
PHYSICAL REVIEW E 110, 044702 (2024)

Order-disorder behavior in the ferroelectric nematic phase investigated via Raman spectroscopy
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Polar-ordered fluids are of interest both fundamentally and from an application standpoint. The recently
discovered ferroelectric nematic phase is an example of a polar-ordered fluid, and while there has been extensive
research interest in these materials, some of the fundamental properties are yet to be fully understood. Here,
we report the order parameters of one of the first known materials that exhibit a ferroelectric nematic phase,
RM734, determined via Raman spectroscopy. Raman spectroscopy been used extensively to determined order
parameters in liquid crystals systems but also to probe ferroelectric behavior in solid ferroelectric systems and is
therefore a powerful technique to study the ferroelectric nematic phase. A reduction and subsequent recovery of
order parameters (�〈P2〉 ≈ 0.1, �〈P4〉 ≈ 0.06) is observed near the onset of the N to NF transition, a feature that
is confirmed via complementary birefringence measurements. This dip in order parameters has been attributed
to splay fluctuations, which occur at the onset of the NF transition; here we suggest a different explanation.
A broadening of the full-width half-maxima (FWHM), of the order of 1 cm−1, of the selected Raman peak is
observed near the N to NF phase transition, which we relate to either a change in reorientational dynamics or the
onset of polar order. The NF transition is analyzed using standard solid ferroelectric frameworks. An energetic
barrier associated with the para- to ferroelectric transition is found to be of the order of 2.5 ± 0.6 kJ/mol, which
is comparable to solid ferroelectric materials.

DOI: 10.1103/PhysRevE.110.044702

I. INTRODUCTION

Almost a century after its theoretical prediction [1], the
ferroelectric nematic (NF) liquid crystal phase was experi-
mentally realized in 2017 [2–4]. The fundamental interest in
the NF phase as a polar, ordered fluid system is enhanced by
the fact that these materials are reported to have exceptionally
large dielectric permittivities [4,5] and spontaneous polariza-
tion values [4,6]. As such, NF materials are expected to have
far-reaching implications in applications such as nonlinear
optical devices [7], fluid capacitors for energy storage [4], and
photonic devices [8].

The conventional nematic (N) phase is apolar, meaning
that there is inversion symmetry of the director (n̂), which
describes the average direction of orientational order, such
that n̂ = −n̂. Consequently, the apolar N phase can be de-
scribed using only even terms of order parameters, 〈Pn〉,
where Pn is the nth order Legendre polynomial function [9].
Conversely, the NF phase has polar ordering, and due to
the ordered polarization of the molecular dipoles, the in-
version symmetry of the phase is broken such that n̂ �= −n̂
[10]. Thus, in the NF phase, odd terms of order parameters

*Contact author: t.j.raistrick@leeds.ac.uk

Published by the American Physical Society under the terms of the
Creative Commons Attribution 4.0 International license. Further
distribution of this work must maintain attribution to the author(s)
and the published article’s title, journal citation, and DOI.

(e.g. 〈P1〉, 〈P3〉) become relevant. Schematics of these phases
are shown in Fig. 1. The macroscopic properties of a bulk
liquid crystal phase are often related to the physical proper-
ties of the molecules themselves, their interactions with each
other, and the state of the ordering in the system. Given the
remarkable properties of the ferroelectric nematic phase and
its far-reaching applications, it is of utmost importance to
understand the state of order within the phase.

