the resistance Ry mainly
accounts for the transport of bound charge due to the polarization reorientation, the resis-
tivity being pr.c = v/P? (v is the rotational viscosity). Since the Ny phase is highly fluid
and exhibits a large spontaneous polarization, both Rpc and ppc are very low, effectively

shorting the LC part of the circuit. In this case, the high-capacitance insulating layers would
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be measured, giving an apparently large and thickness-dependent dielectric constant. It is
important to note that, according to the PCG model, the effective conductivity (and, thus,
resistivity) of the LC depends on the angle 1. Therefore, the model described above is a
simplified version of Ref. [16] around ¢ — 0. As mentioned earlier, after our comprehensive
dielectric study of three ferroelectric nematogens, the PCG mechanism is, in our view, the
most feasible explanation for the reported large permittivity values. In fact, Adaka et al.
have recently verified the PCG model by constructing cells with variable thickness of the
insulating layers [18]. We now postulate that, if this is indeed the case, it would be pos-
sible to estimate £, by fitting the dielectric spectroscopy data for cells with no alignment
layers to the equivalent circuit of Fig. 2, and considering a reasonable value range for dj.
This is because €1 = e,¢ = £, due to the molecules being pinned parallel to the bounding
electrodes.

In order to test this idea, we have used the results of previously reported dielectric
spectroscopy experiments performed on DIO [15] in which cells of various thicknesses were
employed. In this material, the conductivity and electrode polarization are less prominent
than in RM734 [14] for which a more complicated equivalent circuit would be necessary to
fit the data, thereby complicating the analysis and obscuring the conclusions to be drawn.
We have considered the data for the 14.7, 36 and 57 pm-thick cells, excluding the 5.1 pum-
thick one because it is slightly affected by the cell relaxation at high-frequencies. These
measurements were done with an oscillator voltage Vys. = 30 mV,,,s and no DC bias. We set
out to fit the data for all thicknesses simultaneously, and require that the instrinsic material
parameters e, and prc be the same for all cells. The capacitance of the insulating layers is
modeled as C1 = Codf [12], where Cj is the capacitance of the empty cell and d is the sample
thickness, allowing f = 1/d; to change because, although we expect d; to be similar for all
cells, this quantity is determined by complex surface interactions and may slightly vary from
cell to cell. First of all, we focused on the imaginary component of the permittivity. Solving

for €” in Eq. (1) we arrive at the following formula:

cod?f%/4

5”(w) _ ZugPLc; od*f?/ —, (2)
1+ w?piceg(2ere +d f)?/4

which we can readily identify with the imaginary permittivity component of a Debye re-

laxation. Fitting our experimental data to Eq. (2), we obtained prc = 360 Q m, while

the fitting process forced e, — 0 independent of its starting value. This does not mean
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FIG. 2. (a), (b) Sketch of the typical measurement cell used in dielectric spectroscopy experiments.
It is a parallel-plate capacitor of area A filled with the Ng material of thickness drc and bounded
by two insulating interfacial layers of thickness dj at the electrodes. When an electric field E is
applied across the cell, the polarization vector P, which is initially spatially uniform and parallel
to the plates, rotates through an angle 1. This leads to the accumulation of bound charge at the
insulating layers. Its low-frequency dielectric response can be modeled by the equivalent circuit

shown in (c). Adapted from Ref. [16].

that e,c = 0 but that Ryc is so low (and 1/Ryc so large) that the iwCpc contribution is
negligible, in accordance with the PCG model [16]. The fitted values for f are, as expected,
similar: 2.2, 2.9 and 2.7 nm~! in order of increasing thickness. To complete the analysis,
the real component of the permittivity should also be considered. In this case, neglecting
Chc in light of the previous results and connecting a capacitance C, = C e in parallel to
the circuit to account for the high-frequency dielectric constant, the complex impedance of

the equivalent circuit would be:

