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Soliton walls paired by polar surface interactions in
a ferroelectric nematic liquid crystal
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Surface interactions are responsible for many properties of condensed matter, ranging from

crystal faceting to the kinetics of phase transitions. Usually, these interactions are polar along

the normal to the interface and apolar within the interface. Here we demonstrate that polar

in-plane surface interactions of a ferroelectric nematic NF produce polar monodomains in

micron-thin planar cells and stripes of an alternating electric polarization, separated by 180o

domain walls, in thicker slabs. The surface polarity binds together pairs of these walls,

yielding a total polarization rotation by 360o. The polar contribution to the total surface

anchoring strength is on the order of 10%. The domain walls involve splay, bend, and twist of

the polarization. The structure suggests that the splay elastic constant is larger than the bend

modulus. The 360o pairs resemble domain walls in cosmology models with biased vacuums

and ferromagnets in an external magnetic field.
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Domains and domain walls (DWs) separating them are
important concepts in many branches of physics, ranging
from cosmology and high-energy science1 to condensed

matter2–4. When the system cools down from a symmetric
(“isotropic”) state, it might transition into an ordered state divi-
ded into domains. For example, domains in solid ferroic materials
such as ferromagnets and ferroelectrics exhibit aligned magnetic
moments or electric polarization2–4. Within each domain, the
alignment is uniform, following some “easy direction” set by the
crystal structure. These easy directions are nonpolar, thus
opposite orientations of the polar order are of the same energy.
The boundary between two uniform domains is a DW, within
which the polar ordering either gradually disappears or realigns
from one direction to another. By applying a magnetic or electric
field, one can control the domains and DWs, which enables
numerous applications of ferroics, ranging from computer
memory to sensors and actuators2–4.

Recent synthesis and evaluation5–22 of new mesogens with
large molecular dipoles led to a demonstration of a fluid ferro-
electric nematic liquid crystal (NF) with a uniaxial polar ordering
of the molecules13,14. The ferroelectric nature of NF has been
established by polarizing optical microscopy observations of
domains with opposite orientations of the polarization density
vector P and their response to a direct current (dc) electric field
E13,14. The surface orientation of P is set by buffed polymer layers
at glass substrates that sandwich the liquid crystal13,14. This
sensitivity to the field polarity and in-plane surface polarity makes
NF clearly different from its dielectrically anisotropic but apolar
paraelectric nematic counterpart N.

In this work, we demonstrate that the surface polarity of in-
plane molecular interactions produces stable polar monodomains
in micron-thin slabs of NF and polydomains in thicker samples.
The polar contribution to the in-plane surface anchoring potential
is on the order of 10%. The quasiperiodic polydomains feature
paired domain walls (DWs) in which P realigns by 360o. The
reorientation angle is twice as large as the one in 180o DWs of the
Bloch and Néel types that are ubiquitous in solid ferromagnets and
ferroelectrics2,3 and in a paraelectric nematic N23. The polar bias of
the “easy direction” of surface alignment explains the doubled
amplitude of the 360o DWs and shapes them as coupled pairs of
180o static solitons. The width of DWs, on the order of 10 μm, is
much larger than the molecular length scale, which suggests that
the space charge produced by splay of the polarization within the
walls is screened by ions and that the splay modulus K1 in NF is
significantly higher than the bend K3 counterpart. The enhance-
ment of K1 is evidenced by the textures of conic-sections in NF

films with a degenerate in-plane anchoring, in which the prevailing
deformation is bend. Numerical analysis of the DW structure
suggests that K1=K3 > 4 in the NF phase of the studied
DIO material.

Results
We explore a material abbreviated DIO7, synthesized as described
in the Supplementary Figs. 1–7. On cooling from the isotropic (I)
phase, the phase sequence is I�174 °C − N�82 °C −
SmZA�66 °C �NF�34 °C�Crystal, where SmZA is an anti-
ferroelectric smectic with a partial splay24, geometrically remi-
niscent of the splay N model proposed by Mertelj et al.10 The
sandwich-type cells are bounded by two glass plates with layers of
polyimide PI-2555 buffed unidirectionally. The plates are
assembled in a “parallel” fashion, with the two buffing directions
R at the opposite plates being parallel to each other. We use
Cartesian coordinates in which R= (0,�1,0) is along the negative
direction of the y-axis in the xy plane of the sample. The electric
field is applied along the y-axis.

Planar alignment. The N and SmZA phases show a uniform
alignment of the optical axis (director n̂) along the rubbing
direction R, Fig. 1a, b. In the absence of the electric field,
depending on the thickness d of the liquid crystal layer, NF forms
either polydomain structures, when d > 3 μm, Fig. 1c, or polar
monodomains in thin samples, d = 1–2 μm, Fig. 1d. At the
bounding plates, P and n̂ are parallel to the surface, as evidenced
by the measurement of optical retardance Γ ¼ 250 nm at wave-
length λ ¼535 nm of a cell with d ¼ 1:35 μm, which yields the
DIO birefringence Δn ¼ Γ=d = 0.19, close to the values reported
by other groups22,24. Similar values of Δn are obtained in
homogeneous (free of DWs) regions of thicker cells, Supple-
mentary Fig. 8. The monocrystal textures of thin cells and
homogeneous regions of thick cells, Fig. 2a, become extinct when
P and n̂ are parallel to the direction of polarizer or analyzer of a
polarizing optical microscope (POM). These facts demonstrate
planar alignment with little or no “pretilt” and exclude the pos-
sibility of director twist in DW-free regions of both thin and thick
cells. The planar monocrystal structure of cells with parallel
assembly of unidirectionally buffed substrates should be con-
trasted to the textures in cells with antiparallel assembly, in which
P and n̂ twist along the normal z-axis13,14.

