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Antiferroelectric Order in Nematic Liquids: Flexoelectricity

Versus Electrostatics
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Richard J. Mandle, Nerea Sebastidn, and Alenka Mertelj*

The recent discovery of ferroelectric nematic liquid crystalline phases marks

a major breakthrough in soft matter research. An intermediate phase, often
observed between the nonpolar and the ferroelectric nematic phase, shows a
distinct antiferroelectric response to electric fields. However, its structure and
formation mechanisms remain debated, with flexoelectric and electrostatics
effects proposed as competing mechanisms. By controlling the magnitude

of electrostatic forces through ion addition in two representative ferroelectric
nematic materials, it is shown that the primary mechanism for the emergence
of antiferroelectric order is the flexoelectric coupling between electric
polarization and splay deformation of the nematic director. The addition of ions
significantly expands the temperature range over which the antiferroelectric
phase is observed, with this range increasing with increasing ion concentration.
Polarizing optical microscopy studies and second harmonic generation

(SHG) microscopy reveal the splayed structure modulated in 2D, while SHG
interferometry confirms its antiferroelectric character. The model previously
used to describe pretransitional behavior is extended by incorporating the
electrostatic contribution of ions. The model shows qualitative agreement with
the experiments, accurately reproducing the phase diagram and temperature-

1. Introduction

The discovery of ferroelectric nematic lig-
uids in 2017173 was followed by numer-
ous studies(* of their properties and the dis-
covery of other new phases in these ma-
terials such as helielectric,>”) polar twist
bend nematic phases,®®! and a variety of
new ferroelectric smectic phases.[>'®] Be-
sides being interesting from the fundamen-
tal point of view they are very promis-
ing as switchable ferroelectric materials,
e.g., in nonlinear optics and as sources of
quantum light.l'”] Both materials reported
in 2017, RM73412] and DIO,!! in addi-
tion to the usual nematic and ferroelec-
tric nematic phases, also exhibit an anti-
ferroelectric nematic phase, which appears
in between both phases. In DIO, this in-
termediate phase, which can be polarized
by an external electric field, has been rec-
ognized as an individual phase from the

dependent evolution of the modulation period of the observed structure.
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beginning.[!! In contrast, in RM734 its ex-
istence was inferred from polarized opti-
cal microscopy (POM) observations(*1819]
but was only lately confirmed also by precision calorimetry!*!
in a short temperature range. The appearance of the intermedi-
ate phase between the nematic and ferroelectric nematic phases
seems to be a common feature of many materials.['221-2%]

A characteristic double-peak response of the current to an ex-
ternal triangular voltage suggests that the intermediate phase is
antiferroelectric.[2?’] However, the structure of the phase and the
driving mechanism for its appearance are still under debate, as
reflected by the range of nomenclatures found in the literature
to refer to it, i.e., M,, N,, Ng, and SmZ,.[* In solids, the transi-
tion to the antiferroelectric phase is a structural transition during
which two sublattices having antiparallel polarization form.[?#!
The phase is nonpolar and is distinguished from other nonpolar
phases by exhibiting a double hysteresis.[?#2?] While the driving
forces for the appearance of the ferroelectric order in solids are
well understood,*"! the reason why some materials also exhibit
an antiferroelectric phase is less clear. The flexoelectric coupling
has been shown to be a mechanism driving the transition from
the precursor paraelectric to the antiferroelectric phase in some
cases, 2831 however, whether the role of flexoelectricity is univer-
sal for all solid antiferroelectrics is not clear.[®]

In a nematic liquid in contrast to a crystal, there is no under-
lying periodic structure so the mechanisms leading to the polar,
i.e., ferroelectric and antiferroelectric order are different than in
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Figure 1. a) Molecular structure of RM734. b) Chemical structure of the ionic liquid [BMIM][PF¢] (Sigma—Aldrich). c) Phase diagram of the RM734
+ [BMIM][PF¢] mixture, for [BMIM][PFg] wt.% (mixtures with 0, 0.0005, 0.005, 0.05 and 0.5 wt.% are considered). d) Schematic representation of the
different phases of the mixtures; nematic (N), splay nematic (Ng), and ferroelectric nematic (Ng).

solids. The studies of the pretransitional behavior at the transi-
tion from the paraelectric to the antiferroelectric nematic phase
in RM734[1819] demonstrated that flexoelectric coupling plays a
major role. Upon cooling toward the transition, simultaneously
strong softening of splay orientational elastic constant and diver-
gent behavior of electric susceptibility is observed that shows that
the transition is a ferroelectric-ferroelastic phase transition.[!]
This behavior can be well explained by the model in which
polarization and splay deformation are coupled via flexoelectric
coupling.['#19321 This model predicts the decrease of the effective
splay elastic constant with increasing electric susceptibility, and
when the elastic constant reaches zero, the uniform nematic
phase becomes unstable toward splay deformation. Because it
is not possible to fill the space with uniform splay, the structure
can become periodic either in 1D[*®! or 2Dl with simulta-
neously alternating splay deformation and the sign of electric
polarization.

