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Abstract: Dielectric spectroscopy is known as one of the most powerful technique for studying
ferroelectric and other polar materials. Since the discovery of ferroelectricity in LCs it was
successfully employed for characterization of ferro-, antiferro- and ferri-electric liquidcrystalline
phases. However, recently the Boulder group raised the question of the applicability of dielectric
spectroscopy for characterization ferroelectric nematics due to parasitic effect of the insulating
alignment layers. This effects on the apparent/measured values of the dielectric permittivity. In this
paper we study this effect in greater detail. The following issues will receive special attention. Are
the real values of dielectric permittivity lower or higher than the measured ones? Can the real values
of dielectric permittivity be recovered in the cell with alignment layers? We also provide an example
of the effect of insulating alignment layers in non-ferroelectric nematic phase.

Keywords: ferroelectric nematic; liquid crystals; dielectric spectroscopy and permittivity

1. Introduction

Dielectric spectroscopy is one of the most sensitive method for study ferroelectric and other
polar materials/phases. This was successfully employed for characterization of ferro-[1-4] / antiferro-
[5,6] and ferri-electric [7,8] liquidcrystalline phases. The dielectric spectroscopy was applied for
characterization of two independently discovered compounds exhibiting the ferroelectric nematic
(NF) phase [9,10]. Ferroelectric nematic materials are characterized by a large spontaneous electric
polarization ~ 5 uC/cm? due to a strong order of dipoles resulting in giant / Colossal dielectric
Permittivity (CP) in order of 10,000 and even higher [Error! Bookmark not defined.11-21].
Interestingly, some materials show optical activity from mirror symmetry breaking [22-24] in the
ferroelectric nematic as well in high temperature “classical” paraelectric nematic phases. CP was also
observed earlier in the bent-core LC compounds [25,26].

2. Results
2.1. Limitation of Apparent Capacitance due to Alignment Layers

Recently the Boulder group poured a cold shower on entire dielectric society, raising the
question of the applicability of dielectric spectroscopy for ferroelectric nematics due to effect of the
insulating alignment layers on the apparent/measured values of the dielectric permittivity [27]. They
have noticed that the apparent capacitance Csypp of LC cell can be expressed as two capacitances in
series: capacitance of the LC layer, Crc and capacitance of insulating alignment layers, Ca. Hence the
apparent capacitance is

C — Clictal
app Crc+Cal’

)

There can be two possible opposite cases: the ordinary case, where Cic « Ca, and the opposite
extraordinary case, where Cic » Ca. In the ordinary one, i.e., in LCs with the low/moderate dielectric
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permittivity, capacitance of the LC layer Cic « Ca and the apparent capacitance according Eq(1) equals
to capacitance of LC cell, Cop= Crc and it gives real/actual value of the capacitance and dielectric
permittivity. However, in the liquids/LCs with very high dielectric permittivity (e >10,000), such as
in the bent-core compounds [Error! Bookmark not defined. Error! Bookmark not defined.] and the
ferroelectric Nr phase, the capacitance of LC cell can exceed the capacitance of the alignment layer,
Cic» Ca.In such extraordinary case, the apparent capacitance is limited to the capacitance of the
d-gq

alignment layers, Ca. We term it as the Clark’s limit, Copp= Ca or £* = y L Therefore, the answer to

al

the first raised question “Are the real values of dielectric permittivity lower or higher than the
measured ones?” is obviously “lower”. However and surprisingly, the original paper [Error!
Bookmark not defined.] states opposite: “... deriving dielectric constants from electrical impedance
measurements of high-polarization ferroelectric liquid crystals, ..., can result in overestimation of the
¢ values of the LC by many orders of magnitude.” [Error! Bookmark not defined.], i.e., Crc << Copp.
An explanation of this contradiction will be given at the end of the article. This limit was studied
experimentally which confirms that it is proportional to the cell thickness. In other words in the
extraordinary case the apparent capacitance will be linearly dependent on ratio d/ dyy and these

feature were observed and confirmed experimentally [28-32].