The planar alignment avoids a strong surface charge. Even a
small tilt ψ � 5o of P from the xy plane would produce a surface
charge density Pz ~ Pψ ~ 4 × 10−3 C m−2, which is larger than
the typical surface charge (10−4 − 10−5)C m−2 of adsorbed ions
reported for nematics25,26; here P � 4:4 ´ 10�2 Cm�2 is the
polarization of DIO7. Therefore, we expect that the out-of-plane
(zenithal) polar anchoring is much stronger than the in-plane
azimuthal anchoring.

Ferroelectric monodomains in thin NF cells. Thin cells,
d ¼ 1� 2 μm, filled in the N phase at 120 °C, and cooled down
with the rate 2 °C/min, show a monodomain texture, with the
polarization P¼ Pð0; 1; 0Þ antiparallel to R ¼ ð0;�1; 0Þ, Fig. 1d.
A dc electric field E ¼ Eð0; 1; 0Þ directed along P and of an
amplitude E ¼ 1� 10ð Þ kV=m causes no textural changes, while
the opposite field polarity reorients n̂ and P beginning with
E# ¼ �1:0 kV=m, Fig. 1d. As the field increases, the optical
retardance Γ diminishes, Fig. 1d, which indicates that n̂ twists
away from the rubbing direction in the bulk. Above a critical field
Ec ¼ �11 kV=m, the surface anchoring that keeps P antiparallel
to R (P"#R) is broken, and a uniformly aligned state P##R
nucleates and propagates across the cell, swiping away the twisted
state. Once formed, the P##R state is stable for days, even in the
absence of the field. A field E ¼ Eð0; 1; 0Þ that is antiparallel to R
realigns P back to the ground state P"#R, beginning with
E" ¼ 0:6 kV=m, which is noticeably lower than E#

�� ��, Fig. 1e.
Figure 1f schematizes the polarization realignment from the local
anchoring minimum P##R to the global one at P"#R, which is
accompanied by the formation of horizontal left- and right-
twisted 180o DWs of the Bloch type near the plates. Multiple
cycles of switching leave E" and E# intact, which means that the
electric field realigns the polarization P in the liquid crystal bulk
but does not switch the polarity of the rubbing direction R. Note
also that heating the material into I and then cooling it down to
NF restores P antiparallel to R.

Polar character of in-plane anchoring of planar NF cells. The
difference in the electric fields E#

�� �� and E"
�� �� that deviate P from

the states P"#R and P##R, respectively, demonstrates that the
in-plane anchoring in the cells with the parallel assembly of the
buffed plates exhibits two energy minima, one global at φ ¼ 0,
and another local at φ = ±π. Here, φ is the angle that P makes
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with the y-axis. The azimuthal surface anchoring potential that
captures these features is

W φ
� � ¼ WQ

2
sin2φ�WP cosφ� 1

� � ð1Þ

where WQ ≥ 0 and WP ≥ 0 are the apolar (quadrupolar, or
nematic-like) and polar anchoring coefficients, respectively,
Fig. 1g. This form follows the one proposed by Chen et al.14 and
places a global minimum at φ ¼ 0. When WP = 0, the anchoring
is polarity-insensitive, and the minima at φ ¼ 0; ± π are of an
equal depth. As WP increases, the minima at φ ¼ ± π raise to the
level ΔW ¼ 2WP and become local, until disappearing at
WP ≥WQ, Fig. 1g. The energy barrier Wmax = WQ(1 + ω)2/2 at
φ = arccos(−ω) separates the global and local minima; ω ¼
WP=WQ is the relative strength of the in-plane polar anchoring.

The surface anchoring torques27 ∂WðφÞ
∂φ

��
z¼0;d

¼ ðWQsinφcosφþ
WPsinφÞ

��
z¼0;d

resist the realigning action of the field, Fig. 1f. For
a small deviation from the preferred state φ ¼ 0, the torque is
WQ þWP ; for a deviation from the metastable state φ ¼ ± π the
torque is weaker, WQ �WP . These torques compete with the
elastic torque K2=ξE ¼ ffiffiffiffiffiffiffiffiffiffiffi

K2PE
p

caused by the field-induced twist
of P in subsurface regions of a characteristic thickness
ξE ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
K2=PE

p
, where K2 is the twist elastic constant, Fig. 1f.

The difference in the surface torques explains the difference in the

reorienting fields,
WQ þWP

WQ �WP
¼

ffiffiffiffiffiffiffi
E#
E"

��� ���r
� 1:3, which allows one to

determine the relative strength of the polar anchoring,
ω ¼ WP=WQ � 0:13. The measured E" ¼ 0:6 kV=m, E# ¼

�1:0 kV=m, reported7 P ¼ 4:4 ´ 10�2 C=m2, and a reasonable
assumption27 K2 � 5 pN, lead to the estimates ξE � 0:3 μm,
WQ � 1:3 ´ 10�5 J=m2, and WP � 1:7 ´ 10�6 J=m2. The esti-
mated WQ is within the range reported for nematics at rubbed
polyimides28,29.