Although the flexoelectric model captures the physics of the
pretransitional behavior well in RM734, an alternative explana-
tion has been offered for the material DIO.I*”] From the small
angle X-ray scattering (SAXS) measurement that showed a weak
peak corresponding to a distance of 8.8 nm, the resonant X-ray
scattering, which is sensitive to variations in the orientation of
the molecules, that showed a peak corresponding to twice the dis-
tance obtained by SAXS, and the POM observation of zig-zag de-
fects, the authors concluded that the phase is an antiferroelectric
smectic phase with the modulation perpendicular to the director
and named it SmZ,. In the model used to describe the phase,
the flexoelectric coupling is neglected with the argument that the
depolarization field, that arises due to the splay deformation, sup-
presses the splay, and the driving mechanism for the formation
of the SmZ, phase are electrostatic forces. The studies of the
mixtures of RM734 and DIO, however, showed that the temper-
ature region of the intermediate phase grows continuously with
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increasing DIO concentration suggesting that in both materials
the intermediate phase is the same.[3*34]

By precisely tuning the local electric field, we can explore
such competition between flexoelectric coupling and electrostat-
ics. Here, we demonstrate that the flexoelectric coupling is the
primary driving mechanism behind the emergence of the anti-
ferroelectric nematic phase. This is achieved by controllably ad-
justing the concentration of free ions in ferroelectric nematic ma-
terials, and with it reducing the local electric field. For this, the
paradigmatic ferroelectric nematic materials RM734 (Figure 1a)
and FNLC-1571 (Merck Electronics KGaA) were mixed with a
small amount (from 0.0005 to 5 wt.%) of ionic liquid [BMIM][PF]
(Sigma-Aldrich) (Figure 1b), to achieve ion number densities
py ranging from 10? to 10% ions m~>. We show that increas-
ing the ion concentration promotes the antiferroelectric phase,
extending its temperature range and revealing an SHG-active
2D-modulated antiferroelectric splayed structure, to which here-
inafter we will refer to as Ng phase.

2. Results

2.1. Ng Phase in Mixtures of RM734 and lonic Liquid

The material RM734 exhibits a transition from the nematic (N)
to the antiferroelectric nematic phase (Ng), which has a tempera-
ture range of ~1 K, followed by the transition to the ferroelectric
nematic (Nj) phase.*?° During cooling, when approaching the
transition from N to N phase, the splay fluctuations exhibit
critical behavior, i.e., their amplitude strongly increases while
their relaxation rate strongly decreases. This is accompanied by
the growth of the polar order.[') At the phase transition to the N,
phase, the splay fluctuations freeze, which in POM is seen as the
absence of strong flickering observed in the precursor nematic
phase. Just before the transition to the N phase, a stripy pattern
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Figure 2. Polarizing optical microscopy images of the different regimes observed in the NS phase of RM734 + 0.5 wt.% [BMIM][PFg] in a 5 um thick
cell with parallel rubbing during cooling and under a small temperature gradient. a) POM image in the first regime. b) Texture in the second regime,
which is characterized by the appearance of defects and birefringence jumps. c) Texture in the second regime as observed with monochromatic light
(4 =546 nm) d,e) Microphotografs in the third regime showing distinct modulated texture with increased modulation period on cooling. f) Photograph
of the LC cell displaying Bragg scattering in the temperature range of the 3rd regime. g) Enlarged region from (d). Double-headed arrows indicate the
direction of the crossed polarizers. The yellow line indicates the LC cell’s rubbing direction. The gradient-colored arrow indicates the direction of the
temperature gradient, with the blue color (arrowhead) indicating the lower temperature end.

is observed.[*!8] In the N; phase, fluctuations again become
stronger that in POM look like flickering, similar to that observed
in the N phase away from the phase transition temperature. In
the mixtures of RM734 and ionic liquid [BMIM][PF], the temper-
ature range of the N, becomes wider (Figure 1c). This widening
becomes already visible in POM at [BMIM][PF,] concentrations
of ~0.005 wt.% (which corresponds to py ~ 10%® ions m—). At
higher concentrations (~0.5 wt.%), the N to N, phase lowers
2-3 K and the temperature width of the antiferroelectric phase
becomes of the order of 15 K (Figure 1c; Figure S1, Supporting
Information). The width is very sensitive to the amount of added
ionic liquid and variations are observed, however, the described
features are the same for all cases. All samples become visible
in SHG-M at the N-Nj phase transition (Figure S2, Supporting
Information). The average intensity of SHG microscopy (SHG-
M) images increases during the transition, then it decreases
and almost disappears. It becomes strong again right before the
N,—N;, transition (Figure S2, Supporting Information).

We focus here on the mixture with 0.5 wt.% of [BMIM][PF]
(pn ~ 10% ions m~3). In this system, the POM observations of the
intermediate antiferroelectric nematic phase can be divided into
three temperature regimes. Distinction between the regimes be-
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comes even more evident in a slight temperature gradient in the
confining LC cell (<0.25 K mm™, see Experimental Section). In
the temperature region of ~9 K just below the N-N, phase tran-
sition, the POM images of the sample strongly resemble those
observed in the antiferroelectric modulated phase (Figure 2a) as
for example in DIO or FNLC-1571.*I The second regime is distin-
guished by the appearance of more defects, and by several jumps
in the effective birefringence An,g, which abruptly decreases for
~0.05. After a jump An,; continuously increases, then it again
abruptly decreases, and so on (Figure 2b,c). In 5 pm thick cells
with parallel rubbing, 13-15 such jumps are observed in the tem-
perature range of ~5 K. Last, in the third regime, a periodic pat-
tern becomes visible with stripes along the rubbing direction
(Figures 2d,g and 3). This pattern causes Bragg scattering that
is observed by the naked eye (Figure 2f). In 5 um thick cells, the
stripes are observed in a temperature range of ~0.5 K, in which
three regions can be distinguished (Figure 3a,b). Within each
region, the modulation period increases with cooling and then
abruptly reduces at the beginning of the next region (Figure 3c).
These abrupt jumps in the structure correspond to the chain-
ing of defects. Finally, the periodic pattern smoothly fades and
the sample appears uniform. Upon further cooling, two defect
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Figure 3. Comparison of periodic textures observed for RM734 + 0.5 wt.% [BMIM][PF¢] in 5 and 10 um thick cells with parallel rubbing under a small
temperature gradient (0.25 K mm~"). a) Overview POM image for d = 5 um. b) Zoom-in images from the highlighted areas in (a) as observed under
crossed polarizers (top row) and with a 4 plate inserted at 45 degrees (bottom row). c) Modulation period (full symbols) along the elongated light-blue
area highlighted in (a). Empty symbols correspond to 2 times the modulation obtained under crossed polarizers. d) Overview POM image for d = 10 um.
f) Zoom-in images from the highlighted areas in (d) as observed under crossed polarizers (top row) and with a 4 plate inserted at 45 degrees (bottom
row). The gradient-colored arrows indicates the direction of the temperature gradient, with the blue color (arrowhead) indicating the lower temperature

end.