In such extraordinary case, Crc» Ca, the apparent LC capacitance Copp (and dielectric permittivity)
would be limited by Clark’s limit Ca, which is temperature independent. This can be illustrated in
the Figure 1(a), which shows the apparent capacitance as function of the actual capacitance of LC cell

for Ca=100.
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Figure 1. (a) Schematical diagram of the apparent capacitance dependence on the total capacitance
LC layer for taking the capacitance of alignment layers as 100. (b) Temperature dependence of
dielectric permittivity of 4 um DIO homeotropic cell. The data points show the dielectric strengths of
different relaxation processes: red (P0), green (P1), blue (P2) and the total permittivity (black). The
horizontal dash line at ~ 4000 is estimated value Clark’s limit for this certain cell.

It should be noticed that this dependence is rather smooth, so that even at Cic = 10-Ca the
apparent capacitance is not completely saturated, reaches only 90% of limit value Ca and still has 10
% to grow showing weak temperature dependence. Such weak temperature dependence can be seen
in the Figure 1 (b) which presents the temperature dependence of the dielectric strengths of three
relaxation processes Ae¢i and the total dielectric permittivity, (which includes all three relaxation
processes in the measured frequency range, ie., de =Y} ;4¢;) of 4 um DIO homeotropic cell,
adopted from [Error! Bookmark not defined.]. In the middle temperature range where the total
dielectric permittivity is rather moderate (~< 1000), i.e., well below the limit, all relaxation processes
show strong temperature dependence. However, in the low and high temperature range where the
total dielectric permittivity is rather high ~< 3700 the temperature dependence of dielectric strengths
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shows very weak temperature dependence indicating that they are rather close to the Clark’s limit
(~4000 see as dash line Figure 1(b)) as expected in extraordinary case. Moreover, in the high
temperature range the apparent permittivity is higher than in high temperature range it shows
weaker temperature dependence according to the Figure 1(a).

Summarizing the effect of alignment layers in extraordinary case we notice three important
features: (i) the apparent capacitance (permittivity) shows very weak temperature dependence; (ii) is
linearly dependent on the cell thickness and (iii) the measured dielectric permittivity is limited by the
alignment layers.

2.2. Reconstruction of Accutial Value of Apparent Capacitance

Now let’s return to the second question “Can the real values of dielectric permittivity be
recovered in the cell with alignment layers?”. In this regard, it is worth noting the following
publication which is directly related to this issue and entitled “Constraining the value of the dielectric
constant of the ferroelectric nematic phase.” [Error! Bookmark not defined.] The word
“constraining” explicitly implies that the measured value of dielectric permittivity is overestimated
as noticed in the Ref. [Error! Bookmark not defined.] and can be corrected to lower value. To check
this question, let’s notice the real dielectric permittivity value, even being limited, can be deduced or
recovered from the Eq. (1) with more or less accuracy depending on accuracy of assumed value of

Car'C, Eal'€ . . eyge e
= oras g, = —2% for dielectric permittivity.
Cat—Capyp al—€app

limit. Eq.(1) can be rewritten as C;c =

Figure 2(a) presents the dependence of “recovered” LC dielectric permittivity on the apparent
permittivity for Clark’s limit of as 4000 and temperature dependence of “recovered” dielectric
permittivity of 4 um DIO homeotropic cell. The value recovered dielectric permittivity diverges on
approaching the limit value (Figure 2(a)) and high recovered permittivity value due to ions (Figure
2(b)) might have a certain error. However, in the low temperature range corresponding to Nr phase
the apparent permittivity is ~3200 which is rather far from the limit of 4000, the value of recovered

permittivity ~10000 is rather confident and typical for ferroelectric nematic phase.
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Figure 2. (a) Schematical diagram of the LC dielectric permittivity dependence on the apparent
permittivity for Clark’s limit of as 4000. (b) Temperature dependence of “recovered” dielectric
permittivity of 4 pm DIO homeotropic cell. The data points show the dielectric strengths of different
relaxation processes: red (P0), green (P1), blue (P2) and the total permittivity (black).

