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The synthesis of ferroelectric nematic liquid crystals (FNLCs) concludes the long wait for their existence and
potential usage in multiple liquid crystal based applications. In FNLCs, electric polarization in the nematic phase
significantly decreases the switching time of in-on display pixels. In this article, we report the occurrence of
translation symmetry breaking for heat propagation along the director field 7 in the ferroelectric nematic phase.
Due to the Coy symmetry of such a phase and close similarity to the bent-core polar liquid crystal phase, a
rank-3 tensor describes its scalar order parameter and algebraic deductions. The finite element simulations show
the occurrence of the nonsymmetrical thermal conductivity along 72. The preferential heat transport in FNLCs
can allow them to work as an all-thermal monophase non-nanostructured single-material thermal rectifier. We
expect that this study will contribute towards the FNLCs application as functional layers and inks.
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I. INTRODUCTION

Liquid crystals (LCs) have long captivated the scientific
community, presenting a unique interplay between the char-
acteristics of conventional liquids and solid crystals [1-3].
Particularly in display technology [4], the nematic liquid crys-
tals (NLCs) play a central role wherein the NLC molecules
uniformly align along an average orientation defined by the
director field 71, and altered by an applied field [5]. The need
for faster switching times under applied field in LC displays
encouraged the synthesis of ferroelectric nematic liquid crys-
tals (FNLCs). The FNLCs are especially interesting for their
low-energy operability in display applications and have the
potential to emerge as a standout subset within the diverse
class of LCs [6-8]. In the ferroelectric nematic phase, the
spontaneous polarization of the nematic (fluidlike) phase can
be reversed by applying an electric field [9]. Such a distinctive
feature of molecules makes the FNLCs potential candidates
for multiple technological applications. From display technol-
ogy [10] and advances in data storage [11,12] to innovations
in optoelectronics [9,13], the potential of FNLCs remains vast
and largely untapped.

Moreover, FNLCs have demonstrated potential in manip-
ulating droplets using light and heat [14,15]. In the context
of light-driven movement, a laser beam creates a nonuni-
form electric field around the FNLC droplet, compelling it
to move via dielectrophoresis [16]. Conversely, when heat
is the driving force, ionic contaminants undergo rotation
due to the combined effects of a vertical thermal gradient,
pyroelectricity, and ferronematicity. However, such applica-
tions use the direct electric interaction with the spontaneous
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polarization in the nematic phase, without exploring other
physics in FNLCs due to the absence of further properties
in FNLCs.

In this article, we report on the nonsymmetrical prop-
agation of heat in the ferroelectric nematic phase. The
distinct intramolecular mass distribution that produces a Cooy
symmetry group in FNLC molecules [17,18] (see Fig. 1),
exemplified by DIO [19] and RM734 [20,21], enables us
to characterize their order parameter tensor using rank-3
tensors, drawing parallels with the polar phase of bent-
core liquid crystals [22]. We conclusively demonstrate the
translation symmetry-breaking nature of heat flux within
the ferronematic phase through both algebraic analysis and
the finite element simulations by employing the rank-3 ten-
sor that represents the ferronematic phase Cooy Symmetry

group.

II. MODEL AND FORMALISM

Ferroelectric nematic liquid crystals are described by scalar
order parameter tensors Q that depends on the director vec-
tor field # and the polar vector p [23], elements linked to
the system’s symmetry [7]. The director field 7 defines the
local average molecular alignment in space. The thermal
conductivity in the nematic phase of rodlike molecules with
i = p/|p| relates to the thermal conductivity tensor as k, =
kisol + kanisoQ, Where ki, = (k; + 2k, )/3, I is the identity
tensor, Kaniso = kjj — k1, and k; and k; are the parallel and
perpendicular thermal conductivity parameters relative to the
molecule’s major axis, respectively [24—26]. This tensor rules
the Fourier law for the heat conduction by ¢' = —k"/T;, where
g' are the components of the heat flux g, k¥ are the compo-
nents of the ordinary rank-2 thermal conductivity tensor k,, T’

is the temperature, and 7, = %

©2024 American Physical Society


https://orcid.org/0009-0003-8798-7193
https://orcid.org/0000-0001-6057-758X
https://orcid.org/0000-0003-0366-2299
https://ror.org/02ksmb993
https://ror.org/024mrxd33
https://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevE.110.034703&domain=pdf&date_stamp=2024-09-09
https://doi.org/10.1103/PhysRevE.110.034703