The order in the NF phase has been investigated exper-
imentally via x-ray scattering [11], and through theoretical
[12,13] and molecular dynamic frameworks [14]. Raman
spectroscopy has been used extensively to study the order
parameters in the apolar nematic phase [15–17], however, it is
yet to be used in understanding the behavior of the ferroelec-
tric nematic phase. In fact, Raman spectroscopy is particularly
useful in this regard when compared to other techniques for
three primary reasons: (i) Raman spectroscopy allows one
to determine not only the low-rank uniaxial order parameter
〈P2〉 but the higher-order 〈P4〉 term, along with the second
and fourth rank biaxial order parameters [18,19], providing
a detailed description of the state of order in liquid crystal
phases; (ii) Raman spectroscopy can probe physical properties
of ferroelectric nematics without the application of an external
field, which may cause screening or flexoelectric effects that
might affect some measurements [20]; (iii) in addition to its
use in studying liquid crystal phases, Raman spectroscopy has
been used extensively to study the paraelectric to ferroelectric
transition in ferroelectric solids such as ferroelectric polymers
[21], ferroelectric ceramics [22], ferroelectric metals [23], and
molecular ferroelectrics [24]. Thus, the study of the ferroelec-
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FIG. 1. Schematic of the (apolar) nematic, N, phase and the polar
nematic phase, NF. The arrows denote the dipoles of each molecule.

tric nematic phase via Raman spectroscopy, as is reported
here, allows one to compare the behavior within the phase
to both the apolar nematic phase and conventional (solid)
ferroelectric materials using a single technique. In this paper,
we use Raman spectroscopy to investigate both aspects of the
physics of the NF phase.

So far, there are relatively few measurements of order in
ferroelectric nematic liquid crystals. Small- and wide-angle
x-ray scattering measurements (SAXS and WAXS, respec-
tively) on one of the first-reported compounds exhibiting
an NF phase, RM734 (Fig. 2), determined the value of the
uniaxial, nonpolar order parameters up to the tenth order
(〈Pn〉, n = 2, . . . , 10) [11]. Only the terms from 〈P2〉 to 〈P6〉

FIG. 2. Chemical structure of RM734 and phase transition tem-
peratures as determined via differential scanning calorimetry (DSC)
on cooling at a rate of 10 K/min. The notation of the phases is
as follows: I, isotropic; N, nematic; NF, ferroelectric nematic; Cr,
crystal.

were found to be nonzero in the N phase and a small increase
in their values was observed at the N to NF transition. The
birefringence of a liquid crystal can be considered to be a
proxy for the 〈P2〉 order parameter [17] and a similar increase
in the birefringence of RM734 as it was cooled into the NF
phase, suggesting an increase in order, was reported by Chen
et al. [6]. Due to surface anchoring effects, the type of align-
ment used can have significant effects on the textural evolution
of ferroelectric nematic liquid crystals [25], therefore, a de-
tailed comparison of the birefringence data for RM734 from
the literature is complicated due to the various cell geome-
tries and alignment techniques used within the studies. For
example, recently Barthakur et al. [26] reported birefringence
measurements on RM734 that show a marked reduction in the
birefringence, just before the N to NF transition, which is not
observed in the reports of Mandle et al. [11] and Chen et al.
[6]. The reduction in birefringence observed by Barthakur
et al., performed in antiparallel cells, was related to critical
pretransitional splay fluctuation effects [26,27]. Interestingly,
birefringence measurements on an RM734 homologue, also
in an antiparallel planar cell, produced no such reduction in
birefringence before the transition to the NF phase [28], which
suggests that observation of a reduction in birefringence is
not necessarily related to alignment and the phenomenon is
worthy of further investigation. The nature of the evolution of
order from the N to NF phase needs to be fully understood in
order to help to determine the physics behind the ferroelectric
nematic phase formation in general.

In this paper, we report the uniaxial order parameters
(〈P2〉, 〈P4〉) of RM734 as determined via Raman spectroscopy
in parallel planar aligned cells. The data are considered along-
side birefringence measurements on a device with the same
alignment conditions but different thickness. Our results are
compared and contrasted to the order parameters determined
via x-ray scattering reported by others [11]. We discuss
our findings by drawing parallels between the ferroelectric
nematic fluid phase and solid ferroelectric materials as in-
vestigated via Raman spectroscopy. It is suggested that the
existence of polar order, and/or a change in the reorientational
dynamics of the molecules, at the onset of the NF phase may
be reflected in the full-width half-maxima (FWHM, �) of the
Raman signal.