Note here that in the thin cell under study, the material was
filled in the N phase at 120 °C by a capillary flow along the �R
direction, Fig. 1d. Filling a cell by a flow at 120 °C along R yields
E# ¼ �1:4 kV=m and E" ¼ 1:0 kV=m, which implies a weaker
polar bias: ω � 0:08. This flow effect on the surface anchoring
deserves further study, but to describe the polydomain patterns
in thick cells, we avoid it by filling the cells in at 180 °C and
then rapidly cooling the sample through the N phase with a rate
30 °C/min, followed by slow cooling through SmZA and NF

with the rate 2 °C/min. Thin d=1.1 μm monodomain samples
show E# ¼ �0:4 kV=m, E" ¼ 0:3 kV=m, which yields ω � 0:07.
With the values of P and K2 above, one estimates
WQ � 8:8 ´ 10�6 J=m2, and WP � 0:63 ´ 10�6 J=m2. In what
follows, we discuss the data for cells filled in the isotropic phase
at 180 °C; the domain structures are similar to those in cells filled
at 120 °C.

Ferroelectric domains in thick planar NF cells. Cooling cells of
thickness d ¼ 3� 16 μm from the SmZA phase results in a qua-
siperiodic domain texture of NF, Fig. 1c, with alternating homo-
geneous P"#R and P##R stripes, as established by the response
to the in-plane electric field, Figs. 2 and 3. For example, the cell of
the thickness d ¼ 4:7 μm shows relatively wide (5–150 μm)

E = 0

flow

E = -11 kV/m

200 μm

E = -11 kV/mE = -1 kV/m

Γ (nm)

E = 0.6 kV/mE = 0 E = 0.8 kV/m E = 0.8 kV/m

d

e

f

163℃

N A

P
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55℃

NF
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g
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b

c

Fig. 1 DIO textures in planar cells with parallel assembly. a–c Polarizing optical microscopy of a thick d = 4.7 μm sample and d, e PolScope Microimager
textures of a thin 1.35 μm sample. a, b Uniform N and SmZA textures, respectively. c polydomain NF texture; the polarization P is antiparallel to the rubbing
direction R in the wider domains and is parallel to R in the narrower domains; two 180° DWs enclosing the narrow domain reconnect (circles mark some
reconnection points). d Field-induced realignment of P from the direction −R to R. e Reversed field polarity realigns P back into the ground state P ↑↓ R.
f Scheme of P reorientation in (e); there are two 180o twist DWs of the Bloch type near the plates. g Azimuthal surface anchoring potential for different
ratios of the polar WP and apolar WQ coefficients.
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regions in which P"#R and narrow (1–2 μm) regions in which
P##R, respectively, Figs. 1c, 2 and 3. Once formed, the domains
remain stable for days. Repeating heating-cooling cycles, even
following a crystallization or transition into the isotropic phase,
reproduces the same qualitative NF patterns.

Both narrow and wide domains are extinct when aligned along
the polarizers of POM, Fig. 2a, and show optical retardance
Γ= 900 nm at λ ¼ 535 nm and d ¼ 4:7 μm, which means that
Γ=d coincides with Δn and thus P and n̂ must be in the xy plane
of the cell.

Paired domain walls of W and S types in thick planar NF cells.
Domains of opposite polarization are separated by DWs. Within
each DW, P and n̂ must realign by 180o. The DWs enclosing the
narrow domains always exist and terminate in pairs, Figs. 1c, 2
and 3, so that the reorientation within the DW pair is 360o in the
plane of the sample. To elucidate the structures in a greater detail,
we use thicker cells (d ¼ 6:8 μm), in which the narrow domains
are slightly wider, Supplementary Fig. 9, and perform POM
observations with monochromatic light, using a blue interfero-
metric filter of a central wavelength λ = 488 nm, full width at half
maximum (FWHM) 1 nm, and a red filter (λ = 632.8 nm,
FWHM 1 nm), Fig. 4.

In crossed polarizers aligned parallel and orthogonal to the DWs,
the regions in which P"#R (φ ¼ 0; 2π) and P##R (φ ¼ π) appear
dark in both polychromatic, Fig. 4a, and blue light, Fig. 4b, c. The
blue filter observations reveal that the regions located approximately

half-way between φ ¼ 0; 2π and φ ¼ π are also dark, apparently
corresponding to φ ¼ π=2; 3π=2, Fig. 4b, c. The dark stripes
associated with φ = 0, π/2, π, 3π/2, 2π, are separated by bright
stripes, corresponding to intermediate φ’s, Fig. 4a–c. The textures in
Fig. 4a–c make it clear that the described DWs are indeed walls with
a 360o reorientation of P and n̂, as opposed to the “bend texture
with line disclination” of other NF materials presented by Li et al.21,
180o surface disclination lines and 180o DWs described by Chen
et al.13 and Li et al.21. The transmitted intensity profile in Fig. 4c
allows one to introduce the characteristic width parameters of the
DW pairs: distances Lπ=2 between the two central bright stripes, Lπ
between two dark narrow stripes, and L3π=2 between two outermost
stripes. These distances, although small (8–15 μm), are clearly wider
than the cores of singular disclinations, and 180o walls or surface
disclinations described previously. Importantly, besides the in-plane
360o reorientation of P and n̂, the textures in d ¼ 6:8 μm cells also
suggest tilts of these vectors away from the cell’s xy plane, as
described below.