lines materialize separating this homogenous region from an-
other homogeneous region. In cells with parallel rubbing, both
homogeneous regions show good extinction between crossed po-
larizers, but exhibit different colors when the sample is rotated
(Figure 2d,e), which indicates different effective birefringence.
This can be explained by the partial out-of-plane orientation of
n due to the splayed structure (Figure S3b, Supporting Informa-
tion). The two defect lines dividing the homogenous regions are
preferably located together (Figure 2d). If they are separated, for
example, due to the surface imperfections, a region of twisted
structure emerges between them (Figure S3a, Supporting Infor-
mation).

Similar characteristics can be observed upon heating from the
second (i.e., the low temperature) homogeneous structure. First,
the stripes nucleate and grow from imperfections. Additionally,
regions with 2D modulated structures have also been observed
(Figure S4, Supporting Information). On further heating, the
stripes become thinner and many defects appear. Eventually, the
structure becomes smoother, however, less homogenous than
that observed during cooling in the first regime.

To explore how the thickness of the LC cell affects the observed
periodic structures in the third temperature regime we compared
5 and 10 um thick cells with parallel rubbing (Figure 3). While
the maximal value of the modulation period observed in 5 ym
cells is &5 pm, in the 10 um cell, the maximal modulation pe-
riod is ~#10 um. Moreover, instead of the 3 distinctive regions ob-
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served for 5 um cells, in the thicker case, there are 5 clearly dis-
cernable regions where stripes are visible (Figure S5, Supporting
Information). The analysis of POM images between crossed po-
larizers, both with and without additional A plate, evidence that
the modulation period is twice that observed in the extinction po-
sition. From the inspection of the optical behavior under differ-
ent conditions (i.e., sample rotation or slight uncrossed analyzer,
Figure S6, Supporting Information) the structure can be inferred.
Within each period there are stripes with opposite twist deforma-
tion along the thickness of the cell. That is, at the surface, the
orientation is uniform as prescribed by the rubbing, away from
the surface it exhibits in-plane splay modulation (Figure 1d) that
results in two regions with opposite twist deformation. On cool-
ing, the increase of the modulation period causes the appearance
of edge dislocations (Figure 3b—f, for example in region I), which
are present in all regions where stripes are visible.

In RM734, the SHG signal is the strongest when the incoming
laser beam is polarized along n (Methods).3°] The dependence of
SHG-M intensity on the pump laser polarization in the periodic
structure in the 10 um thick cell shows that the angle of incoming
polarization at which the SHG intensity is the strongest ® varies
periodically from ~—20 deg to 20 deg (Figure 4b,c). As in the di-
rection perpendicular to the layer the splay angle varies and the
structure is inhomogeneous on the scale of a few microns the
diffraction of the pump laser and SHG beam generated in the
sample are different, which makes the interpretation of the SHG
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Figure 4. Second Harmonic Generation microscopy (SHG-M) for RM734 + 0.5 wt.% [BMIM][PF¢] in 10 um cell with parallel rubbing in the last periodic
structure (1). a) SHG-M microphotrograph for incoming pump polarization along the lines as indicated by the red bar. b) Analysis of the maximum
SHG intensity as a function of the direction of the incoming pump polarization showing the angle at which maximum intensity is observed (0 degrees
correspond to horizontal direction). c) Zoom-in image of the highlighted area in (a&b) comparing SHG microphotograph, angle for maximum intensity
analysis, and POM image. Green lines show the average direction of n as deduced from laser polarization giving the strongest SHG intensity.

images more difficult. This is the reason why the angle @, while
giving the information on the average orientation of n and the
order of magnitude of the splay amplitude 6, cannot be used to
determine the exact value of . However, the SHG-M confirms
the POM observations, according to which the director exhibits a
modulated splayed structure.

The addition of 5 wt.% of [BMIM][PF] causes the decrease of
the N-N transition temperature for ~22 K in comparison to pure
RM?734 (Figure S7, Supporting Information). About 26 K below
the phase transition temperature, the material under POM ap-
pears to have a grainy texture, which becomes more pronounced
with further cooling, and at ~35 K below N-Njy transition the
sample exhibits transition to a phase that is optically isotropic.
The sample becomes weakly visible in SHG-M at the N-Ng
phase transition and remains so until a grainy structure appears.
There the intensity of the M-SHG images becomes stronger, ex-
hibits a peak, then with further cooling decreases, and when
the material enters the optically isotropic phase, it completely
disappears (Figure S7, Supporting Information). This optically
isotropic phase has been studied in ref. [36].