II. METHODS

RM734 (chemical structure shown in Fig. 2) was synthe-
sized as described previously [3]. The phase transitions of
RM734 were confirmed via both polarized microscopy and
differential scanning calorimetry (DSC), the latter using the
TA Instruments Q2000 on cooling at a rate of 10 K/min.
To perform the optical birefringence and Raman spectroscopy
measurements, RM734 is filled into liquid crystal cells com-
prising two parallel plates of glass with a predefined cell gap.
The glass plates are treated with rubbed SE130 polyimide
alignment layers and constructed so as to achieve homoge-
neous parallel planar alignment (AWAT, Poland).

Uniaxial order parameters are deduced via Raman spec-
troscopy as described in detail previously [15,16] and briefly
summarized as follows. The aligned liquid crystal sample,
with a thickness of 20 µm is placed in a Linkam hot stage to
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FIG. 3. Optical texture of RM734 in a 5 µm parallel planar
rubbed cell confirming homogeneous optical textures in both the
N (white) and NF phases (yellow). The white arrows indicates the
rubbing direction and the black arrows indicate the analyser and
polarizer orientation.

allow for temperature control (relative accuracy ±0.1 K). The
hot stage, with the sample, is placed in the Renishaw inVia
Raman spectrometer, which includes an optical microscope
with a rotation stage. A 50× microscope objective is focused
on the top of the sample. The liquid crystal sample is illumi-
nated with a 20 mW 532 nm laser (spot size ∼5 µm) and an
exposure of 30 s selected; the backscattered Raman spectra
are recorded via a CCD. The power and exposure time of the
incident laser power are selected to achieve optimal signal-
to-noise ratio while avoiding overexposure, which can lead to
sample aging. The Raman spectra are recorded for parallel and
perpendicular scattering configurations and for orientations
of the nematic director at 10◦ intervals from 0◦–360◦ with
respect to the incident laser polarization. Measurements were
taken in well-aligned regions of the sample away from any
domain boundaries. Polarized optical microscopy images of
RM734 are shown in Fig. 3 confirming homogeneous optical
textures in the N and NF phases.

Order parameters are determined using the phenyl C-C
stretching mode (∼1606 cm−1) as it most closely satisfies the
assumptions required for order parameter calculations via Ra-
man spectroscopy [16]; namely that the (i) selected vibration
mode is cylindrically symmetric and (ii) selected vibration
is along the long axis of the molecule. The intensity of the
Raman peak for each configuration is deduced by fitting the
line associated with the phenyl C-C stretching mode with a
Lorentz function. The ratio of the perpendicular to parallel
intensity, the depolarization ratio, R(θ ), is thus deduced as
a function of the angle of the nematic director of the sam-
ple with respect to the incident laser polarization (θ ). Order

parameters are deduced by fitting to R(θ ) using equations 1
and 2 for the intensity of the scattered light parallel, I‖, and
perpendicular, I⊥ to the incident laser polarization.

I‖(θ ) ∝ 1

5
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15
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15
〉
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]
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[

1
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1
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(1 − r)2

]

+ 〈P4〉
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1

280
(1 − r)2[3 − 35 cos (4θ )]

]
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In these equations, r is the differential polarizability ratio
relating to the differential polarizability tensor, θ is the angle
of the sample director with respect to the laser polariza-
tion, 〈P2〉 and 〈P4〉 are, respectively, the second and fourth
rank uniaxial order parameters, which are given by Eqs. (3)
and (4),

〈P2〉 = 1
2 〈3 cos2(β ) − 1〉, (3)

〈P4〉 = 1
8 〈3 − 30 cos2(β ) + 35 cos4(β )〉, (4)

where 〈〉 denotes an ensemble average and β is the angle
between the molecular long axis and the nematic director n̂.