When the crossed polarizers are at 45o with respect to the DWs,
polychromatic light observations reveal the same interference
colors in narrow (φ ¼ π) and wide (φ ¼ 0; 2π) domains, Fig. 4d.
The chosen d ¼ 6:8 μm allows us to achieve destructive
interference of the ordinary and extraordinary waves in POM
observations with a red filter (λ= 632.8 nm), at which
Δn ¼ 0:189, since the factor πd4n

2λ ¼ 3:19 associated with the
interference of the two modes27 is close to π. Although the crossed
polarizers are at 45o to the DWs, destructive interference causes
extinction in the regions with φ = 0, π, and 2π, where P and n̂ are
in the xy plane; regions φ ¼ π=2; 3π=2 also appear dark. A
notable exception are four narrow peaks of transmission, at
0<φ< π=2, π=2<φ< π, π <φ< 3π=2, and 3π=2<φ< 2π, Fig. 4f,
which signal the appearance of a polar z-component of P and n̂.

There are two types of the 360o DW pairs. In the first, called
W-pairs because of the shape of the director field, Fig. 2c, P
rotates by 180o in the same fashion in both DWs, either clockwise
(CW) or counterclockwise (CCW). In the second type, called
360o S-pairs for their geometry, Fig. 3f, the rotation directions
alternate: if P rotates CW by 180o in one DW, it rotates CCW by
180o in the next one. The splay-bend schemes of Figs. 2c and 3f
demonstrate only the topological features of the in-plane
realignments; polar tilts and associated twists add to the
complexity of the splay-bend and will be treated in the section
on numerical simulations.

The difference between the W- and S-pairs is topological, as
illustrated by mappings of the oriented line γ threaded through
the DWs pair and the enclosed domain, into the order parameter
space, a circle S1 27, Figs. 2c and 3f. Each point on S1 corresponds
to a certain φ. The line γ in Fig. 2c produces a CCW-oriented
closed contour ϒ encircling S1 once. The W-pair of CCW walls
thus carries a topological charge Q ¼ 127. A DW pair with a CW
360o rotation of P would carry Q ¼ �1. Neither could be
transformed into a uniform state Q ¼ 0 without breaking the
surface anchoring and overcoming a large elastic energy barrier.
S-pairs of 180o-walls with alternating sense of rotations are
topologically trivial, Q ¼ 0: the corresponding contour ϒ does not
encircle S1 fully and could be contracted into a single point φ ¼ 0
without the need to overcome the elastic energy barrier, Fig. 3g.

Width of domain walls NF cells and electrostatic effects. The
elastic energy density stored within a DW, K

L2π
� kBT

aL2π
, where K is

the average Frank elastic constant, kBT is Boltzmann’s energy,
a � 1nm is the molecular size, and Lπ � ð5� 20Þ μm is the
characteristic width of a DW pair, defined as the distance between
the x-coordinates of two bend regions, φ = π/2 and 3π/2, Figs. 2c
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parameter space S1 once, which yields the topological charge Q = 1. Cell
thickness d = 4.7 µm.
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and 4c, f, is much lower than the energy density kBT
a3 of the

orientational order. Therefore, P k n̂ and realignment of P pre-
serves the magnitude P. This feature makes the observed DWs
similar to Néel DWs in ferroics, as opposed to Ising DWs, in
which P ! 0.

Reorientation of P within each DW generates a “bound” space
charge of density ρb = −div P. If the polarization charge is not
screened by ionic charges, then the balance of the elastic energy

(per unit area of the wall) K
Lπ

and the electrostatic energy P2Lπ
εε0

suggests30 that a DW would be of a nanoscale width, equal the so-

called polarization penetration length ξP ¼
ffiffiffiffiffiffiffi
εε0K
P2

q
, where ε0 is the

electric constant, ε is the dielectric permittivity of the material.
For the DIO polarization density7 P ¼ 4:4 ´ 10�2C=m2 and
assumed K ¼ 10 pN, ε= 10, one finds ξP � 1 nm, much smaller
than the observed Lπ , Fig. 4. Note here that the estimated ε is
lower than the often reported value 104, which might be
exaggerated by the effect of polarization realignment31. The
polarization charge of density ρb � P

Lπ
� ð0:2� 0:9Þ ´ 104C=m3 at

the splay region of a DW should be screened by mobile free
charges, supplied by ionic impurities, ionization, and absorption
effects. To achieve a comparable screening charge
ρf � en � ð0:2� 0:9Þ ´ 104C=m3, where e ¼ 1:6 ´ 10�19C is the
elementary charge, the concentration of ions at the DW should be

n � 1022 � 1023
� �

=m3. A high ion concentration n � 1023=m3

has been reported as a volume-averaged value for ferroelectric
smectics32, although conventional nematics usually yield smaller

values33, n � 1020 � 1022
� �

=m3. It is reasonable to assume that

even when the volume-averaged n is less than

n � 1022 � 1023
� �

=m3, mobile charges could move from the

uniform regions of the material and accumulate at local
concentrations sufficient to screen the splay-induced polarization
charge.

