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The origin of the recently observed spontaneous chiral symmetry breaking in polar fluids composed of achiral
molecules is an unsolved problem, raising fundamental questions about how heliconical structures emerge in
such systems. Here, we investigate the pretransitional fluctuations leading to the formation of the spontaneously
chiral twist-bend ferroelectric nematic phase using dielectric spectroscopy, light scattering, and small-angle x-ray
scattering. We observe simultaneous softening of the bend elastic constant and the emergence of a collective
dielectric mode on approaching the transition. By developing a theoretical model, we show that these phenomena
are signatures of a flexoelectricity-driven transition arising from the coupling between electric polarization and

bend deformation.
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I. INTRODUCTION

In recent years, the discovery of the ferroelectric nematic
(Np) phase, a true three-dimensional ferroelectric fluid, has
marked a major breakthrough, establishing a new perspective
on the emergence of long-range polar order in soft condensed
matter [1-5]. In this phase, the longitudinal dipole moments
of achiral molecules spontaneously align roughly parallel to
each other, thus creating a large electric polarization P (where
|P| ~ 5 uC/cm?), which breaks the inversion symmetry of
the director n, the unit vector that specifies the average di-
rection of molecular orientation. Although often described as
a uniaxial phase, it forms polydomain structures [4] which,
under certain planar anchoring conditions, include domains
with twisted polarization, driven by a larger reduction in
electrostatic energy than the accompanying increase in elastic
energy [6]. Following the groundbreaking discovery of the
Nr phase, additional related mesophases combining differ-
ent degrees of orientational, positional, and polar order have
been identified, making up the so-called ferroelectric nematic
realm [7-11]. Particularly noteworthy are those systems ex-
hibiting spontaneous chiral symmetry breaking despite being
composed of achiral building blocks, like the ferroelectric
twist-bend nematic (NtgE, also called heliconical ferroelectric
nematic or HCNg) and polar heliconical smectic C (SmCH)
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phases [12—15]. Both phases are spontaneously polar and
chiral in the bulk, where the helix pitch p; is on the or-
der of the wavelength of visible light, the difference being
that the latter additionally exhibits smectic (one-dimensional
quasi-long-range positional) order. These discoveries raise
a fundamental question of what drives the chiral symme-
try breaking in ferroelectric nematic liquids made of achiral
constituents.

The spontaneous chiral symmetry breaking in systems
made of achiral building blocks is also observed in some con-
ventional nematic (V) liquid crystals made of flexible dimers
that exhibit a phase transition to the twist-bend nematic phase,
a modulated nematic phase with heliconical structure and
nanoscale modulation period (Ntg) [16—18], also referred to
as polar-twisted nematic phase (Npr) [19,20]. The pretran-
sitional behavior at the N-Nyg transition is governed by a
softening of the bend elastic constant K3 [16—18]. Different
models, both phenomenological and microscopic, have been
developed over the years to explain this behavior [21-24].
The overall softening appears to be the result of steric effects
related to the bent molecular shape of the mesogens and not
due to emergent biaxial order through flexoelectric coupling,
as some theories suggested [24,25]. This is in stark contrast to
polar liquid crystals like ferroelectric nematic liquids, where
the transition from the high-temperature N phase to the inter-
mediate antiferroelectric splay-modulated Ns phase [3,26,27],
characterized by simultaneous pretransitional softening of the
splay elastic constant K; and divergence of electric suscep-
tibility, is driven by the flexoelectric coupling between splay
deformation and electric polarization [3]. It should be noted
that, in the literature, the Ng phase is also named M2 [2], Nx,
SmZa [28], Nar, and Mar [13].

Published by the American Physical Society
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FIG. 1. Schemes and polarized microscope images of the mate-
rial F7i in a 10-um-thick cell with parallel rubbing. (a) Nr at 32°C
and (b) Nrgr just below the Ng-Nrgp phase transition. P, A, and R
denote the polarizer, analyzer, and rubbing directions, respectively.
Inset (b) shows a photograph of the cell exhibiting strong Bragg
scattering.

In this paper, we propose that the increasing tendency
toward polar biaxial order, which interacts with bend fluc-
tuations through flexoelectric coupling, drives the chiral
symmetry-breaking transition to the Nygr phase. In particular,
we connect the emergence of biaxial order to the development
of presmectic order.