2.2. Ng Phase at Room Temperature in FNLC-1571 Mixture with
lonic Liquid

To investigate the effect of ion addition in materials with a
wider antiferroelectric nematic phase, we focused on the mix-
ture FNLC-1571 (Merck Electronics KGaA), which exhibits the
N phase in a temperature region of ~14 K37l In POM, the
transition from antiferroelectric Ng to Ny phase happens by the
appearance of a striped texture, which in the material without
added ions, quickly smoothens. The addition of 0.6 wt.% of
[BMIM][PF] broadens the temperature range over which the
antiferroelectric phase is observed, stabilizing the striped texture
at room temperature with a well-defined periodicity of ~3 um
(Figure 5b), which results in strong Bragg scattering (Figure 5h).
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This observation proves that Ng phase is thermodynamically
stable and not merely the result of thermal gradients during
the transition. In the 10 um thick cell with parallel rubbing
(Figure 5f,g), the structure is similar to that in the 5 um thick
cell (Figure 5a—e) and has a similar modulation period. Besides
regions with the stripes oriented along rubbing, there are regions
where the stripes’ direction changes along the thickness of the
cell showing that indeed the structure consists of stripes and
not layers (Figure 5g). To assess the influence of the surface
anchoring on the periodic structure we compared the cell with
parallel rubbing with a cell coated with hydrophilic molecules,
i.e.,, nonafluorohexyltriethoxysilane (Figure S8, Supporting
Information). In this case, randomly oriented regions with
modulated structure were observed in all parts of the sample. At
the edge, a region ~60 um wide developed with better-oriented
stripes (Figure S8, Supporting Information). In the cells with
ITO electrodes on both sides and without any additional layer, we
observed regions with nicely oriented modulated structure sep-
arated by a chain of defects (Figure 6a). Remarkably, outside the
cell’s ITO area, the modulated structure forms a nematic-like su-
perstructure with a rich variety of topological defects (Figure 6b;
Figure S9, Supporting Information). Some of them resemble
those typically observed in the Schlieren texture with topological
charges +1/2, +1, however, there are also defects with a topolog-
ical charge of 3/2 (Figure 6b). It appears that the superstructure
can easily adapt by bending and splaying. Heating to the nematic
phase results in the relaxation of most of the defects, on cooling
they appear again with similar but not entirely equal structures
indicating partial surface memory (Figure S10, Supporting
Information). In the N phase, the defects in the Schlieren texture
are typically stabilized by surface irregularities. The differences
in the observed structures suggest that, in the ITO areas, there
are fewer surface irregularities or that these irregularities have
less impact compared to the regions outside the ITO areas. Fur-
thermore, the two areas also differ in their electrostatic boundary
conditions.
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Figure 5. Modulated structure observed for FNLC-1571 + 0.6 wt.% [BMIM][PFg]. a—e) Textures in 5 um parallel rubbed cells. b—e) Zoom-in images from
the highlighted areas in (a). f,g) Textures observed in 10 um parallel rubbed cells. h) Photograph of FNLC-1571 + 0.6 wt.% [BMIM][PF] filled into a 5 um

parallel rubbed cells at room temperature showing strong Bragg scattering.

Both, the pure material and that with 0.6 wt.% of [BMIM][PF,]
become visible in M-SHG when a stripy texture appears and
remain SHG active when the sample is cooled to room tem-
perature. In the sample with 0.6 wt.% of [BMIM]|[PF,] in the
5 um thick cell, the stripes corresponding to the modulated struc-
ture observed in POM are well distinguished. The SHG-I mi-
croscopy was used to probe whether the polar order in neigh-
boring stripes is different. As in the case of RM734, the polar
orientation changes sign within the cell thickness. The inhomo-
geneous structure on the scale of a few microns causes different
diffraction of the pump laser, SHG reference beam, and sample
SHG beam. Consequently, the interference between the refer-
ence and sample SHG is suppressed and difficult to interpret.
In some parts, the interference signal is strong enough, showing
that within one modulation period, there are two regions with
opposite phases (Figure 7) and thus proving the antiferroelectric
character of the structure.

3. Discussion

Experimentally, a strong influence of flexoelectric coupling on
the pretransitional behavior has been observed in the paraelec-
tric nematic phasel'31°! and exploited in the ferroelectric nematic
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phase.%] The flexoelectric effect is a consequence of the molec-
ular shape.®] In the apolar nematic phase, the molecules are on
average oriented along the director n, with no distinction between
n and -n. Molecules usually lack head—tail symmetry, i.e., they
are of a wedge or a pear shape, so when there is a splay deforma-
tion from the packing point of view it’s energetically favorable
that more molecules are oriented in one direction (Figure 8a).
If additionally, they have a nonzero component of a dipole mo-
ment along the long axis, such a splayed structure will have elec-
tric polarization (Figure 8a). In the polar nematic phase, most
molecules are already oriented in the same direction, so from
the entropic point of view spontaneous splayed structure is ener-
getically favorable (Figure 8a). Since a homogeneous splay defor-
mation cannot fill the space, possible solutions for the resulting
structures are modulated antiferroelectric splay structures peri-
odic in either 1D or 2D (Figure 8b,c).[1832]

As was recognized already by Frank,*! if the polarization is
parallel to the average orientation of the molecules, spontaneous
splay, characterized by a nonzero value of V - n, results in diver-
gence of the polarization, which is a source of the depolarization
field. This depolarization field forces the polarization to unsplay.
Consequently, the polar nematic phase is intrinsically frustrated
—from the packing, i.e., entropic point of view, spontaneous splay
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Figure 6. Polarizing optical microscopy textures observed for FNLC-1571 + 0.6 wt.% of [BMIM][PF¢] in a 10 um LC cell without aligning layers at room
temperature. a) Textures observed in the cell region with ITO electrode. b) Details of the superstructure formed in the region outside the electrodes
show a rich variety of topological defects. Areas in b correspond to highlighted regions in Figure S9 (Supporting Information). Images are taken between

crossed polarizers, in the vertical /horizontal direction.