As envisioned by Meyer34 and detailed theoretically in the
subsequent studies35–37, the ionic screening enhances the splay
elastic constant K1 associated with (div n̂)2 in the Frank–Oseen
free energy density: K1 ¼ K1;0 1þ λ2D=ξ

2
P

� �
, where K1;0 is the bare

modulus, of the same order as the one normally measured in a

conventional paraelectric N, and λD ¼
ffiffiffiffiffiffiffiffiffiffi
εε0kBT
ne2

q
is the Debye

screening length, which, for the typical parameters specified
above and n ¼ 1023=m3, is on the order of 10 nm. With λD �
10 nm; ξP � 1 nm, the enhancement factor, λ2D

ξ2P
� 102, could be

strong. Thus, K1 in NF can be much larger than K1 in N. Very

little is known about the elastic constants in the N phase of
ferroelectric materials and practically nothing is known about the
elasticity of NF. Chen et al.24 measured K1 � 10K2 in the N phase
of DIO and expected37 K1 � 2 pN. Mertelj et al.10 reported that
in the N phase of another ferroelectric material RM734, K1 is
even lower, about 0.4 pN. Since the bend elastic constant K3 of NF

is not supposed to experience an electrostatic renormalization, it
is expected to be a few tens of pN; for example, Mertelj et al.10

found K3 �10-20 pN for the N phase of RM734. Therefore, the
ratio κ ¼ K1=K3 in NF could be larger than 1, ranging from a
single-digits value to ~102. The next section presents qualitative
evidence that K1 >K3 in NF.

Prevalence of bend in NF films with degenerate in-plane
anchoring. The textures of N and NF are strikingly different when
there is no in-plane anchoring. Figure 5 shows the textures of thin
(d ¼ 5� 7 μm) films of DIO spread onto glycerin; the upper
surface is free. Thermotropic N films are known to form 2π
domain walls of the W type, stabilized by the hybrid zenithal
anchoring, tangential at the glycerin substrate and tilted or
homeotropic at the free surface38; these 2π domain walls contain
both splay and bend and are clearly distinguished in DIO as
bands with four extinction bands, Fig. 5a. The NF textures feature
an optical retardance that is consistent with the director being
tangential to the film. The most important feature is that the
curvature lines of P and n̂ are close to circles and circular arches,
Fig. 5b, c, which implies prevalence of bend and signals that splay
is energetically costly. One often observe disclinations of strength
+1 with predominant bend, Fig. 5b, c. The regions with +1
disclinations are separated from regions with a straight or nearly
straight P by defects shaped as parts of ellipses and parabolas,
Fig. 5b, while two neighboring domains with a +1 disclination in
each are separated by hyperbolic defects, Fig. 5c.

The conic-sections textures (CSTs) of NF in Fig. 5b, c resemble
focal conic domain (FCD) textures of a smectics A, in which the
layers are shaped as the so-called Dupin cyclides27 that preserve
equidistance and avoid bend and twist of the normal to the layers
(which is the smectic director). The distinct feature of the Dupin
cyclides is that their focal surfaces reduce to conic-sections, such
as a confocal ellipse and hyperbola, or pairs of parabolas. The
CSTs in Fig. 5b, c shows similar conic-sections as the boundaries
between regions of different director curvatures. In NF, the
director avoids splay; twist is not prohibited, but the degenerate
anchoring does not require it. The FCD textures in a smectic A
reflect the inequality K3 � K1, while the CSTs in NF suggest
K1 >K3; a detailed analysis of CSTs will be presented elsewhere.
In what follows, we explore the DW pairs in planar samples
theoretically, first in a simplified one-constant approximation,

a

200 μm

N, 95 ℃ NF, 45 ℃

200 μm

b

A

P
200 μm

c

A

P

A

P

NF, 45 ℃

Fig. 5 Polarizing microscopy textures of DIO at the glycerin substrate. a N film shows 2π domain splay-bend walls. b, c NF texture of conic-sections with
prevailing circular bend; in (b), elliptical defects separate regions between mostly circular bend and mostly uniform P field, while in (c), hyperbolic shapes
separate domains with predominantly circular bend. Film thickness 7 µm in (a, c), and 5 µm in (b); n̂ is depicted by white lines.
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and then accounting for the possibility of elastic anisotropy
K1 >K3 and non-planar geometry of the director.

Balance of elasticity and surface anchoring in NF domain walls.
The observed coexistence of the wide P"#R and narrow P##R
domains in planar cells results from the two-minima surface
potential W φ

� �
, Fig. 1g, balanced by the bulk elasticity of NF.

According to the experiments, the director within the DW pair
experiences a reorientation by 2π along the x axis, which must
incorporate both splay and bend, Figs. 2–4. The experimental
data in Fig. 4e, f also demonstrate a polar tilt towards the z-axis;
this tilt adds a twist of P. To make the theoretical analysis
tractable, the overall director field could be approximated as

n̂ ¼ sinφ xð Þcosθ x; zð Þ; cosφ xð Þcosθ x; zð Þ; sinθ x; zð Þ� 	
; ð2Þ

where the azimuthal angle φðxÞ between P and the y-axis varies
only along the x-axis and the polar angle θ x; zð Þ between P and
the xy plane could change along both the x- and z-axes. Far from
the DW pair, the boundary conditions are φ xð Þ ¼ θ x; zð Þ ¼ 0. We
also measure θ x; zð Þ = 0 at the locations with φ = 0, π, and 2π,
where optical retardance is close to dΔn, Fig. 4e, f. Since the polar
tilt at the bounding plates is penalized by a large surface charge,
we assume that the zenithal polar anchoring is infinitely strong
and approximate the bulk variations of the polar angle as

θ x; zð Þ ¼ θa xð Þsin 2πz
d

; ð3Þ

which satisfies the boundary condition θ x; zð Þ ¼ 0 at z ¼ ± d=2;
θa is the tilt amplitude.