II. EXPERIMENTS

The studied material F7 (Appendix A, [29]) exhibits an
Nr—Nrpr phase transition at 29.5 °C. Figure 1 shows schemat-
ics of the uniform molecular arrangement in the Ng and the
heliconical structure of the Nygr phase, together with their
corresponding textures as observed by polarized optical mi-
Croscopy.

Firstly, in order to probe the dipolar fluctuations occurring
along the entire phase sequence, we measured the complex di-
electric permittivity *(f) = &'(f) — ie”(f) in the frequency
range 10 Hz—3 MHz (Appendix B). The temperature evolution
of the imaginary component of the dielectric spectra can be
found in Fig. 2(a). To quantitatively analyze and interpret the
dielectric relaxation processes, the spectra at each temperature
were fitted to the Havriliak-Negami equation (Appendix B).
The obtained strengths and frequencies of maximum absorp-
tion are shown in Fig. 2(b). The behavior in the N and Ng
phases is similar to that previously found in other ferro-
electric nematogens. Usually, these molecules tend to align
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FIG. 2. (a) 3D plot of the dielectric absorption spectra vs temper-
ature. (b) Temperature dependence of the dielectric strengths (Ae,
empty symbols) and frequencies of maximum absorption (f,, full
symbols) of the different relaxation processes.

homeotropically in untreated gold electrodes, as also seems to
be the case here judging by the large amplitude of process
my. This mode, corresponding to the rotation of individual
molecules around their short axis, becomes collective in the
Ns phase and exhibits soft-mode behavior, thereby driving the
transition to the lower-temperature Ng phase. Process m,, on
the other hand, was observed in the N phase for RM734 in
Ref. [3], and more recently for a mixture in Ref. [30]. Its in-
terpretation is currently unclear, although its higher frequency
and Arrhenius-type temperature dependence, with an activa-
tion energy of ~74 kJ/mol (Appendix B), suggest it is related
to more localized molecular motions. The transition to the Ng
phase is characterized by a strong dielectric response, where a
collective relaxation process mngL, i.e., the Goldstone mode,
can be identified at low frequencies. It is well known that, in
order to minimize the depolarization field, the phase transi-
tion is accompanied by a change of director orientation from
homeotropic to planar [31-33]. There is an additional mode
at lower frequencies, which was fitted in order to correctly
deconvolute all the contributions to the dielectric spectra. Al-
though this process could be associated to conductivity effects
or Maxwell-Wagner polarization processes well known in
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dielectric spectroscopy [34], from the theoretical point of view
an ionic mode coupled to the splay fluctuations is expected
(Appendix F). It should be stressed that an undoped sample
was used for the dielectric measurements, so these ions corre-
spond to impurities in the system and their contribution may
be small. As the temperature is lowered, however, another
process mngy enters the available frequency window and can
be deconvoluted. Close to the transition to the Ntgr phase,
it slows down considerably and its amplitude increases. We
propose that it is related to the rotation of molecules around
their long axis, which becomes collective due to the growth of
the correlation length of the biaxial order, as will be discussed
later.

Interested in the Ng—Nygp pretransitional behavior, we
set out to study the evolution of orientational fluctuations
by dynamic light scattering (DLS) and differential dynamic
microscopy (DDM). In the apolar N phase, the orientational
fluctuations exhibit two branches: twist bend and splay bend.
In the Np phase, splay deformations increase the electrostatic
self-energy and are therefore energetically disfavored, leading
to suppression of the splay-bend mode (Appendix F). Conse-
quently, in DLS and DDM experiments, the twist-bend branch
prevails. The scattering geometries in the DLS experiments
were chosen so that only pure bend or pure twist modes
with a given scattering vector g were measured. From the
measurements, the temperature dependences of the scattered
intensity Itp o (Agep)*/(Kig*) and relaxation rates 1/7; =
Kiq*/n; were obtained. Here i = 2,3 denote the twist and
bend eigenmodes, respectively, K; and n; are the correspond-
ing elastic constants and viscosities, and Agp the anisotropy
of the optical dielectric tensor. The twist viscosity 1, equals
the rotational viscosity y;, while the bend viscosity is smaller
due to backflow [35]. Figure 3 shows the temperature de-
pendence of the bend and twist diffusivities K;/n;, elastic
constants (the latter normalized at 55 °C, and the ratio K3 /K.
The latter was determined by combining DDM and DLS re-
sults (see Appendixes C and D). It is clear that, while K, stays
practically constant close to the phase transition temperature,
K3 exhibits a pronounced softening.