is favorable, while the electrostatics disfavor splay deformation.
So, when the amplitude of the polarization is small, the tendency
to splay prevails and the phase is splayed and antiferroelectric.
With increasing polar order, the electrostatic forces start to prevail
over the tendency to splay, and when there is no splay deforma-
tion left there is no reason for the system to exhibit modulated
antiferroelectric structure, so it undergoes the transition to the
ferroelectric nematic phase. By adding free ions to the system,
the depolarization field is partially screened and the tendency
to spontaneous splay should become more pronounced, which
should result in enhanced stability of the antiferroelectric splayed
phase. And this is indeed what happens in the systems studied
in this paper. The addition of ionic liquid causes the widening
of the antiferroelectric Ng phase in RM734 and FNLC-1571. In
both cases, the modulation period increases upon cooling up to
a value of several micrometers, becoming visible optically. When
it reaches the thickness of the LC cell it continuously transforms
into a homogenous structure. In both materials, the POM obser-
vations suggest that the structure has 2D splay modulation that
supports the idea that the flexoelectric coupling is the mechanism
leading to the formation of the antiferroelectric nematic phase.
The single and double splay antiferroelectric nematic phases
(Figure 8b,c) are characterized by the modulation period A and
the amplitude of the splay modulation 6 defined as the maximal
angle for which the director n deviates from the orientation of
the stripes, and the splay curvature 1/R (Figure 8d). In RM734
with 0.5 wt.% [BMIM][PF,] the observed jumps in birefringence
can be attributed to the steps in the number of modulation peri-
ods that fit within the thickness of the cell — an effect similar to
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Grandjean-Cano steps in cholesteric liquid crystal in a wedge cell.
A possible explanation is that the splay curvature decreases with
decreasing temperature in either a 1D or 2D splay nematic phase
(Figure 8f,g). If the ideal splay curvature decreases, the modu-
lated structure can adapt in two ways, either i) the modulation pe-
riod A increases or ii) the amplitude of the splay deformation de-
creases (Figure 8d). The first scenario is energetically more favor-
able because the volume with ideal splay curvature increases and,
simultaneously, there is a smaller number of energetically unfa-
vorable regions in which the polarization changes sign. However,
when confined in a layer with the thickness d and prescribed an-
choring, the boundary conditions cause A to have discrete values
~d/N, where N is a positive Integer. So instead of a continuous
growth, the modulation period exhibits jumps. In between the
jumps, the modulation amplitude decreases to accommodate the
smaller splay curvature and with it the effective birefringence in-
creases (Figure 8d). If polar boundary conditions are considered,
one jump in birefringence would correspond to a change of A
from d/N to d/(N — 1). That is, in a 5 um cell, A would increase
from the initial ~d/N, at the temperature when the first jump
occurs to d/3 at the temperature where the in-plane modulation
becomes visible. For the observed upper limit of 15 jumps, this

gives an estimate for the initial A of » (15—’13) ~ 280 nm before the

birefringence steps are observed. Alternatively, if no polar orien-
tational anchoring is considered for the Ng phase in the surface of
the rubbed cells, one jump could correspond to a change of A/2,
i.e., from 2d/N to 2d/(N — 1), in which case the initial modula-
tion period would be ~550 nm. The modulation period in both
cases is large enough to give a weak SHG signal. As observed by
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Figure 7. SHG interferometry microscopy of FNLC-1571+ 0.6 wt.% of [BMIM][PF¢] in a 5 um parallel rubbed cell at room temperature. a) SHG-l image of
the periodic structure observed at room temperature as shown in Figure 5a. Red and green bars indicate the polarization of the incoming IR and reference
beam respectively. b) Map across the studied area of the SHG signal phase with respect to the reference SHG beam (see Experimental Section). The
phase is color-coded as shown by the color wheel from 0 to 2z. In the regions shown in white, the signal was too low to be determined reliably. The
panel includes the enlarged area marked by the black rectangle. c) Examples of SHG interferograms obtained for the regions highlighted by the black
rectangle. d) The SHG signal phase across the profile marked by the black line in (b).
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Figure 8. a) Schematic representation of flexoelectric effect in nematic liquid crystals. b,c) Schematic representation of 1D and 2D splay nematic phase.
d) Schematics of periodic splayed structure characterized by the splay amplitude 6 and modulation period A. The decrease of the splay curvature from
1/R; to 1/R, can be accommodated by either a decrease of # (middle row) or an increase of A (bottom row). e) Schematics of an edge dislocation
arising due to a decrease of the splay curvature in a layer, corresponding to the change in one period. Such edge dislocation can be detected in POM
as a jump in effective birefringence (bottom graph, calculated considering ny = 1.52, An = 0.22, and an out-op-plane maximum splay angle varying
between 40 deg and 10 deg, jumping back to 40 degrees at the edge dislocation to start decreasing again. f,g) Schematics of two possible orientations
of 2D splay modulated structure confined to a layer, with the structure adapting to the prescribed alignment at the surfaces.
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POM, the system adapts to an increase of the in-plane modula-
tion period by the edge dislocations, so, likely, the lines of defects
at the jumps are also edge dislocations (Figure 8e), in which case
a jump would correspond to the change of one period, i.e., from
d/Nto d/(N —1).

The visible in-plane splay modulation together with the ob-
served jumps, which indicate splay modulation in the out-
of-plane direction, demonstrate that the structure is periodic
in 2D, i.e., consisting of a periodic double splay deformation
(Figure 8f,g). The question is whether the antiferroelectric phase
in the whole temperature range exhibits 2D periodicity. Insight
into this question can be found in the second temperature
regime, where jumps in birefringence are observed but in-plane
modulation is not visible (Figure 2b,c). The observed structure is
full of defects, which is not expected if it would have a 1D out-of-
plane modulation. Therefore, it is highly likely that the structure
in this region is also 2D modulated with a period too small to be
optically visible.

In the first temperature regime just below the N-N; transition,
the POM texture of the pure materials and their mixtures with
the ionic liquid look very similar. Whether the structure in this re-
gion and in the pure materials also exhibits 2D and not 1D mod-
ulation as proposed for some cases!?>%’] cannot be ascertained at
this stage. The model®! predicts that the splay nematic phase
with 1D modulation is energetically more favorable than the 2D
modulated phase only in a narrow temperature range for certain
values of the material parameters and that the transition between
the 1D to the 2D structure is of the first order. From the cooling
experiments under POM, there is no indication that there is a
first-order phase transition present. The answer to this question
also relates to whether the 2D structure can produce similar ex-
perimental features as the 1D structure. The nonresonant and
resonant SAXS are the only techniques employed so far that un-
doubtedly show periodic structure.[?*?’] The origin of the SAXS
is the modulation of the electron density, which is proportional
to the material density. It has been shown that the ferroelectric
ordering increases the density of the material,*”#) which means
that a modulation in the magnitude of the polarization will result
in a modulation in electron density. The measured SAXS inten-
sity is proportional to the square of the Fourier transform of the
density (|Aj(g)|*). In Figure S11 (Supporting Information), this
quantity is calculated for a 1D and a 2D modulated splay struc-
ture assuming the variation of the density is proportional to the
square of the polarization magnitude P2. In both cases, the first
peak appears at gA = 4z. In the case of 1D modulation, the sec-
ond peak is located at gA = 8z, while for a square 2D modu-
lated phase besides the second order peak at gA = 8z, corre-
sponding to Miller indices (20) and (02), also a weak peak (11)

atgA = 47:\/5 is expected (Figure S11, Supporting Information).
In the reported SAXS experiment in the material DIO, only one
weak scattering peak was observed and that does not exclude the
possibility of the 2D structure.