The birefringence of RM734 is determined via a Berek
compensator and polarizing optical microscopy. The cell gap
of the LC is determined with an accuracy of ±0.1 µm prior to
filling via the reflection spectra measured using a UV-vis spec-
trometer and a white light source. Cell thicknesses of ∼5 µm
were used to reduce the issues related to dispersion mis-
match between the sample and Berek compensator [29,30].
An aligned liquid crystal sample is placed in a Linkam hostage
to allow for temperature control (relative accuracy ±0.1 K).
The hot stage is housed in a polarizing microscope equipped
with a Berek compensator. A white light source filtered to
provide a wavelength of 589 nm is used. The retardance of
the sample is measured and the birefringence of the sample
is calculated with an accuracy of ∼4% by dividing the retar-
dance by the sample thickness.

III. RESULTS

The uniaxial order parameters, 〈P2〉 and 〈P4〉 of RM734
as determined via Raman spectroscopy are shown in Fig. 4
as a function of reduced temperature (T/TNI where TNI is
the nematic to isotropic transition temperature). Within the
nematic phase, values of 〈P2〉 and 〈P4〉 are nonzero and upon
further cooling in the nematic phase 〈P2〉 and 〈P4〉 are found
to increase, with maximum values of 〈P2〉 = 0.67 ± 0.05 and
〈P4〉 = 0.26 ± 0.05 observed at T/TNI ≈ 0.908. Interestingly,
upon cooling further approaching the N to NF transition, a
decrease in both 〈P2〉 and 〈P4〉 is observed and a local
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FIG. 4. Uniaxial order parameters 〈P2〉 (hollow circles) and 〈P4〉
(filled circles) as a function of reduced temperature for RM734
determined from the phenyl C-C stretching mode as determined via
Raman spectroscopy. The vertical dashed line indicates the N to NF

phase transition.

minimum in 〈P2〉 and 〈P4〉 is seen close to the N to NF
transition. Cooling further into the NF phase, both uniaxial
order parameters are observed to increase monotonically. The
dip in the magnitude of order parameters in the N phase
before the phase transition is surprising and has not been
reported for other liquid crystal phase transitions. This un-
usual temperature dependence of the order parameters can
be explored further by comparing the data with completely
independent measurements, i.e., the birefringence of RM734.
Figure 5 shows the 〈P2〉 data plotted together with the bire-
fringence (�n) as a function of reduced temperature. The
birefringence takes values between ∼0.1 and ∼0.3 across

FIG. 5. The order parameter, 〈P2〉 (hollow circles), and bire-
fringence (filled circles), �n, of RM734 as a function of reduced
temperature. The vertical dotted line indicates the N to NF phase
transition.

FIG. 6. Stripe textures forming just above the N to NF transition.
The stripe textures stabilise leading to homogeneous alignment of the
NF phase after clearing.

the temperature range, with a dip of ∼0.03 just above
the N to NF phase transition. Figure 5 demonstrates that
there is a strong correspondence between 〈P2〉 and �n in
both the N and NF phase of RM734, as expected [17].
Interestingly, the pretransitional reduction in both parame-
ters is observed on the approach to the N to NF transition
temperature.

It should be noted that just above the N to NF transition
domain instability is observed as shown in Fig. 6. This domain
instability has been previously reported in RM734 [10,27].
Care was taken to ensure measurements were performed suffi-
ciently far away from any striped textures, in homogeneously
aligned regions within the cell. Given that the reduction in or-
der parameters and �n is observed ∼7 K above the transition
the reduction cannot be attributed to the domain instability
observed at the transition and, as discussed later in the text, is
likely capturing pretransitional behavior.

It is interesting to compare the order parameters reported
in this work with those determined from x-ray scattering,
and to consider both in the context of Maier-Saupe the-
ory [31,32]. We first consider the Raman and x-ray data.
Figure 7(a) shows the 〈P2〉 and 〈P4〉 data determined via
Raman spectroscopy together with data determined via x-ray
taken from [11]. There is reasonable agreement of the 〈P2〉
data from both techniques, though there is no indication of the
pretransitional dip from the x-ray data. The Raman data return
consistently higher-order parameters, particularly in the NF
phase and in particular, the 〈P4〉 order parameter deduced from
Raman scattering is consistently higher than that determined
from x-ray scattering.