MARIA DE SOUZA, SOFI, AND PEREIRA

PHYSICAL REVIEW E 110, 034703 (2024)

FIG. 1. Example of ellipsoid molecules with director 72 and polar
vectors p = fi = Z, and a polar mass molecular distribution, where
the black and white areas represent the greater and lesser mass
densities, respectively.

III. RESULTS AND DISCUSSION

A. Polar effects from the rank-3 approach
on the Fourier equation

Hard-core interactions, rather than electric dipole ones, de-
scribe the phase transition of ordinary rodlike nematic liquid
crystals [27]. Under these stericlike interactions, we use the
mass moment tensor as the order parameter. Since the polar
mass distribution in the molecule of the NLCs produces the
Csov symmetry [17,18], we propose that describing the mass
moment tensor with high-order tensorial elements in FNLCs
is a more suitable approach. Proceeding with a multipolar
expansion of the mass moment tensor up to the octupolar
element using spherical harmonics [28], this term can be split
in a vector and in the rank-3 symmetric traceless tensor. The
tensor that represents the Cooy symmetry for the polar phase
V[17,18] is [22]

. 5/ . . 1 .. . o
Atk — \/;(n’nfnk — g(S”nk + 8% n' + 8’“n’)>,

where 71 is the unitary director field. Thus, the thermal con-
ductivity tensor k" in Fourier’s law for heat conduction, ¢' =
—kYT; will be as follows:

k= k7 + agAV* T,

where g is the heat flux, k5 are the components of the ordinary
rank-2 thermal conductivity tensor k,, T is the temperature,
T, = %, and the parameter a( preserves the physical units.
Ordinarily, the nonlinear parts of the heat conductivity are
small because the liquid crystalline molecules have minor
variations from the mass homogeneous rod. Since the polar
mass distribution of the FNLC molecules is responsible for
producing the Cyy polar symmetry [17,18], the FNLC de-
mands the octupolar approach using rank-3 tensors. In our
work, the nonlinear effects are consequences of the FNLC’s
polar mass distribution instead of the slight deviations of the

mass as observed in otherwise homogeneous rodlike nematic
liquid crystal molecules.

B. Polar phase rectifies heat

Thermal rectifiers have the translation symmetry break-
ing for heat conduction along one axis as their fundamental
feature, with the forward direction along this axis being
the one with the highest thermal conductivity [24,25,29-37].
There are multiple methods to achieve such a nonsymmetric
thermal conductivity. For instance, one can load material at
one end of carbon nanotubes or cut graphene sheets with
anisotropic shapes [31,32], explore the phase transition of
molybdenum disulfide (MoS,) [33], or use the radiative heat
transfer between two nanoparticles applying an electric field
[34]. Among the nematic liquid crystals, the thermal rectifier
can be achieved by distorting the director field fi to a special
configuration [24,35-37]. However, most of these examples
need a multistep manufacturing process to produce the de-
sired thermal rectifier. Here, we study the heat conduction in
FNLC:s in their spontaneous polar phase.

Regarding gg, the heat flux in the reverse direction (the
one with the least thermal conductivity), and g, the heat flux
in the forward direction (the one with the highest thermal
conductivity), one identifies which are such directions using
Fourier’s law noting that gg < gr. Also, considering 1 = +X,
one has A" =A™ =0,¢" =¢* =0,

g =—(k+ %JF)T)T
and
¢ = (k- ‘;—WET)T

when VT = T, (+X) and VT = T,(—X), respectively. Defin-
ing i = p due to the invariance of the elastic energy relative
to the director n, one concludes that, when p = X, the forward
direction is —p, while the reverse one is +p. With this result,
the FNLC can compound a thermal rectifier film to be applied
on glass windows [37], and we also have a thermal way to
determine the direction of p : p = g;.