This example shows that the retrieved value is higher than apparent one which is opposite to
references [27,30]. Such contradiction however has a very simple explanation which we are going to
demonstrate with help of dielectric spectroscopy.
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2.3. Materials and Methods

We performed the dielectric spectroscopy study of new ferroelectric nematic compound WJ-16,
which molecular structure and phase transitions are shown in the Figure 3.

On cooling: Cr 79.3 SmA 110.5 N 198.6 Is
Figure 3. The molecular structure, phase-sequence, and transition temperatures of WJ-16.

This compound was derived from DIO by replacing the fluorinated benzene ring with
pyrimidine. This substitution increases the dipole moment by 1 D to 10.8 D. However, this increase
does suppress the Nr phase but induces SmA instead. This shows that the large dipole moment is not
sufficient condition for formation of ferroelectric nematic phase [Error! Bookmark not defined. Error!
Bookmark not defined.]. This phenomenon was explained theoretically and experimentally.
Madhusudana theoretically showed the importance of specific charge distribution along the molecule
for formation ferroelectric state [33]. Finally, Li et al. [Error! Bookmark not defined.] systematically
analyzed more than 100 new ferrogenic nematic compounds and defined the Pearson’s coefficient (or
impact) of different parameters responsible for ferroelectric nematic phase. The most important of
them are: the dipole moment (0.26); molecular length (0.19); and the dipole angle (0.16). Therefore the
dipole moment itself being most important parameter cannot however guarantee the formation of
ferroelectric nematic phase. Therefore the absence of Nr phase in W]-16, which has a higher dipole
moment DIO is not a surprise.

2.4. Dielectric Spectroscopy of Polymer-Coated Planar LC Cells

Dielectric spectroscopy measurements over a frequency range 0.1 Hz-10 MHz were made using
a broadband Alpha High Resolution Dielectric Analyzer (Novocontrol GmbH, Germany). We used
commercial cells (E.H.C ltd., Japan) of different thicknesses (2, 4, 9, 15 and 25 pm) with both
homeotropic and planar alignment and also with uncoated bare ITO electrodes to avoid possible
limitation from alignment layers. The ITO electrodes used in these cells have very low sheet resistance
(5 Q/o) to avoid the parasitic peak arising from the sheet resistance of ITO in series with the
capacitance of the cell. The measurements were carried out under the application of weak voltage 0.1
V applied across the cell. The temperature of the sample is stabilized to within + 0.05 °C. The dielectric
spectra are analyzed using the Novocontrol WINFIT program.

Figures 4 (a,b) shows 3D temperature dependencies of the real (¢) and imaginary (&”) parts of
the complex permittivity in the frequency range of 0.1 Hz to 10 MHz in a 7 um uncoated cell.
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Figure 4. Temperature dependence of dielectric permittivity(a) and loss (b) spectra of 7 um WJ-16 cell
with uncoated electrodes. (c) Example of the dielectric spectrum fitted at 130 °C by three relaxation
processes: Black (Po), Red (P1) and Blue (P2). The subscripts: 0, 1 and 2 denoted according to the
increase of relaxation frequencies of processes Po, P1 and P2 respectively. Error! Bookmark not
defined.(d) Temperature dependence of total dielectric permittivity for planar cells of different
thicknesses (filed symbols) and the total dielectric strength (de = ¥3_; Ag;) in 7 um uncoated cell (open
red circles) and o, ¢ are the dielectric strengths of individual processes PO and P1. Inset: Thickness
dependence of dielectric permittivity €’ of planar cells for three different temperatures.

Let’s consider the results on the cells with electrodes coated by planar alignment layer first.
Figure 3(d) presents the temperature dependence of dielectric permittivity at 0.1 Hz for planar cells
of different thicknesses. The dielectric permittivity of these cells is temperature independent and
linearly dependent on the cell thickness showing both main features of extraordinary case (Crc» Car)
and therefore they restricted by Clark’s limit which is linearly increase with cell thickness.