Both data sets can also be compared with Maier-Saupe
theory, which describes the evolution of 〈P2〉 as a function of T
by considering a simple mean-field approach of an anisotropic
pair potential. Maier-Saupe theory considers long-range at-
tractive forces and predicts the nematic to isotropic transition
in liquid crystals along with the magnitude and evolution of
〈P2〉(T ) with reasonable success [32]. Here, we have extended
the theoretical prediction continuously into the NF phase.
Again, it can be seen from Fig. 7(a) that there is reasonable
agreement between the theory and 〈P2〉 deduced from both
techniques. However, the dip seen for the Raman data at the N
to NF transition is not predicted. Additionally, the agreement
of 〈P2〉 from the x-ray data becomes worse as the temperature
is reduced further away from TNI.

Additional insight into the agreement (or otherwise) of the
experimental data with the mean-field Maier-Saupe theory can
be gained by plotting 〈P4〉 against 〈P2〉. Figure 7(b) shows
order parameter data plotted this way, allowing one to exam-
ine the temperature-independent relationship between the two
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FIG. 7. The order parameters 〈P2〉 and 〈P4〉 determined via Ra-
man (black hollow and red filled circles, respectively) and x-ray
scattering (blue hollow and green filled triangles, respectively) com-
pared to Maier-Saupe mean-field theory (gray solid line) on a
reduced temperature scale. The vertical dashed line indicates the N
to NF phase transition. (b) 〈P4〉 is plotted as a function of 〈P2〉, the
data points from the Raman experiment within the nematic phase are
shown as black diagonal crosses whereas the ferroelectric nematic
phase data are shown in filled black circles; experimental error is
shown on one data point for clarity. X-ray order parameter data (from
[11]) within the nematic phase are shown as blue upright crosses
whereas the ferroelectric nematic phase data are shown as blue filled
triangles. The gray line represents 〈P4〉 predictions for a given 〈P2〉
from Maier-Saupe theory. In both (a) and (b) the x-ray data are taken
from Ref. [11].

order parameters. The measurements from Raman spec-
troscopy in both the nematic and ferroelectric nematic
[Fig. 7(b), crosses and filled circles, respectively] are in
excellent agreement with the mean-field Maier-Saupe the-
ory. However, the agreement of the x-ray data, taken from
Ref. [11], with theory is not particularly good. Indeed, the
deviation of the order parameters determined from x-ray
data when compared to Maier-Saupe theory was discussed in
Ref. [11] where it was argued that the deviation may be due
to Maier-Saupe theory being developed for apolar uniaxial
nematic phases. However, given the similarity of the order

parameters determined from the Raman data to Maier-Saupe
theory, and the disagreement with the order parameters even
in the apolar nematic phase of RM734 as determined via
x ray, the deviation may alternatively be related to how or-
der parameters are constructed from x-ray data; this point
will be discussed in further detail in the next section. Much
theoretical work on the NF phase is based upon expanding
Maier-Saupe theory [12,13], in the case of generalized mean-
field theory, or Lebwohl-Lasher pair potentials [33], in the
case of Monte Carlo simulations, to include a polar term. Such
approaches appear to be validated by the results from Raman
spectroscopy by considering the evolution of 〈P2〉(T ) and
〈P4〉(T ) [Fig. 7(a)] with respect to Maier-Saupe predictions
within the N phase, though they do not capture the anomalous
pretransitional dip seen in the order of the system determined
through optical measurements.

IV. DISCUSSION

There are two key aspects of the results to discuss. First,
the order parameters as measured by Raman scattering, when
compared to published data deduced from x-ray scattering.
There are numerous papers that compare order parameters
that have been determined using both techniques, including
in conventional nematic [34,35], twist-bend nematic [36], and
ferroelectric smectic [37] liquid crystal phases. The order
parameter values determined via x ray are found to be con-
sistently smaller than those determined via Raman [34–37].
The difference in the determined order parameters is generally
greater for 〈P4〉 than 〈P2〉 and our results are in line with all of
these findings.