III. DISCUSSION

The simultaneous pretransitional softening of the bend
elastic constant and emergent collective dielectric mode is
a characteristic of a flexoelectricity-driven phase transition.
It is a bend analogous to a ferroelectric-ferroelastic phase
transition and can be described in a similar way. Assuming
that, in equilibrium, the Ng phase is uniform and uniaxial, it
can be described by the polarization vector P = Pyn, where
Py is the polarization amplitude and the director n a unit
vector. While the splay flexoelectric effect couples P to splay
deformation, the bend flexoelectric effect couples the polar-
ization perpendicular to n, i.e., P, , with the bend deformation
[36]. Its origin lies in the bent shape of the molecules. In the
presence of bend deformation, such bent molecules pack more
efficiently when they exhibit orientational order along their
long axes [Fig. 4(a)] and, as a consequence, their rotational
motion is hindered. Conversely, the presence of orientational
order along the long axes promotes bend deformation. As
the phase is uniaxial, then (P,) = 0. Following Longa and
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FIG. 3. Temperature dependence of the bend diffusivity K3/n3
and twist diffusivity K,/y, (top), normalized bend elastic constant
K; and twist elastic constant K, (middle), and ratio K3/K, (bottom)
in the Ng phase. The dotted vertical line denotes the phase transition
between the Ng and Nrgr phases.
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FIG. 4. (a) Schematics of the bend flexoelectric effect in the Ng
phase. Here, b is the vector related to shape polarity (see text).
(b) Dependence of K3 e/ K3 e (55 °C) on the amplitude of the mode
Aéengn. The line is a linear fit to the data yielding a value of
y2€0/Ks et (55°C) = 0.063 £ 0.002.
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Pajak [23], this polarization does not necessarily correspond
to an electric polarization but may instead be related to shape
polarity, i.e., polar biaxial order b, defined as a vector order
parameter describing the orientational order of the (banana-
shaped) molecules around their long axis [Fig. 4(a)]. If such
a long-range order exists, the phase is biaxial. Furthermore,
if these molecules possess a component of dipole moment
perpendicular to their long axes, such an order will also
result in a nonzero P,. While in an apolar N phase P, is
parallel to b, in the Ng phase this is no longer the case
[Fig. 4(a)]. In general, there is a finite angle between both
vectors that depends on the angle between the molecular bend
and electric dipole; however, the magnitudes are proportional,
[P, | o |b|. Here, we are interested in bend fluctuations cou-
pled to fluctuations of P, that is, small periodic fluctuations
of P, and the angle ¢, which describes the director n =
[sin (¢(q, 1)), 0, cos (¢(q, t))], with q = (0, 0, g) around the
uniform state with P, = 0andn = (0, 0, 1). The relevant part
of the free energy density describing these fluctuations is

f= %K3[n x (V x n)]2—an X (Vxn)-P,
+Sa P+ 1K (VPLY.

The first term is the bend elastic energy density, the second
is the flexoelectric term with y being the bend flexoelectric
coefficient, and the last two terms are the lowest-order terms
in P, and its gradients allowed by symmetry. This leads to
coupled director and P fluctuation modes with the relaxation
rates [37]