Finally, to assess the influence of the depolarization field and
ions on the splay nematic phase structure, we used a simple
1D model. Similar to what was done in the description of the
patterned structures in the Ny phase,®! the electrostatic terms
were added to the free energy density used for the description
of the pretransitional behavior at the N-Ng transition.'®1%) In
this model, the following assumptions are made: i) S is constant,
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so the nematic order can be described only by n; ii) P = P, +
€,(e — I)E, where P, = P(x)n; iii) n lays in the xz plane n =
(n,(x),0,1/1 — n (x)?), and iv) the dielectric tensor is isotropic,
€ = el The relevant terms in the free energy can then be writ-
ten:

F=/<%K1(nv-n—so)2+%K3|nx(VXn)|2+%B(P2—P(2))2
L (vpy + L V.-P av 1
+§ » )+§(Pf— : )¢ (1)

here, K; (i = 1,3) are the splay and bend elastic constants, and
y the flexoelectric coefficient. The flexoelectric term — y(n - P)V
- n is included in the first term, where S, = yP/K, is the ideal
splay curvature, which would minimize the splay elastic energy.
The sign of S, determines the preferred direction of P when
splay deformation is present in the system. The ideal splay cur-
vature that would minimize the splay elastic energy, is S, =n -
S, =y P/K;. The first term is larger than the sum of the splay
elastic and flexoelectric terms by %K1|so|2, which is subtracted
in the third term. The latter combines the Landau quadratic
and quartic terms %AP2 + iBP“ , with A and B being the corre-

sponding coefficients and P} = (L—Z — A)/B. The fourth term is

the first term allowed by symmetry in VP, and the last term is
the electrostatic term with the charge density of free ions p, =
pt — p~, bound charge density p, = — V - P, and ¢ the elec-
trostatic potential. Assuming that the free charge density follows
the Boltzmann distribution p* = + p Exp(¥e®/(k;T)), and that
positive and negative ions carry a charge e = + Ze,, (where ¢, is
the elementary charge, Z positive integer, and the charge den-
sity p, is the same for positive and negative free ions), then p;
=—2p,sinh(e/(k;T)). If |eg/ (k)| < 1, then py = —2;:‘;0 ¢, and ¢
can be calculated using the linearized Poisson—Boltzmann equa-

tion V2 =«2 ¢ + év - P, where ;! is the Debye screening
0

—Esz. We further assumed that the modulated
0

splay structure consists of domains with a constant magnitude of
polarization P, and a constant splay deformation, i.e., constant
splay curvature S = s; S,, with neighboring domains having op-
posite signs of polarization. The domains are separated by Ising
domain walls with thickness d,,, in which polarization magnitude
linearly changes from +P,,,, to —P,,,, or vice versa, and n, (x) =
+(n, — k(x — x,,.)?), where x,, is the position of the domain cen-

length «7! =

ter, n,, the splay amplitude and the coefficient k depends on A,
d,,, and s, (Figure 9a). It is also assumed that the sample is much
larger than the Debye length so that the surface of the sample
doesn’t affect the structure in the bulk.

For such a structure, the electrostatic potential can be analyti-
cally calculated (Note S1, Supporting Information). The free en-
ergy Equation (1) is then a function of A, s;, d, and P,,,.. Typ-
ically, in realistic cases, the 3rd term in Equation (1) is larger
than elastic and flexoelectric terms, and, consequently, P, .. ~ P,.
This term favors small d,,. The first term is minimized for s; =
1, i.e., the splay curvature equals S,. The second, i.e., the bend
elastic term becomes relevant when n,, is approaching 1. So, the
main effect of this term is suppressing the splay amplitude. The
fifth, i.e., the polarization gradient term differs from 0 only in
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Figure 9. a) Polarization and director profile for the 1D modulated splay structure considered in the simple model. b) Representation of the structures
obtained by numerical calculations for 3 different ion densities (1023, 10%4, and 10%° e;m~3) for A, = — 0.009, where blue-red colors indicate the
concentration of negative (blue) and positive (red) ions. Such distribution screens the bound charges, causing the decrease of the electrostatic potential,
and with it the periodicity A and the ratio between the domain wall thickness (d,,) and the periodicity d,,/A with increasing ion concentration. c) Phase
diagram showing the stability of the Ng phase as a function of A, and p,, assessed by comparing the free energy density averaged over a period to the
free energy density of the uniform N phase. d) Calculated dependence ofthe A and d,, on the parameter A,. The Debye length x Tis 26, 8.3,and 2.6 nm

for 1023, 104, and 10%° e;m~3, respectively.

the domain wall, and favors large d,,. The electrostatic terms fa-
vors small s; and large d,,. The constraint for the splay ampli-
tude, n,, < 1, leads to the constrain for the modulation period
A< % + d,,, which shows that a decrease of the splay curvature

may result in an increase of A.