The Frank–Oseen free energy with the bulk, saddle-splay, and
the azimuthal surface anchoring terms reads

F ¼ Fb þ F24 þW ¼ 1
2

Z
dV
�
K1 divn̂ð Þ2 þ K2 n̂ � curln̂ð Þ2

þ K3 n̂ ´ curln̂ð Þ2 � 2K24div n̂divn̂þ n̂ ´ curln̂ð Þ	
þ
Z

dxdy WQsin
2φ� 2WP cosφ� 1

� �� 	
;

ð4Þ

where K1, K2, K3, and K24 are the elastic constants of splay, twist,
bend, and saddle-splay, respectively. The equilibrium director
field n̂jjP minimizing the free energy in Eq. (4) could be found
only numerically. However, analytical solutions useful for the
understanding of the DW pairs could be found if θ x; zð Þ ¼ 0 and
K1 ¼ K3 ¼ K ; the planar geometry with θ ¼ 0 excludes twists.

Analytical solutions for planar domain walls. Setting the var-
iation of the energy (4) to zero leads to the first integral of the

Euler–Lagrange equation:

Kd
2WQ

∂φ

∂x


 �2

� sin2φþ 2ω cosφ� 1
� � ¼ const: ð5Þ

For an apolar anchoring, ω ¼ 0, and the boundary conditions
∂φ
∂x ±1ð Þ ¼ 0, φ �1ð Þ ¼ 0, φ 1ð Þ ¼ π, the constant of integra-
tion is 0 and the solution

φπ xð Þ ¼ 2 arctan e
x
ξ ð6Þ

represents a static π-soliton with a characteristic width

ξ ¼
ffiffiffiffiffiffiffi
Kd
2WQ

q
, within which P realigns into �P. This solution is

an “inversion wall” of the Néel type observed by Nehring and
Saupe in planar N cells23. The energy per unit length of each
π-soliton, obtained by integrating f with WP=0 over the range
�1< x <1, is finite, Fπ ¼ 2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2KdWQ

p
.

When WP > 0, the single-wall solution (6) is no longer valid
since φ ¼ ±π is only a local minimum ofWðφÞ. WithWP > 0, Eq.
(5) is a double-sine-Gordon equation, extensively studied in high-
energy physics and cosmology39 and physics of ferromagnets4, in
which case the analogs of the surface WQ and WP terms are of a
bulk nature, associated, e.g., with the crystal anisotropy of a
ferromagnet and the external magnetic field, respectively. With
boundary conditions ∂φ

∂x ±1ð Þ ¼ 0, φ ±1ð Þ ¼ 0; 2π, among the
solutions of Eq. (4) are topologically protected ππ soliton-soliton
pairs with 360o in-plane reorientation of P and a topological
charge Q ¼ ± 1:

φππ xð Þ ¼ ± 2arctan exp
x
ξππ

þ δππ
2


 �� 


± 2arctan exp
x
ξππ

� δππ
2


 �� 
 ð7Þ

where ξππ ¼ ξ
ffiffiffiffiffiffiffi
1

1þω

q
, δππ ¼ 2arcsinh

ffiffiffi
1
ω

q
; “+” signs correspond to

a Q ¼ 1 pair in Fig. 2c, e and Supplementary Fig. 10a. The

solution is a superposition of two π-walls located at x ¼ ± ξππδππ
2

and limiting a stripe of a nearly uniform P##R, Fig. 6a. The
ππ-soliton (7) is topologically equivalent to the 360o DW pair of
the W type in Figs. 2, 3h, 3i and 4. The energy per unit length of
this ππ-soliton is finite: Fππ ¼ 2Fπ½

ffiffiffiffiffiffiffiffiffiffiffiffi
1þ ω

p þ ωarccoth
ffiffiffiffiffiffiffiffiffiffiffiffi
1þ ω

p �.
The intensity of unpolarized monochromatic light, transmitted

through two crossed polarizers enclosing a birefringent sample
with a DW pair described by Eq. (7) and running parallel to one
of the polarizers27,

I/ sin2 2φππ

� �
sin2

πd4n
2λ


 �
; ð8Þ

=0.1

a dc

A

P

b

Fig. 6 Equilibrium ππ soliton-soliton pairs described by Eq. (7). a In-plane polarization field for ω = 0.1. b The corresponding texture observed between
crossed polarizers with the intensity of transmitted light calculated with Eq.(8). c Polarization profile φππ(x) for different surface anchoring anisotropies ω;
the separation Lπ between two extinction bands at φππ = π/2 and φππ = 3π/2 is shown for the profile with ω = 0.001. d Characteristic widths of the ππ
soliton-soliton pairs defined in (b) vs. ω; note that Δx ≅ Lπ for ω < 0.1, but Δx < Lπ for ω > 0.1.
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produces a texture with maximum light transmission at φππ = π/
4, 3π/4, 5π/4, and 7π/4 and extinction at φππ = 0, π/2,π,3π/2,and
2π, Fig. 6b, which is qualitatively similar to the experimental
textures in Fig. 4.

To facilitate a comparison with the experiment, the width of
the DW pairs is characterized by distances Lπ/2 between the two
central bright stripes, Lπ between two dark narrow stripes, L3π=2
between two outermost stripes, Fig. 6b. Lπ=2 measures the
extension of mostly splay deformations between φππ = 3π/4 and
5π/4, while the quantity L3π/2 − Lπ/2 characterizes the extension
of predominant bend. The characteristic width Δx ¼ δππξππ
appearing in Eq. (7) is close to Lπ when ω<0:1, but is smaller than
Lπ when ω>0:1, as shown in Fig. 6d.