EALEQA
=AL_°, and
2d4r

assuming the layer thickness da= 200 nm, and its permittivity as ca~ 5, we obtain Ca ~ 5.5 nF. This
capacitance limits the apparent value of the dielectric permittivity for 4 um cell to ~100 which is in
good agreement with the experimental value of 180, considering that the actual values of thickness
and the permittivity of alignment layer may be different from the assumed values. In order to avoid
this limitation and to get the actual values of the dielectric permittivity, one needs to increase
capacitance of the alignment layers Cu in approaching the ordinary case Ca» Cic. The only way to do
this is to increase the ratio d/dat or just to use uncoated (bare) metal/ITO electrodes [11-14,16,17,28-

We can estimate capacitance of the insulating alignment layers of our cells C
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32]. This removes alignment layers limit and allows to measure permittivity up to fantastic ~ 300,000
[Error! Bookmark not defined.].

2.5. Dielectric Spectroscopy of Uncoated Cells and Super-Paraelectrics

Figure 3(d) shows the temperature dependence of total dielectric permittivity of uncoated 7 um
cell which is shown as open red circles. The texture was quasi-planar and the expected value of
dielectric permittivity of 7 planar cell with alignment layers is ~ 300 (see the inset Figure 4 (d)).
However the permittivity of uncoated cell is ~1300 and it is also temperature dependent, which means
we have the ordinary case (C « Car) and the apparent (measured) value corresponds to real dielectric
permittivity.

The complex permittivity data of 7 um uncoated cell were fitted to the Havriliak-Negami, Eqn.
(2) below to three relaxation processes, P0-P2, and as example of fitting quality for 130 °C is shown
in the Figure 4 (c).

. _ n Agj io
£ =&+ Xjoq [1+(imj)“i]ﬁf oo @)

Looking at Figure 3, the unusual temperature behavior of the relaxation processes PO and P1
immediately catches the eye. The dielectric strength of the PO, Aeo increases exponentially on heating
while the Aei is independent off temperature.

The relaxation processes in WJ-16 are somehow similar to those observed in DIO where the
physical origin of the relaxation processes in DIO were assigned as follows [17-20]: the least
frequency PO arises from the dynamics of ions in the medium having accumulated on the alignment
layers [34,35], which sometime is called as Electrode Polarization (EP) process [36] and highest
frequency process P2 is individual molecular dynamics around long molecular axis. The lowest
frequency relaxation process PO which is usually considered as “parasitic” and is responsible for
abnormal rise of dielectric permittivity on heating to the Isotropic phase.

However the middle frequency relaxation process P1 in W]-16 has different physical origin than
P1 in DIO. In DIO The largest P1 is observed only in Nrphase and was theoretically developed as so-
called polarization-capacitance Goldstone (PCG) mode [Error! Bookmark not defined.].

However, in WJ-16 it can’t be a Goldstone PCG mode because, firstly, this material does not
possess the ferroelectric Nk phase. Secondly, it is also observed in all phases including SmA, nematic
and evenisotropic, and thirdly, its dielectric strength is independent of temperature (see Figure 3(d)).
Despite the Colossal Polarization (CP), this substance does not exhibit any ferroelectric properties,
instead of that it shows perfect homogeneous domain-free texture and hysteresis-free switching and
linear P-E dependence [37], i.e., behaves overall as typical paraelectric. These properties, together
with CP, allow this material to be classified as Super-Para-Electric (SPE). Further details on
assignment and other features of SPE are given in the Ref. [Error! Bookmark not defined.] here we
just use this example to show that the Clark’s limit is observed in non-ferroelectric LCs as well.

In summary we experimentally confirm the limiting effect of alignment layer capacitance. This
limit is due to the total dielectric permittivity, which is the sum of contributions of all relaxation
processes in the cell. For example, (Figure 1(b)) in the low temperature range of DIO corresponding
to the NF phase the saturation occurs mainly due to the Goldstone mode (P1) while in high
temperature range, i.e.,, in paraelectric N phase, the main contribution comes from the ionic
accumulation or EP process. However, WJ-16 does not have ferroelectric Nr but also exhibits CP in
SPE state. The dielectric permittivity in SPE (~1300) is about one order smaller than in Nr phase
however it may show an extraordinary case in the commercial cells due to rather high alignment
layer thickness.
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2.6. Further Discussions on Accual Capacitance

Here we switch our attention from the limiting effect of alignment layers to its interpretation in
relation of apparent (measured) and real (actual) values of dielectric permittivity. Even though all the
research groups agree with this effect, but its interpretation sounds absolutely opposite.