We consider now the birefringence data. In this work we
report a birefringence value of �n = 0.225 ± 0.007 close to
the N to NF phase transition, with a pretransitional reduction
in �n of 0.030 ± 0.009 seen just above the transition. Recall
that the measurements were taken at 589 nm, on monodomain
regions void of defect boundaries in a device of ∼5 µm thick-
ness with parallel planar alignment. Pretransitional behavior
similar to that found herein has been described previously
by a few authors. Mertelj et al. reported the birefringence of
RM734 over a range from ∼5 K below the N to NF transi-
tion and ∼15 K above it, though not immediately below the
transition (∼0.5–2 K) [27]. All of their data for �n differ in
magnitude from that shown in Fig. 5, with 0.18 � �n � 0.20
over the temperature range studied and a dip in �n of mag-
nitude ∼0.05. Further, the temperature dependence is quite
different, most notably with decreasing �n from around 2 K
above the N to NF phase transition, behavior which is at-
tributed to splay fluctuations. Barthakur et al. also reported
�n for RM734 as a function of temperature, with values much
closer to those reported here (values were 0.05 � �n � 0.22
with the lowest temperature still quite close to the N to NF
phase transition). They also saw a dip of magnitude ∼0.01
close to the onset of the N to NF transition, which they
attributed to coexistence of polar and nonpolar domains and
defects at the transition [26].

It is worth considering whether other explanations could
explain the pretransitional dip seen in the birefringence (and
Raman-deduced order parameter) measurements. The elastic
constants of nematic liquid crystals typically follow an S2
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FIG. 8. Full-width half-maxima (FWHM), �, of the Lorentzian
fit to the phenyl stretching mode, the solid red line is a fit to Eq. (7).
The vertical dashed line indicates the N to NF phase transition.

dependence [38] and while this may deviate significantly for
noncalamitic (i.e., bent-core) liquid crystals, Kii and S are
still positively correlated [39,40]. In RM734, Mertelj et al. re-
ported that on the approach to the NF phase, there is a marked
decrease in the splay and twist elastic constants [particularly
the splay elastic constant (K11)] [27]. Therefore, the reduction
of order parameters, as confirmed by Raman spectroscopy and
birefringence measurements may reflect the pretransitional
reduction of the splay elastic constant on the approach to
the NF phase. This reduction in K11 results in splay nematic
director fluctuations, which in turn reduces birefringence [26].
Such director fluctuations could explain the reduction in the
〈P2〉 and 〈P4〉 value as determined via Raman spectroscopy
[41,42], though it is puzzling that they were not captured in
measurements using x-ray scattering.

However, one may additionally expect that strong short-
range correlations are present in the ferroelectric phase and
that these also change dramatically around the transition. In-
deed, in RM734 evidence of increasing collective motion on
cooling from the nematic to ferroelectric nematic phase, deter-
mined via dielectric spectroscopy, has been reported [7,43].
Interestingly, Raman spectroscopy can give also a direct in-
sight into such phenomena from analysis of the line width.
Specifically, it can give information on (i) reorientational
dynamics and (ii) how NF materials fit into a conventional
ferroelectric framework.

Figure 8 shows the average FWHM, �, of the Lorentzian
fits of the C-C phenyl stretching mode at θ = 0◦ and 180◦
for parallel polarization. The FWHM at T/TNI ≈ 0.973 is
6.8 ± 0.3 cm−1. Throughout the nematic phase, � varies only
very slightly, taking values between 6.80–7.14 cm−1. A sud-
den increase in � from 7.0 ± 0.2 cm−1 to 7.9 ± 0.3 cm−1 is
observed on cooling from T/TNI ≈ 0.881–0.877 (a difference
of 2 K), which is within 0.5 K of the N to NF transition.