(D

K- .
a
—=—=4q, )
701 n3
1 a K 2
—=—L+<—L+ Vi )qz. 3)
T2 ne np nay

The first is a hydrodynamic mode and is the one observed
in light-scattering experiments as a bend mode. The flexoelec-
tric coupling causes the bend elastic constant to be replaced
by an effective one Kj . = K3 — yg /ay. The second mode
is dominantly a collective polarization mode measured (at
g = 0) in dielectric spectroscopy. Analogously to the splay
case [3,37], the amplitude of this dielectric mode is related
toa, = 80% and consequently K3 off = K3 — ygsoAs. In nor-
mal nematic liquid crystals, the mode associated with the
rotation of molecules around their long axis is noncollective,
fast, and has a small amplitude, so the coefficient a, is large
and biaxial order is not favorable. However, if such a mode
becomes collective, it slows down and its amplitude starts to
grow, and causes K3 . to decrease. We propose that the mnpy
mode in Fig. 2(b) is causing the softening of the bend elastic
constant via bend flexoelectric coupling. Figure 4(b) shows
the dependence of the measured K3 et/ Kz e (55°C) on the
amplitude of the mode Aengn Which is linear as predicted
by the theory. K3 .+ approaches zero and the system becomes
unstable toward bend deformation. This happens when a; =
yg /K3 is still positive, i.e., before biaxial order on its own
becomes energetically favorable. As discussed by Dozov [38],
because it is not possible to fill space with homogeneous bend,
this in the ordinary N phase leads either to the twist-bend or,
if K1 < 2K, to the splay-bend phase. In the ferroelectric case,
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FIG. 5. Temperature dependence of the amplitude of the x-ray
scattering peak that corresponds to local smectic order.

the splay deformation is associated with large electrostatic
energy (Appendix F), so the heliconical structure of the Ntpp
phase prevails in any case.

The coefficient yp can be estimated from the linear fit
in Fig. 4, which gives yZeo/Kserr (55°C) = 0.063 £ 0.002.
Assuming K3 (55 °C) &~ 10-50 pN, gives the flexoelectric
coefficient |e3| = go|yp| &~ 2-5 pC/m, which is a typical
value of this coefficient in the conventional nematic phase
[39]. The bend flexoelectric effect originates from the bent
shape of the constituent molecules and is a common feature
of the nematic phase. A slightly bent molecular conformation,
even if subtle in some cases, is also present in compounds
exhibiting the Nygp phase, including the present material (see
Appendix A) as well as other reported systems. For instance,
in MUT_JK103 [12] it comes from torsional offsets between
adjacent aromatic rings across the ester linkage, whereas in
nBOE (n = 4—6) [13,40], despite the linear geometry of the
alkyne spacer, weak steric and electronic interactions between
adjacent aromatic units, together with the tilt of the terminal
alkyl chain, result in a slightly bent overall conformation.

Upon cooling, the Nrgr phase undergoes a transition to
SmC}. The small-angle x-ray scattering (SAXS) shows pre-
transitional smectic fluctuations already throughout the Ng
phase [29]. Such pretransitional smectic order has also been
identified previously in other compounds exhibiting the Ntgp
phase [12,13,41] and appears to be a common feature of these
materials. The amplitude of the peak that corresponds to local
smectic order continuously grows with decreasing tempera-
ture and exhibits a kink at the Ng—NpF transition (Fig. 5).
The SmC phase is biaxial, so the SmC fluctuations are also
fluctuations in biaxial order. These collective fluctuations are
detected by broadband dielectric spectroscopy (BDS) because
they carry a net dipole moment in the direction perpendicular
to the director and they are coupled to bend through the
flexoelectric effect. This explains the continued evolution of
this mode in the Ntgr phase [Fig. 2(b)].

IV. CONCLUSIONS

In summary, we have attempted to answer the question
regarding the origin of spontaneous chiral symmetry break-
ing in polar fluids composed of achiral molecules. To this
end, we conducted a series of dielectric, light scattering, and
x-ray diffraction experiments to examine the pretransitional
fluctuations leading to the appearance of a spontaneously
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chiral polar mesophase. We have simultaneously observed a
pretransitional softening of the bend elastic constant and the
emergence of a collective dielectric mode, and, by develop-
ing an appropriate theoretical model, we interpret this as a
flexoelectricity-driven transition. The data are consistent with
this interpretation, and the model shows that the increasing
tendency toward polar biaxial order, when combined with
even a slight bend in the shape of the constituent highly polar
molecules, is sufficient to drive the transition.
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APPENDIX A: MATERIALS

In the experiments, a binary mixture F7 composed of
70 mol % DIO and 30 mol % compound 1, from Ref. [14],
with phase sequence Sme,I (20.9°C), Ntgr (29.5°C), Ng
(88.8°C), Ns (99.4°C) N was used [29]. For the DLS and
DDM experiments, 0.06 wt % of an ionic dye (modified rho-
damine B) was added to the mixture F7, yielding the sample
F7i, to achieve stable, uniform in-plane alignment of the di-
rector [Fig. 1(a)]. The addition of the dye did not affect the
phase transition temperatures. The molecular structures of the
employed compounds can be found in Fig. 6.