The numerical minimization of the free energy was per-
formed for the following set of parameters: K; = K; = 20 pN,
y=-001V, A= (A—O) ,B=45-10° (Nm°) (As)™, K,=8-
107" Nm* (As)™%, € = 100, and Z = 1 (Note S1, Supporting In-
formation). Here, the parameter A, plays the role of the tem-
perature, and parameter B is chosen so that at A, =1, P, =
0.05 As m~2. In Figure 9b, the structures for 3 different ion den-
sities (10, 10%, and 10% e,m~>) are compared for the value of A,
= — 0.009. The free ions redistribute so that in the domain walls,
there is a larger concentration of negative ions (blue) while in the
domains the positive ones (red) dominate. These charges screen
the bound charges and cause a decrease of the electrostatic po-
tential. Both, A and the ratio d /A decrease with increasing ion
concentration. This is a consequence of the suppression of the
electrostatic term, which favors large d,, and small s,;, with the
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latter also promoting larger A. Figure 9c shows the stability of
the Ng phase as a function of A, and p,,. The stability of the mod-
eled structure for Ng phase was determined by comparing the
free energy density averaged over A to the free energy density of
the uniform structure of N phase. Similar to what is observed in
experiments, the addition of ions significantly increases the sta-
bility of the N phase. In Figure 9d, the dependence of A and d,,
on the parameter A, is shown. For all studied ion densities away
from the N-Ng transition, A increases, while d,, decreases with
the decreasing A, to ~5 Debye lengths x 7!

This behavior of A is in qualitative agreement with the ex-
perimental observations (Figure 3c) and it can be understood as
follows. With decreasing A,, P,,,. grows, and, consequently, the
electrostatic energy increases that as discussed before resultsin a
larger A. The behavior of d,, cannot be compared with the experi-
ments, because the Ising domain walls are not seen by POM, and
due to limited spatial resolution they were also not resolved in
SHG microscopy. The dependence of d,, on A, is a consequence
of the competition between the electrostatic and the 3rd, i.e., the
polarization term in Equation (1) that both increase with P, .
While the electrostatic term favors a larger d,, the polarization
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85UB01 7 SUOLULLOD dAIIE.D) 3[cedldde Uy Aq peusenob e ol VO ‘85N JO 3Nl o Akeiqi 18Ul UO A8]IM LD (SUOHIPUOD-PUE-SWLBIALI0O" A3 | 1M Afe.d ]Bu JUo//Sciy) SUORIPUOD Pue SWLB | 8U 89S *[6202/60/ST] Uo AriqiTauluo A|IM ‘SImnsu| Uejeis Jozor Aq 8T8YT202 SAPe/Z00T OT/I0p/W0d" A8 1M Aeiq 1 puljuo"peouene//Sciy Woiy papeojumod ‘6 ‘520z ‘v8es6Te


http://www.advancedsciencenews.com
http://www.advancedscience.com

ADVANCED
SCIENCE NEWS

ADVANCED
SCIENCE

Open Access,

www.advancedsciencenews.com

term suppresses it, and because the latter increases faster with
P,.. it prevails so that d,, decreases with the decreasing A,.

The influence of ions on the Ng phase has been also studied
theoretically by Paik and Selinger.[*!! In their approach, the ions
were included in the free energy indirectly through the screen-
ing length, and the spatial dependence of n and P were modeled
with sine and cosine waves in 1D. The sinusoidal form is good
close to N-N, transition while at lower temperatures, the pre-
vious numerical calculations!'®32] show that the shape is closer
to our model. In this sense, the approaches presented here and
in ref. [41] are complementary. Both models demonstrate com-
peting roles of electrostatics and flexoelectric terms in the free
energy, the first favoring the uniform N phase while the sec-
ond modulated N, phase. The advantage of the model presented
here is that it predicts the temperature dependence of A that is
in qualitative agreement with the experimental observation while
its drawback is that the free energy minimization does not give
analytical solutions. The model in ref. [41] is solved analytically
and predicts conditions for the N-Ns transition and the behavior
of A close to this phase transition, however, it does not predict
correctly the behavior of A deeper in the N phase because the
sinusoidal form of n and P is not a good approximation there.

4, Conclusion

In conclusion, we have shown that the addition of ionic liquid
enhances the stability of the antiferroelectric nematic phase in
RM734 and mixture FNLC-1571. POM, SHG-M, and SHG-I
experiments reveal a 2D modulated antiferroelectric splayed
structure with modulation periods up to 10 pm, demonstrating
that the flexoelectric coupling is the driving mechanism for
the appearance of the antiferroelectric nematic phase. These
findings support the prediction that the antiferroelectric phase is
indeed a splay nematic phase N.['®32] To distinguish between the
1D and 2D modulated cases, we propose the following notation:
Ny, for 1D and N, for 2D structure, while Ny can be used in
cases where the dimensionality is not resolved. From the present
analysis, the question of whether the 2D splay nematic phase
is more stable than the 1D splay nematic phase in all materials
and/or in the whole temperature range remains open. This issue
is also closely linked to the challenge of resolving the dimen-
sionality at modulation periods that extend beyond visible but
are too large to be detected in SAXS experiments. Additionally,
the observed nematic-like superstructure, with its rich variety
of topological defects formed by the modulated structure, raises
new questions about the topology, geometry, and physics of these
defects.