An increase of the elastic modulus K makes the DWs wider
and farther apart, to weaken the gradients of n̂ and P. When the
polar in-plane anchoring is weak, ω � 1, the DWs are far away

from each other, Fig. 6c, with Lπ ¼ 4x �
ffiffiffiffiffiffiffi
Kd
2WQ

q
ln 4

ω and a

characteristic width ξππ �
ffiffiffiffiffiffiffi
Kd
2WQ

q
1� ω

2

� �
close to ξ. The pair’s

energy approaches the sum of the energies of two individual
π-solitons, Fππ � 2Fπ 1þ ω

2 1þ ln 4
ω

� �� 	
. A larger ω pushes the

walls towards each other, shrinking the narrow P##R stripe,
where the polarization is in the local minimum of the anchoring
potential, Fig. 6c, d.

The soliton-antisoliton π�π or �ππ pairs with alternating π
-rotations of P satisfying Eq. (5) with the boundary conditions
∂φ
∂x ±1ð Þ ¼ 0, φ ±1ð Þ ¼ 0 and corresponding to the S-pairs, are
illustrated in Supplementary Figs. 10b and 11. Finally, solutions
in which the boundary conditions are ∂φ

∂x ±1ð Þ ¼ 0, φ ±1ð Þ ¼
± π are also possible; they exhibit interesting spreading dynamics,
as shown in Supplementary Fig. 12.

Numerical solutions for planar pairs of domain walls at K1 ≠
K3. For κ 	 K1=K3≠1 and θ x; zð Þ ¼ 0, the free energy per unit
area of an NF cell, after integration over the cell thickness, writes

f ¼ K3d
2

κcos2φþ sin2φ
� � ∂φ

∂x


 �2

þWQsin
2φ� 2WP cosφ� 1

� �
;

ð9Þ
The first integral of the Euler-Lagrange equation is

ξ23 κcos2φþ sin2φ
� � ∂φ

∂x


 �2

� sin2φþ 2ω cosφ� 1
� � ¼ 0; ð10Þ

where ξ3 ¼
ffiffiffiffiffiffiffi
K3d
2WQ

q
is the extrapolation length associated with the

bend modulus and quadrupolar anchoring. Equation (10) could

be solved numerically if rewritten as an expression describing a

dynamic “particle” of a kinetic energy 1
2 ξ

2
3

∂φ
∂x

� �2
(with the

coordinate x representing “time”) rolling through a double-

welled potential V φ
� 	 ¼ 2ω cosφ� 1ð Þ� sin2φ

2 κcos2φþ sin2φð Þ , with zero total energy:

1
2
ξ23

∂φ

∂x


 �2

þ V φ
� 	 ¼ 0: ð11Þ

The ππ-soliton solution corresponds to the particle rolling
down the potential V φ

� 	
starting at φ ¼ 0, where V ¼ 0, through

the two wells, and arriving at φ ¼ 2π. Because energy is
conserved, the soliton would be stable as the maxima at φ ¼
0; 2π are both at V ¼ 0. To find φ xð Þ, one needs to impart a small
initial “momentum” forcing the particle to start the motion.

Figure 7 shows the results of numerical analysis. The width
parameters Lπ=2; Lπ; and L3π=2 of the DW pairs are not much
affected by the elastic anisotropy when K1=K3 � 1, but increase,
approximately as Lπ /

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
K1=K3

p
, when K1=K3>1, Fig. 7b.

Because of their topological 2π-rotation nature, the DW pairs
must incorporate both splay and bend, no matter the value of
K1=K3. A notable qualitative feature of the director profile φðxÞ of
the DW pairs is that as K1=K3 increases, the stripes of splay
widen, Fig. 7a. The structure tends to decrease the high splay
energy by extending the length over which the splay develops; in
contrast, it could afford a shorter bend development since K3 is
low. Domain walls in a chiral smectic C (SmC*) stabilized by a
magnetic field show similar features40, with the difference that, in
SmC*, it is K3 that is increased by the ionic screening. Thus, it is
the bend stripes that are wider in SmC* than their splay
counterparts.

The effect of elastic anisotropy on the ratio L3π=2=Lπ=2 is very
strong when K1=K3 is in the range 0.1–10, Fig. 7c. As K1=K3
increases, the width of the splay region progressively expands and
Lπ=2 approaches L3π=2. When compared to the experimental value
L3π=2=Lπ=2=1.8 obtained by averaging data of 64 DW pairs of
both W and S types, the model of a planar ππ-soliton suggests
K1=K3 � 10 if ω ¼ 0:1. A more detailed comparison with the
experiment is given below.

Pairs of domain walls with polar tilts and K1 ≠K3. The planar
model neglects the possibility of director tilts towards the z-axis.
Unless the cells are very thin, such a possibility should not be
ignored. Figure 4e demonstrates that the director indeed tilts
away from the xy-plane. To explore the effect, we return to Eq. (4)
and use the ansatz in Eq. (3) for the tilt angle θ x; zð Þ. For small θ,

a b c

/ / 

Fig. 7 Equilibrium planar ππ soliton-soliton pairs for different splay and bend constants. a Director profiles of DWs pairs for ω = 0.1 and different elastic
ratios K1/K3. b The width parameter Lπ vs K1/K3 for different anchoring anisotropies ω. c Ratio of width parameters L3π/2/Lπ/2 vs K1/K3 for different
anchoring anisotropies ω; the dashed line shows L3π/2/Lπ/2 = 1.8 obtained by averaging experimental data for 64 DW pairs.