In-depth analysis of the changes in the Raman spectra line
width allows one to separate contributions to the Raman sig-
nal that are vibrational from those that are rotational [44,45]

and thus probe the reorientational time-scales of tumbling
(rotation around the long axis) and spinning (rotation around
the short axis) motions. The contribution of rotational dy-
namics to the Raman signal is complex and such analysis
requires assumptions to simplify the analysis; these relate
to the uniaxiality and rigidity of the molecule, the assign-
ment of molecular rotation to a particular model [45], and
the requirement of simple and isolated peaks in the Ra-
man spectra such that Fourier transforms can be performed
[44,46]. A complete analysis is therefore not attempted here.
However, the implication of the FWHM broadening related
to changes in reorientational dynamics is discussed; this is
reasonable as:

(i) There is no significant change in the observed FWHM
values in Fig. 8 throughout the N phase and � is comparable
to values determined for mesogenic materials where a typical
� of the order of 10 cm−1 is observed within nematic and
smectic phases [45–48].

(ii) The change in the FWHM, �� ∼ 1 cm−1, close to
the N to NF transition temperatures is comparable to broad-
ening due to changes in rotational dynamics observed at
phase transitions in mesogenic materials studied previously
for example, �� ∼ 0.2–0.5 cm−1 is observed throughout the
nematic phase due to changes in rotational dynamics and a
change of �� ∼ 2 cm−1 is observed at the crystal to smectic
A and smectic I to smectic C transition [45–48].

(iii) Very obvious director fluctuations, indicative of a
change in dynamics, were observed herein via polarized mi-
croscopy on the approach to the NF phase and have also been
reported previously [26].

With the above in mind, we suggest that the clear change
in � close to the N to NF transition from � ∼ 6.75 cm−1

to � ∼ 7.88 cm−1 represents changes in the reorientational
dynamics in RM734. An increase in FWHM is generally as-
sociated with an increase in rotational motion [44,49] with our
data suggesting an abrupt increase close to the transition from
the N to NF phase, followed by a rapid decay within the NF
phase to values slightly lower than in the N phase (� ∼ 6.37 at
T/TNI ≈ 0.841). This may be related to findings via dielectric
spectroscopy, whereby the molecular relaxation related to the
flip flopping of molecules, or fluctuations of the polarization
vector, become collective at the transition to the ferroelectric
nematic phase and a softening is observed [7,43,50].

As discussed in the introduction, Raman spectroscopy has
been used extensively to study the paraelectric to ferroelec-
tric transition in solids [21–24]. It is often useful to study
Raman hard modes (i.e., Raman peaks that are present above
and below the Curie temperature, TC) due to limitations with
Raman soft modes in this regard [22,51]. Changes in the
Raman signal in solid ferroelectrics have been observed at the
paraelectric-ferroelectric transition in both the displacive and
order-disorder type structural phase transitions [22,52]. In the
context of ferroelectric solids, a displacive structural phase
transition is one that is driven by ionic or atomic displace-
ment often resulting in a change in the interatomic distance
and symmetry of the unit cell [53]. The transition between
the two phases is often associated with a phonon soft mode,
which freezes throughout the transition [53,54]. In the con-
text of ferroelectric solids, the order-disorder type transition
is one in which above TC the local polarization of the unit
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cells persists, though there is no long-range ordering thus the
net-polarization is zero [54]. It is important to note that
displacive and order-disorder transitions are extreme cases
of the ferroelectric phase formation and many materials fall
somewhere between the two extrema [54,55]. With the above
distinctions outlined, it is interesting to investigate the behav-
ior of RM734 via Raman spectroscopy using the framework
established for conventional ferroelectrics.