5. Experimental Section

Materials:  Liquid crystalline materials RM734 and FNLC-1571 (Merck
Electronics KGaA) were mixed with a small amount (from 0.0005 to
5 wt.%) of ionic liquid ([BMIM][PFg], Sigma—Aldrich). The mixtures of
RM734 and [BMIM][PF4] were prepared by mixing RM734 with a solu-
tion of [BMIM][PF¢] in chloroform, followed by solvent evaporation. The
mixture of FNLC-1571 and [BMIM][PF6] was prepared by directly mixing
the liquids and subsequently heating the mixture in the isotropic phase.
The studied concentrations of ionic liquid correspond approximately to
ion number densities py ranging from 1022 to 10%® ions m=3. The mixtures

Adv. Sci. 2025, 12, 2414818 2414818 (11 of 13)

www.advancedscience.com

were filled in LC- cells with 5 and 10 um thicknesses and surface treatments
(EHC planar cells with parallel rubbing — rubbed polyimide promoting in-
plane alignment of the director, ITO electrodes without any surface layer,
hydrophilic coating nonafluorohexyltriethoxysilane (Gelest)). In the cells
with rubbed surfaces, all samples showed good homogeneous alignment
in the nematic phase with the director n parallel to the rubbing direction.
The phase behavior of the mixtures was determined by POM. The phase
transition temperatures as determined on cooling (1 K min~') were the
following: RM734 (N (128.8 + 0.5 °C) Ng (127.8 + 0.5 °C) N¢), RM734 +
0.005 wt.% of [BMIM][PF4] (N (128 = 1°C) N (126.7 + 1°C) N¢), RM734
+ 0.05 wt.% of [BMIM][PFg] (N (127.8 + 1°C) Ng (124.7 + 1°C) Ng),
RM734 + 0.5 wt.% of [BMIM][PF¢] (N (125.7 + 1°C) Ng (111.2+ 3 °C) Nf),
RM734 + 5 wt.% of [BMIM][PFg] (N (105.5 + 1°C) Ng (phase coexistence
66-73 °C) X,); FNLC-1571 + 0.5 wt.% of [BMIM][PFg] (N (58.2 + 1°C)
Ng (<5 °C) Ng) The transition temperatures determined by POM obser-
vations have two sources of error: the first arises from the temperature
gradient in the heating stage (0.5 K), and the second from variations in
[BMIM][PFg] concentration, causing the transition temperatures to differ
between batches (0.5 K for the N-Ng transition and up to 2.5 K for the Ng—
N transition). In RM734, the Ng and N phases were monotropic, and
they remain monotropic in the mixtures as well. No signs of phase sepa-
ration were observed in the samples with [BMIM][PF6] concentrations up
to 0.6 wt.%. The mixture of RM734 with 5 wt.% [BMIM][PF¢] appears ho-
mogeneous in the N phase, in the Ng phase within a temperature range
of 26 K below the N-NS transition, and in the lower-temperature optically
isotropic gel phase. About 26 K below the N-Ng transition, the structure
in this mixture becomes grainy. However, it cannot be determined from
these observations alone whether this was due to a dense network of de-
fects or indicative of phase separation. At the transition between the Ng
phase and the optically isotropic phase, there was a phase coexistence re-
gion of ~7 K, suggesting that this mixture was prone to phase separation
under certain conditions.

Polarizing Optical Microscopy (POM): The materials filled in the LC
cells that were placed in a heating stage were examined by a polarizing
optical microscope (Nikon OptiHot 2 — POL) using SLWD objectives. The
images were taken by Canon EOS M200 camera. The temperature gradient
within the sample in the heating stage at the cooling rate of 0.1 K min~!
was <0.25 K mm~" as was estimated from the motion of the phase front
at the NN transition. The temperature behavior of the samples was typ-
ically studied between crossed polarizers with the sample rotated so that
the rubbing direction was at an angle of ~20 deg with respect to the polar-
izer (or analyzer). At given temperatures, the samples were investigated
between crossed polarizers, with inserted lambda plate, with analyzer un-
crossed for + 20 deg, and the sample rotated for + 20 deg to deduce in-
formation on a particular structure. To estimate the magnitude of the bire-
fringence jumps, a monochromatic filter (546 nm) and a Sénarmont com-
pensator inserted into the optical train of the microscope at a 45-degree
angle were used.

The modulation period of the periodic structure shown in Figure 3c was
determined by performing a 1D Fourier analysis of the red channel of the
image and calculating the period as 27/g,yi,, where g, is the position of
the first peak in the Fourier transform.

Second Harmonic Generation Microscopy (SHG-M) and Interferometry
(SHG-1):  Second Harmonic Generation microscopy (SHG-M) and inter-
ferometry (SHG-I) were performed using a custom-built scanning micro-
scope with a pump Erbium-doped fiber laser (C-Fiber A 780, MenloSys-
tems, 785 nm, 95 fs pulses at a 100 MHz repetition rate). A detailed de-
scription of the setup is available in ref. [35] For the SHG interferometry
(SHG-I), a BBO reference crystal was inserted before the sample followed
by a Michelson interferometer for time compensation between the refer-
ence and the fundamental pulse. The phase of the reference was controlled
by the rotation of a glass plate mounted on a motorized rotator. The SHG-
M and SHG-I images were acquired with objective and recorded with a
high-performance CMOS camera (Grasshopper 3, Teledyne Flir).

In the materials RM734 and FNLC-1571, the d333 process mostly
contributes to the SHG signal.[>*] This means that the SHG signal
was the strongest when laser polarization was parallel to the direc-
tor. This enabled us to estimate the director’s average direction by
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measuring the SHG signal’s dependence on the laser polarization’s
orientation.

In the SHG interferometry setup, the recorded intensity can be ex-
pressed as | = (AgpleSin(kz) + Appremeesin (kz + 6) ))?2 . The phase between
the SHG signal of the sample and that of the reference was varied by in-
serting a glass slide (thickness d) and varying the incidence angle (¢) and
then & can be expressed as:

5:50+L @

71— §n2(¢)

n2

where k= 2zn/2 . To obtain &;, SHG-I experiments (Figure 7) were an-
alyzed as follows. Detected intensities were averaged over small regions
(1x 20 pixels) for each glass plate tilt angle. Then, each interferogram was
then fitted to

2

2znd
2 ) 7
Asamp,e 1+Asin| 6+ ——— (3)
_ sin?(p—g)
n2

where 4 =780/2 nm, the refractive index is fixed to n = 1.516, and the
thickness of the glass slide is taken as d = 1.046 mm. @, was determined
by calibrating the initial angle of the glass plate and fixed for all the data
sets.
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Supporting Information is available from the Wiley Online Library or from
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