The resultant nonlinear dependence on the heat flux is
similar to that of the periodic structures, which also envis-
ages them to be used as thermal rectifiers [38]. In periodic
structures case, a host material with periodic inclusions pro-
duces an effective thermal conductivity of ke = kiinear +
Kuontinear T ¢, Where kijnear 18 the linear contribution, Kponfinear 1S
the magnitude of the nonlinear part, and « is an adjustment
parameter. Another example, but at the microscopic level, is
when one suggests exotic interactions between the oscillators
[39,40]. In such a case, the nonlinearity rises from the oscilla-
tors’ Hamiltonian, allowing us again to set specific parameters
that could rectify heat.

C. Thermal aspects of the simulations

Since there is no comprehensive molecular statistical the-
ory of heat conduction in liquid crystals, and this property has
only been measured in a few materials [41], we focused on
the consequences that the rank-3 approach produces on the
thermal conductivity and the partial differential equations of
Fourie’s law. The simulations using the finite element shows
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FIG. 2. Simulation region of length 10 um, with polar direction
p = x and its perpendicular and longitudinal lengths b and L respec-
tively. The inward heat flux gy flows along the x direction and is
implemented at x = 0. The initial temperature is 7y and it is the fixed
temperature at x = L. The other surfaces are thermal insulators.

the quantitative influence of essential aspects, avoiding the
complex implementation of an algebraic analysis. We imple-
ment simulations for the polar phase with p =7 =X (see
Fig. 2), using the standard case of SCB [41] to fill a 10 — um
cube, with the initial temperature Ty = 293.15 K, inward heat
flux gy along the x direction applied at x = 0, and exit temper-
ature Ty, = Tp at x = 10 um, with thermal insulation on the
other surfaces. Instead of a temperature difference AT, we
used in the simulation an inward heat flux gy with an opposite
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temperature 7p. This was done to highlight the technological
application of inward solar radiation through the FNLC film
on a glass window of a room with temperature Tp. We solved
the Fourier law V - ¢ = 0 with ¢’ = —k"/T;, with

k' = ki + agAUFT,. (1)

Implementing this simulation and reversing where gy and
Typ are applied, we confirmed the algebraic results: there
is a nonsymmetrical heat conduction along the director 7
(collinear to p), in which —p is the direction in which heat
flows easily.

The term ay on Eq. (1) gives the “strength” of the polar
phase, like the macroscopic magnitude of p, and it is also a pa-
rameter between the rank-3 tensor and the ordinary Fourier’s
law to preserve the physical units, directly influencing the
rectification efficiency. Thus, Fig. 3(a) shows the action of ag
on the thermal contrast ratio. One sees that increasing ag, the
contrastratioR = 1 — |%| rises because ay is also a measure-
ment of the octupolar influence on the thermal conductivity
tensor k/. Thus, enhancing the quality of the polar phase, i.e.,
the percentage of molecules in the polar state V, the thermal
rectification intensifies, with ay playing a role similar to the
scalar order parameter S [26,42]. Since p can be used as
vector order parameter [7], and noting that both the p and
the rank-3 tensor A;j; exist only in the ferroelectric nematic
phase, one expects ag o |p|. Thus, the maximum parameter
aop will occur at the maximum |p|. For the DIO, where the
nematic-to-ferroelectric nematic phase transition temperature
is around 44°C [19], the maximum ay will happen around
49°C, together with the maximum |p|.