While the origin of how polar order develops in ferroelec-
tric nematic phase is still a topic of much debate [10,14],
and, as mentioned above, few materials fall into one of
the extremes, and when compared to solid-state ferroelectric
materials, the NF phase behavior is closest to that seen in
order-disorder type ferroelectrics. In solid-state order-disorder
type ferroelectric materials, a peak in the FWHM of selected
Raman signals has been observed at the transition from para-
electric to ferroelectric phases [24,56,57]. The broadening of
Raman peaks is related to the self-diffusive fluctuation of
the mode associated with the orientational order parameter
[57,58]. The self-diffusive process is associated with a time
scale, τR, relating to the probability of a particle or molecule
jumping from one position to another (or from one energetic
potential to another) with an activation energy, �U [57,58]:

τR = τ0 exp

(
�U

kbT

)
, (5)

where kb is the Boltzmann constant, and T is temperature. The
temperature dependence of the FWHM broadening associated
with this self-diffusion follows a Langevin function [57]:

� = [a + bT ] +
(

c
τR

1 + (2πν)2τ 2
R

)
, (6)

where a and b are fitting parameters and [a + bT ] is the
anharmonic component of the Raman signal, ν is the wave
number of Raman mode. Given that (2πν)2τ 2

R � 1, Eq. (6)
can be written in terms of the activation energy, �U :

� = [a + bT ] + c × exp

(−�U (T )

kbT

)
. (7)

The FWHM, �, of the C-C phenyl stretching mode of
RM734 can be analyzed using the framework developed for
solid disorder-order type ferroelectrics. Fitting � below TC

(taken to be the N to NF transition temperature) results
in �U = 2.5 ± 0.6 kJ/mol. The energy scale of the
disorder-order type transition leading to ferroelectricity
in RM734 is considerably lower (albeit same order of
magnitude) than those reported in solid ferroelectric materials.
For example, the metal complexes [Hdabco]ReO4 (dabco =
1,4-diazabicyclo[2.2.2]octane) and [(C4H9)4N]3Bi2Cl9

have activation energies �U = 8.6–9.32 kJ/mol and
�U = 11.46–40.60 kJ/mol, respectively [24,56].

V. CONCLUSION

Raman spectroscopy has been used to determine the uni-
axial, nonpolar order parameters of RM734. On the approach
to the NF phase a reduction in the uniaxial order parameter is
found, and it was noted that this could be related to the reduc-
tion in the elastic constants and splay fluctuations observed by
others just above the N to NF phase transition, though other
explanations have been explored here [26,27]. Throughout
the N and NF phases a reasonable agreement between 〈P4〉 for
a given 〈P2〉 with predictions of the mean-field Maier-Saupe
theory is found. Comparisons and differences with order
parameter data determined via x ray are discussed. It is argued
that Raman spectroscopy more closely agrees with Maier-
Saupe predictions due to the selection of the phenyl stretching
mode probing the order parameter of the rigid core of the
molecule. In addition to the uniaxial order parameters, further
insight may be provided about the behavior of the ferroelectric
nematic phase by observing subtle changes in the Raman line
width. In particular, the observed change in FWHM, �, of
the phenyl stretching mode at the onset of the NF phase is
discussed. The broadening of � can be interpreted by analogy
to solid ferroelectric materials as being a consequence of
changes in the reorientational behavior of the molecules, or,
the signature of the disorder-order transition from a nonpolar
to a polar phase. Indeed, given that polar order is related
to the ordering of the permanent dipole on the molecule,
which must occur through molecular reorientation, for the NF
phase transition both arguments related to changes in � are
closely related. In the framework developed for disorder-order
type ferroelectric transitions, it is found that RM734 has an
activation energy from paraelectric to ferroelectric of 2.5
± 0.6 kJ/mol. While the activation energy is lower than
those measured in solid ferroelectric materials [24,56], the
value is of a similar order of magnitude. Therefore, it is
likely that the broadening of � is related to the self-diffusive
fluctuation of molecules from a nonpolar ordered to polar
ordered state. More work is required to fully understand
the temperature-dependent behavior of ferroelectric fluids
via Raman spectroscopy. However, given the sensitivity of
Raman spectroscopy to such behavior, it will prove useful in
understanding ferroelectric behavior in polar nematic fluids.

Data sets associated with this work will be made available
at Ref. [59].
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[43] N. Vaupotič, D. Pociecha, P. Rybak, J. Matraszek, M. Čepič,
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