APPENDIX B: BDS

The dynamic dielectric function e*(f) = &'(f) — ie” (f) of
F7 was measured in the spectral range f = 10 Hz-3 MHz
using an Alpha-A impedance analyzer from Novocontrol
Technologies GmbH. The sample was placed between two
circular gold-coated brass electrodes 5 mm in diameter form-
ing a parallel-plate capacitor, the separation being fixed at
d =20 um by spherical silica spacers. The high conductiv-
ity of gold ensured reliable measurements up to the highest
frequencies. This cell was then placed at the end of a modified
HP 16091A coaxial test fixture, using a Quatro cryostat for
temperature control. No polymer aligning layers were used on
the electrodes because, although they can be useful to obtain
a proper alignment of liquid-crystal molecules, they act as an
additional large capacitance in series with the measurement
cell and can lead to undesired charge accumulation, among
other effects. The oscillator voltage was set to 0.03 Vi, to en-
sure a linear regime. Experiments were done on cooling from
115°C at 0.25 K/min. The stray capacitance of the measure-
ment circuit was subtracted from the measured capacitance,

FIG. 6. Molecular structures of (a) DIO, (b) compound 1 (with
its optimized geometry calculated at the B3LYP-GD3BJ/aug-cc-
pVTZ level of density functional theory as detailed in Ref. [14]
evidencing its slightly bent shape), and (c) modified RhB.

and the complex dielectric permittivity was obtained by
dividing this value by the capacitance of the empty cell. Fi-
nally, the experimental curves were fitted to Havriliak-Negami
(HN) relaxations with a conductivity term:

A&‘k o
* — G S— 00 T A o Bl
°(f) Ek:[l‘i'(i%k)ak]ﬂk +e +80(127Tf))“ B

where Aegy, fi, ax, and B; are, respectively, the dielectric
strength, relaxation frequency, and broadness exponents of
mode k, £ is the high-frequency dielectric permittivity, o
is a measure of the conductivity, and 0 < A < 1. Fit examples
can be found in Fig. 7.

APPENDIX C: DLS

For the DLS experiments, the sample F7i was used to
achieve uniform in-plane alignment of the director along the
rubbing direction in a liquid-crystal cell (EHC, thickness
10 um, parallel rubbed) in the Nr phase. The heating stage
(Instec, HCS412W) was used to control the sample tempera-
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FIG. 7. (a) Examples of Havriliak-Negami fits at representative
temperatures. (b) Arrhenius plot for process m, giving an activation
energy E, ~ 74 kJ/mol.

ture. The sample was cooled from 55 °C to room temperature
at 0.02 K/min. In the DLS setup, a frequency-doubled diode-
pumped Nd: YAG laser (532 nm, 80 mW attenuated for 100x),
a single mode optical fiber with a GRIN lens connected to an
ALV APD based “pseudo” cross-correlation detector, and an
ALV-6010/160 correlator was used to obtain the autocorre-
lation function of the scattered light intensity. The direction
and the polarization of the incoming and detected light were
chosen so that pure twist and bend modes were observed [37].
The duration of a single measurement was 600 s. The mea-
sured intensity autocorrelation function g, was fitted by g, =
2(1 — jp)jpgi + ji&: + Yo, where the fitting parameters jp
and yy are the ratio between dynamic and total scattered inten-
sity, and background, respectively, while g; was either a single
g1 = e~ /™ (for the twist geometry), or a double exponential
function g; = (1 — a)e™"/™ 4+ aye™"/™ (for the bend geome-
try). In the bend geometry, besides the dominating bend mode,
a weaker and slower mode was observed of which relaxation
rate 1/t; did not show significant temperature dependence.
In the temperature region below 35 °C, it became indistin-
guishable due to the increasing amplitude and slowing down
of the bend mode. From the relaxation rates, the twist K, /y;
and bend K3/n; diffusivities were calculated. The scattered
intensity I, 3 of the twist and bend modes was determined as
products jpli, and a; jpliy, respectively, where I, was the

total detected intensity. As in the temperature range between
29°C and 55 °C the refractive indices and, consequently, the
anisotropy of the optical dielectric tensor are almost constant,
K>53(T)/Kz 3 (55°C) = b3 (55°C)/ I 5(T).