Another critical aspect, particularly for the glass window
industry or domestic customers, is knowing how much the
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FIG. 3. Contrast ratio versus (a) parameter ay, (b) inward heat flux gg, and (c) exit temperature Tg.
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rectification varies when the inward heat flux gy changes.
Figure 3(b) shows how the contrast ratio changes with the
inward heat flux. One observes that as g( increases, the con-
trast ratio increases, meaning the material is thermally more
nonsymmetric along p as the available heat flux increases due
to the nonlinear terms in Eq. (1) from the rank-3 tensor [22].
In a realistic case, the available heat flux will increase the
local temperature, decreasing the local scalar order parameter
and lowering the contrast ratio. Such temperature gain could
induce, for example, the invariance of the contrast ratio for the
inward heat flux, as it happens in nematic liquid-crystalline
thermal diodes [36,37].

While the inward heat flow through a glass window varies,
for example, with the changing seasons, electric devices can
control the local indoor temperature, altering the efficiency of
the contrast ratio. Figure 3(c) shows how the contrast ratio
depends on the exit temperature 7g,. One observes that by
either increasing T, or the temperature difference Ty — Tp,
the contrast ratio decreases. The decrease in the contrast ratio
is that the inward heat flux gy on the surface produces a
temperature higher than 7, and increasing T, will decrease
the difference in the temperature between the inward and
outward surfaces, diminishing the thermal rectification effect.
However, the drop in the contrast ratio is weak, emphasizing
its thermal robustness against external disturbances compared
to other microstructured thermal rectifiers [43]. Subsequently,
such robustness on the one-directional heat flux [44] can im-
prove the efficiency of solar refrigerators [45].

D. Geometric aspects of the simulations

When scaling thermal rectification for large dimensions,
it is important to consider the development of technological
applications on surfaces. To study that, we studied how the
contrast ratio varies, changing the perpendicular length b, and
the thickness L, with regards to the polar direction p = 1 = %.
We observe that the contrast ratio remains nearly constant,
i.e., close to 0.6 regardless of the values of b and L, a result
different from the other thermal diodes [24,35,37] where the
rectification comes from the particular director field, while
for FNLC it is an intrinsic property of the polar phase. This
invariance is because the nonsymmetric heat conduction is
an inherent material effect, as in Ref. [31], and not a product
from a specific director field. Also, the decrease in the contrast
ratio at the sixth decimal place is due to the automatic mesh
thickening in response to the increase in b and L [46]. One
can apply this feature to develop smart thermal resistances for
interfaces [44].

IV. CONCLUSIONS

In this article, we used a rank-3 tensor approach to describe
the Coov symmetry of FNLCs and its physical properties in

the polar phase. Due to the polar symmetry, nonsymmetric
heat conduction rises along the direction of the polar vector
p., with the forward heat direction being —p. Our simulations
studied the influence of the term a¢ from the rank-3 approach
on the thermal conductivity, the nonlinear Fourier’s law, and
the rectification efficiency of a thermal rectifier. Another crit-
ical aspect, particularly for the glass window industry or
domestic customers, is knowing how much the rectification
varies when the inward heat flux g¢ changes. The simulations
also exposed the impact of the FNLC layer’s thickness and
exit temperature on the thermal rectification, and the results
were summarized in graphs. We confirmed this result from
the simulations measuring the heat contrast ratio R, and we
noticed that R is directly proportional to the polar phase pa-
rameter a and the inward heat flux gy, and inversely to the
exit temperature Ty. The reason is that ay works effectively
as an order parameter of the polar phase. More inward heat
flux means more heat to rectify, and the exit temperature also
rules the available heat flux through the temperature differ-
ence between the inward and outward surfaces. Relative to
the bulk geometry of the polar phase, the contrast ratio does
not change substantially when we alter the dimensions of the
sample, meaning the translation symmetry breaking for heat
is an intrinsic feature of the polar phase. These results might
provide useful insights for suitable technological applications.
For example, an FNLC film applied on glass windows will
increase its contrast ratio adaptively if the inward heat flux
increases, and thus it keeps rectifying even for thin layers,
saving materials in manufacturing processes. In future works,
we can explore the influence of such nonsymmetrical thermal
conductivity under the presence of conic defects [47] and
study the translation symmetry breaking for light propagation.

The data that support the findings of this study are available
from the corresponding author upon reasonable request.
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