Now it’s the right time to clarify this issue. That this limitation occurs when capacitance of LC
exceeds the capacitance of alignment layers, i.e., Crc >> Ca = Coyp . This explicitly supposes that real
capacitance and dielectric permittivity is higher than the apparent value. This is illustrated by
number of papers, here we will only give a couple of excerpts from them. Ref. [Error! Bookmark not
defined.]: “Thus, for studied here materials with very high permittivity the measured equivalent
capacity of the circuit might be considerably lower than the actual capacity of LC”. Ref. [Error!
Bookmark not defined.]: “... the relative permittivity of the ferroelectric nematics is indeed huge,
and it is even higher than the apparent measured values” and “... measurements confirm a huge
relative permittivity of the ferroelectric nematic phase, which can even be orders of magnitude larger
than the measured apparent values”.

However, according to the original opinion [Error! Bookmark not defined.] supported in other
papers [Error! Bookmark not defined.] the Clark’s limit “...can result in overestimation of the &’
values of the LC by many orders of magnitude.”, i.e., Cic <« Cap. However, this contradicts the
condition for such limit, i.e., Crc >> Ca = Capp

Such curious contradiction can be easily explained by different interpretation of the term
“relative permittivity” or historically “dielectric constant”. The Ref. [Error! Bookmark not defined.]
states that “In this paper, we have once again ruled out the CP values of the Nr phase. In doing so, we
have followed the classical definition of permittivity, which does not include the spontaneous
polarization, as in solid ferroelectrics.” Therefore, according to this interpretation, which excludes the
ferroelectric Goldstone mode (Ael) contributing the largest to the total permittivity, and the rest of

the permittivity from other weaker processes (A¢2) is less than the apparent one. It is not clear from
[Error! Bookmark not defined. Error! Bookmark not defined.] whether the authors also exclude Ae0
due to the ionic process P0? If not, as they didn’t mention about it explicitly, the total dielectric
permittivity or capacitance may exceed the capacitance of alignment layers without ferroelectric
Goldstone mode due to exclusively by ionic mode Ae0 as can be seen in the Figure 1 (b) for T > 150
°C.

However, such a definition of relative permittivity can hardly be accepted as “classical”.

According to classical definition of “dielectric constant” (or “relative permittivity”) it is defined as
&(w)

g

ratio of the total dielectric permittivity to the permittivity of vacuum, ¢,(w) = where g(w) is the

complex frequency-dependent permittivity of the material which includes all relaxation processes
and can be measured as & (w) = % Accepting this “classical” definition the actual dielectric
0

permittivity in (not only) ferroelectric nematics is higher than the apparent one.

3. Conclusions

In this paper we study different issues related to the applicability of dielectric spectroscopy for
studying ferroelectric nematic LCs. The main issue was a fact that in the ferroelectric nematics with
the giant dielectric permittivity the LC capacitance may exceed the capacitance of alignment layers
and the apparent (measured) capacitance will be limited by Ca. In this study we showed that such
limitation is also observed in non-ferroelectric but paraelectric nematic phase due to high
contribution of ionic separation process to the total dielectric permittivity and in new
superparaelectric (SPE) materials, such as WJ-16. We have also demonstrated how an actual dielectric
permittivity can be retrieved from the limited apparent value.

Although such limitation effect is well-accepted their interpretation is different and depends on
certain definition of dielectric permittivity. According “classical” definition where the permittivity of
the material includes all relaxation processes the actual dielectric permittivity is higher than the
apparent one. According to other definition of dielectric permittivity, which does not include the
ferroelectric Goldstone mode the actual dielectric permittivity is lower than the apparent one.
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