APPENDIX D: DDM

In the DDM experiments, the same sample was used as in
the DLS experiments. The heating stage (Instec, HCS302XY)
was used to control the sample temperature. The sample was
cooled from 35°C to room temperature at 0.02 K/min. A
cross DDM setup was used as described in [37]. The angles
between the director n and the polarizer and analyzer were
80° and 0°, respectively. To calculate the normalized image-
cross-correlation function an open-source package CDDM was
used [43]. The correlation functions at all 2D scattering vec-
tors qop = (g1, q;) with enough signal showed one relaxation
which was fitted by a single exponential decay, gppm =
ape™"/ 4 yp. In this geometry, the scattering from twist-bend
mode prevails so the 2D dispersion curve 1/t(q;p) can be
attributed to this mode. Taking into account the relation be-
tween the scattering vector q and qop, q = (¢1, g, ¢;) With
q. X qo — (qi + qﬁ)/ (2kone), its relaxation rate as a function
of q;p can be expressed in terms of five parameters:

2 4
1+ ang? + a"ﬂql + ayzqﬁ + %ax2ay2qiqﬁ + Cly4qf|t

X o
1 + XZZqL + by2qﬁ

(D)

The parameters depend on the optic and viscoelas-
tic properties of the material: Do = K»g3/y1, an =
(2no)/(neq}), @y = [2n5 4 ne(—2 + k32 + vea)l/ (neq3),
ays = {[(=1 + k32)ne + nollne + ne(—=1+ Uca)]}/(ngqg)s and
by, = [no + ne(—1 — o 4 vea)1/(eq3), with n, and n, being
ordinary and extraordinary indices of refraction, respzectively,

qo ~ (ne — no)zTﬂ» ks = %7 Uca = %’ 051%/ = ;,2707 Na,c
Miesowicz viscosities [35], «, Leslie viscosity coefficient
[35], and A wavelength of the LED diode used for the
illumination (565 nm). All five fitting parameters can be
reliably obtained from the fitting of 1/t(qyp) only in the
temperature region of 3 K above the phase transition. From
the parameters, k3, was extracted and compared to the
k32(T)/ks, (55°C) obtained from the DLS measurements

[Fig. 3(b)] to determine k3, (55°C) = 3.6 £ 0.3.

APPENDIX E: SAXS

SAXS patterns of F7 were recorded using a Stoe Stadivari
goniometer equipped with a Genix3D microfocus generator
(Xenocs) and a Dectris Pilatus 100K detector. Monochromatic
Cu Ko radiation (A = 1.5406 A) was employed, setting the
exposure time to 1 min. The temperature was varied using
a nitrogen-gas cryostream controller (Oxford Cryosystems)
achieving a temperature control within 0.1°C. The mate-
rial was introduced into a Lindemann capillary 0.6 mm in
diameter. Each diffractogram was measured while rotating
the capillary by 360° to avoid alignment effects. The peak
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FIG. 8. Temperature evolution of the difference between SAXS
intensity /(T') and SAXS intensity Iy measured in the N phase at
110°C showing growing smectic correlations. The labels are the
corresponding temperatures in °C.

amplitude shown in Fig. 5 is the peak height extracted from
the difference between the SAXS diffractogram I(T) and the
SAXS diffractogram Iy measured in the N phase at 110°C;
examples are shown in Fig. 8.

APPENDIX F: ORIENTATIONAL FLUCTUATION MODES
IN THE Ny PHASE

As in the conventional nematic (N) phase, the orientational-
fluctuation eigenmodes in the Ny phase are also overdamped
plane waves and have two branches: splay bend and twist
bend. However, whereas in the N phase the splay-bend and
twist-bend modes at a given wave vector q have comparable
relaxation rates and amplitudes [35], in the Ng phase they be-
come more distinct because they are affected differently by the
electrostatic self-energy. The sources of this energy are bound
charges given by —V - P. In the Ng phase, the polarization P
is parallel to n, P = Pyn, which means that the director splay
deformation characterized by a nonzero V - n will increase
the electrostatic energy of the system. In contrast, the twist
and bend deformations, given by a nonzero n - (V x n) and
n x (V x n), respectively, are electrostatically neutral. Con-
sequently, the twist-bend fluctuation branch remains the same
as in the N phase, while the splay-bend branch is strongly
affected. The increase of the free energy due to small periodic
fluctuations around the equilibrium structure with the uniform
director ng = (0, 0, 1) and polarization magnitude P, consists
of several terms:

F= f(fel + fp+ fo + fes)dV. (F1)

The first term is the Frank-Oseen elastic energy,

fa=3Ki(V-n)’ + KN - (V x n)?
(F2)
+ 1K3[n x (V x m)]*.