I 1
Z*(w) N RLC +

5— + iwCs = wChe™ (w). (3)

iwCr

Solving for &’ we get:
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which is the real permittivity component of a Debye relaxation. In this case, ppc = 340 2 m

g'(w) =ex +

and ., = 6 is obtained, while f = 2.1, 2.6 and 2.5 nm~!. These results prove the equivalence
of both fits, which can be seen in Fig. 3. One further confirmation of the PCG mechanism
can be obtained by comparing the fitted prc to the theoretical estimate. Taking v ~ 0.25 Pa
sand P &~ 5 uC/cm? [19], we obtain prc &~ 10? Q m, which is of the same order of magnitude
as the fitted value. Furthermore, with our experimental conditions, we can check whether
assuming that ¢» — 0 is reasonable. According to the PCG model, the dependence of 1
on the applied voltage V' below Vg is given by the following equation: siny)(V) = V/Viu,
where Vi,y = 2P/eof is a saturation voltage at which P becomes normal to the electrode
plates [16]. Taking P ~ 5 puC/cm?, the average fitted value f = 2.5 nm™! and V = 30 mV,
we obtain Vg, &~ 4.5 V and, thus, ¢ < 1°, thereby confirming our assumption.

With this information we can already estimate €,. The average of f with the obtained
values is ~ 2.5 nm~!. Considering a generous range for the insulating layer thickness d from
2-3 nm up to 10 nm, the possible values of £, would be in the range 6-25. The lower bound
would mean that, aside from the Goldstone mode, there is no other underlying relaxation
in the low-frequency range, while a higher value would imply a hidden relaxation process
below 10°-10° Hz. The estimated dielectric anisotropy is then de = g — e, = 125-144.
Thus, the dielectric anisotropy is positive, as expected from the molecular structure of DIO
and ferroelectric nematogens in general, and large, due to its large dipole moment.

In this paper, we have once again ruled out the CP values of the Ng phase. In doing
so, we have followed the classical definition of permittivity, which does not include the
spontaneous polarization, as in solid ferroelectrics. Mathematically, the total polarization in
the i-th direction is the sum of the spontaneous and induced polarizations, namely Piota1; =
P; + eo(ei; — 6;5) E;, where 6;; is the Kronecker delta and summation over repeated indices
is assumed. However, it could be argued that, since the spontaneous polarization in the Ng
phase is reoriented under an applied electric field (torque density 7 = |P x E|), a feature
unique to fluid ferroelectrics, such a contribution should be allowed to enter into €. This
was indeed the case in ferroelectric SmC* LCs [20]. Following this way of thinking, the
permittivity would in fact be very large, but rigorously quantifying it would then be tricky.

Leaving out the spontaneous polarization and following our interpretation, on the other
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FIG. 3. Spectra of the real and imaginary components of the complex dielectric permittivity of
DIO in the Ny phase (60°C) measured in 14.7, 36 and 57 pum-thick cells with their respective fits

performed as explained in the text. Original data from Ref. [15].

hand, allows us to obtain thickness-independent dielectric constants €, and g, with g > €,
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which are in accordance with the typical dipole moments of ferroelectric nematogens. In any
case, for practical applications involving polarization switching, the important term is the
coupling between the spontaneous polarization and the electric field. Since these materials
have a large spontaneous polarization and are also highly fluid, this effect can be greatly
exploited. Now that the two independent components of the dielectric tensor in the Ng phase
have been estimated, it would be of utmost interest to seek a theoretical model, analogous to
Maier—Meier theory [21], that can predict these values from molecular/structural parameters
in order to obtain a complete microscopic understanding of the phase. To this end, it is
also crucial to maintain ongoing experimental research so as to discriminate between the
particular properties of the different compounds and the universal properties of the phase
itself. In terms of the method used in this work, it would also be helpful to somehow improve

the estimate dj in order to reduce the lower and upper bounds of ¢ .
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