Here, K; are the splay (i = 1), twist (i = 2), and bend (i = 3)
orientational elastic constants. The second term corresponds
to the small fluctuations of the magnitude of P, 6P = P — P,
and fluctuations of polarization perpendicular to n, P, , and
consists of the lowest-order by symmetry allowed terms in §P

and P, = |P_|, and their gradients,
fr = 1ay(8P)* + 1K (VSP)?

1 2.1 2 (F3)
+ a1 (PL)" + 3K (VPL)".

The flexoelectric term couples the director fluctuations to the
polarization fluctuations,

fe=—ys8P(V-n)—ygn x (V xn)- P,  (F4)

with ys and yp being the splay and bend flexoelectric coeffi-
cient, respectively.
The last term is the electrostatic self-interaction [44],

fes = 360VP - VO +P- VI — ppd, (FS)

where the electrostatic potential ® is given by the Poisson
equation, g V?® =V .P — p;, and the electric field E =
—V . Here, P = (Py 4+ 6P)n 4+ P, and py is the free ion den-
sity. In the cases § P or/and P, are not directly coupled to the
dynamics of n and their response to the electric field is much
faster than the dynamics of n, §P = E;/a) = (¢ — 1)eoE
or/and P, = E,/a; = (¢, — 1)egE . The dielectric tensor
is then € = ¢, I+ (¢) — e, )n ® n with ¢ and &, being its
components along and perpendicular to n, respectively. & is
the vacuum permittivity.

The pure bend modes are discussed in the main text. Here,
we focus on the pure splay and twist modes. The pure splay
modes are observed when the wave vector is perpendicular
to the equilibrium director ng, e.g., q = (g1, 0, 0), and the
director fluctuations lie in the plane spanned by ng and q.
Here, we are interested in small periodic fluctuations of the
angle ¢ = ¢os sin(g 1X)e~t/%, which describes the director
n = (sin(gs), 0, cos(¢s)). These fluctuations are through the
splay flexoelectric effect coupled with P. However, deep in
the Ng phase, this coupling is small compared to the electro-
static term and effectively rescales K, so, for simplicity, we
will neglect it. If pf = 0, the relevant part of the free energy
density describing pure splay fluctuations, up to quadratic
terms in ¢g, becomes

1 Qs 2 ngoz
=-K 0I5 (F6)
f 2 l< 0x ) + 2¢e, &0
This yields the dynamic equation for ¢,
s azﬁﬂs ngﬂs
=K , (F7)
n Jt ! 0x? £1&0
giving the splay relaxation rate
1 Kiq} Py
— =, D0 (F8)

Ts n ni€Léo

Here 5, is the splay viscosity [35]. The mean-square ampli-
tude of the fluctuation modes can be calculated by using the
equipartition theorem, yielding the amplitudes of the splay
fluctuations

ksT

(0o = —F——~
V<K1qi + ”—0)

€180

(F9)
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The electrostatic self-interaction therefore causes the splay
fluctuations to become faster and have smaller amplitudes
than in the N phase.

If free ions are present in the system, they partially screen
the bound charges and reduce the electrostatic effects. Max-
imal screening occurs if it can be assumed that free ions are
much faster than the director dynamics, so that their density is
given by the Boltzmann distribution p* = pyeTe®/*sT  then @
can be calculated by the linearized Poisson-Boltzmann equa-
tionV - eV® — k2® = V - P/gy, where k> = fzgeT, po is the
density of free ions, and e their charge. The spfay relaxation
rate and average square amplitude in this case become

1 K4 Piq}
Toi m mereo(ql +«3)?’
ks T
(0he.c) = (F10)

2 4
(Kt + iy )
Here, Ki = /c2/£l.

When free ions are not much faster than the director, then
their dynamics can be described by the Nernst-Planck equa-
;ioirl, which, in the absence of material flow, can be written as
% =V.(DVp*+ lf;—;inCD). Here, D is the ion diffusion
constant, which is assumed to be isotropic and identical for
both anions and cations to obtain an analytical solution. These
two equations, together with the dynamic equation for n and
the Poisson equation V - eV® =V -P/gg — (p+ — p7)/%0,
form a set of coupled equations. For small fluctuations in n
and p¥ about the equilibrium structure with p* = py, the cou-
pled equations can be linearized. It can be shown that small
periodic fluctuations of the angle ¢ = ¢ sin(g 1X)e~!/T are
then coupled to small fluctuations of cation and anion densi-
ties §pF = +p, cos(g,x)e~"/™, with the relaxation rates

1 B Klqi n D(qi + «2) n PO2
Tsl,2 2n 2 2n1€1 €0
de, £0q> (Ky—Dry)
pg 1+ J_Pg (F11)
2n1&1 80 453_83[K1qi*D'71(qi+K2)]2
Py

The relaxation rates of the pure twist fluctuations,
ie.,, small periodic fluctuations of the angle ¢, =
o SIn(g 1xX)e~tm, describing the director n = (0, sin
(¢r), cos(gy)) are the same as in the N phase:

1 K4d?
- =2 (F12)
Tt !
and the average square amplitudes are
ksT
2 B
= —. F13
(‘P()t) v qui (F13)

In DLS experiments, the scattered intensity of a given mode
is proportional to the average square amplitude of the mode
and the so-called geometric factor, which depends on the
scattering geometry [35]. In a typical scattering geometry
for the measurement of the pure splay mode in our setup,
g1 = 6-8 um~! [37]. In this geometry, in addition to the splay
mode, the twist mode also contributes; however, when the
splay and twist modes have comparable amplitudes, as is the
case in the N phase, the scattered intensity of the twist mode
is due to the geometric factors [37] much smaller (typically a
few percent of the splay mode intensity), and can be neglected.
In the Ng phase in this geometry, the scattered intensity was
very low, and the measured relaxation rates corresponded
to the twist mode. No other mode was distinguishable. In
the absence of ions, the splay mode [Eq. (F8)] is, due to
the electrostatic contribution alone, more than 4 orders of
magnitude faster than the twist mode [Eq. (F12)], and its
average square amplitude [Eq. (F9)] is more than 4 orders of
magnitude smaller than that of the twist [Eq. (F13)]. In the
sample F7i used in the measurements, the ion concentration
was about 8 x 10?*/m?, and if we assume maximal screening
[Eq. (F10)], this amount of ions should be sufficient to sup-
press the electrostatic effects. However, the ions are too slow
to efficiently screen the field. The ion diffusion constant is
typically smaller than that calculated from the Stokes-Einstein
equation [35], D < kgT /(67 nR;) ~ 4 x 1072 m?/s (here
the ion radius of gyration R, ~ 0.5 nm and shear viscosity
n ~ 0.1 Pas were taken), and is much smaller than K, /5, 2
1079 m?/s (assuming K; > 10 pN and n; ~ 0.1 Pas). Fur-
thermore, Pj/(¢180) > Kiq% and Pj/(meigy) > D(g? +
k?), and consequently, the second and third terms under the
square root in Eq. (F11) are much smaller than 1, so the

relaxation rate of the director splay mode 1/t = ﬂifim ~
50 MHz is practically the same as in the ion-free case
[Eq. (F8)], while 1/t & D(qi +x? /2) is the relaxation rate
of the ion fluctuation mode coupled to it. In addition to the
coupled mode, the ions also exhibit an uncoupled fluctuating
mode with 1/7, = Dg?, in which the positive and negative
ion concentrations fluctuate in phase. In DLS and DDM ex-
periments, only director modes can be observed but, because
in the Ng phase the splay fluctuation modes are too fast and
have very small amplitudes, they are not observed. In BDS
experiments, we expect both modes in Eq. (F11) should be
observed in the limit g = O: the first one is the splay mode
mngL discussed in the main text, which is a reorientational
(Goldstone) mode, while the second one is the ion mode
coupled to the splay mode. However, the finite sample thick-
ness and surface properties modify the electrostatics of the
system in this limit and, consequently, the relaxation rates
measured in BDS [31]. Moreover, since the sample used for
the dielectric measurements was not ion doped, « is expected
to be small.
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