ARTICLE NATURE COMMUNICATIONS | https://doi.org/10.1038/s41467-022-31593-w

8 NATURE COMMUNICATIONS |         (2022) 13:3932 | https://doi.org/10.1038/s41467-022-31593-w |www.nature.com/naturecommunications

www.nature.com/naturecommunications


the Frank–Oseen free energy density per unit area of the cell is

f ¼ dK1

2
2π2θ2a
d2

þ 1� θ2a
2


 �
cos2φ ∂xφ

� �2 � sinφcosφθa∂xθa∂xφ

� 


þ dK2

4
cosφ∂xθa þ sinφθa∂xφ
� �2

þ dK3

2
1� θ2a
� �

sin2φ ∂xφ
� �2 þ sin2φ

∂xθa
� �2

2

" #

þWQsin
2φ� 2WP cosφ� 1

� �
:

ð12Þ
Equation (12) demonstrates that in areas of strong splay, where

cos2φ ∂xφ
� �2

is large, a non-zero tilt θa > 0 decreases the splay
contribution by introducing twist (the terms proportional to K2).
The introduction of tilt becomes energetically costly when the cell is

thin, with the tilt magnitude bounded by θa ≲ d
2πξ3

ffiffi
2

p ¼ 1
2π

ffiffiffiffiffiffiffiffi
WQd
K3

q
.

For a 6.8 μm cell, K3=WQ ¼ 1 μm, we expect θa ≲ 0:4: Significantly
thinner cells would hardly experience polar tilt at all: a strong
zenithal anchoring (associated with the tilts away from the xy plane)
makes the energetic costs of a vertical gradient over a short d
prohibitively high. Note, however, that our analysis is limited to a
particularly simple z-dependence for both θ and φ and the
quantitative estimates above might be changed by a more rigorous
analysis.

To find the tilt configuration θa xð Þ, we minimize the
Frank–Oseen free energy in Eq. (4) using gradient descent. The
sharp bend of φ xð Þ at large K1=K3 introduces computational
challenges. To get a qualitative picture while ensuring the
numerical convergence of the gradient descent procedure, we
take K1=K3 ¼ 10 and d=ξ3 ¼ 15, for which we expect a
noticeable tilt. The resulting configurations of the polar angle
φðxÞ and the tilt θa xð Þ are shown in Fig. 8a, c, d. Note that the
director reorients to point nearly vertically (θa approaches π/2) in
the middle of each of the two π-solitons, Fig. 8a. In these high tilt
regions, the polar angle φ rotates very rapidly as a function of x.
This allows for a lower anchoring free energy as φ maintains
values close to 0; 2π for a larger range of x, Fig. 8a. The
introduction of the tilt reduces the domain wall energy by about
20%, Fig. 9a. This measured decrease becomes even more
substantial for larger values of d=ξ3, Fig. 9a. It also represents a
lower bound on the energy reduction as we use a constrained
z-dependence of the azimuthal and polar angles. It would be
interesting to minimize both φ and θ without any constraints to
find the true global energy minimum.

Taking the results for φ; θ, we simulate the transmitted light
intensities of the cell viewed through crossed polarizers with a
monochromatic light of a particular wavelength λ, Fig. 8b.
Choosing a wavelength at which the transmission through
regions with P"#R and P##R is suppressed, we find the results
in Fig. 8b for two orientations of the polarizers. The simulated
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Fig. 8 Simulated ππ soliton-soliton domain walls with non-zero polar tilt. a Tilt magnitude θa(x) and polar angle φ(x) profiles calculated by numerical
minimization of the Frank–Oseen energy in Eq. (4) using the ansatz in Eq. (3) for K1/K3 = 10. The largest tilt occurs near φ ¼ π

2 ;
3π
2 . b Transmitted light

intensity through a cell and a filter of the type shown in Fig. 4e, where the wavelength λ of light is chosen such that πd4n
2λ ¼ π. Note the favorable

comparison between these results and the experimental data in Fig. 4c, f. Transmission is strong whenever φ ¼ π
4 ;

3π
4 ; 5π4 ; 7π4 . c, d Two projected schemes of

the polarization field in the one-quarter of the ππ-soliton in which we find the largest tilt θ, with the same parameters as in (a). In all simulations, d = 15 ξ3,
K2 = K3/2, and ω = 0.1.
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intensities in Fig. 8b compare favorably to Fig. 4c (blue curve) and
Fig. 4f (red curve). The red curve has an additional small peak
between the two main peaks at around φ � π

4 ;
3π
4 : This small peak

is not resolved in the experiment in Fig. 4f. One potential reason
is that the intensity peak is very narrow, less than ξ3

2 ; with d ¼ 6.8

μm, K3=WQ ¼ 1 μm, we expect ξ3
2 � 0:9 μm. Another reason is

that the regions with θ>0 present a lower refractive index to the
propagating beam as compared to the regions with θ ¼ 0; the
index gradient bends the propagating rays away from the regions
with θ>0 towards the regions with θ ¼ 0, which might further
mitigate the small central peaks in the red curve in Fig. 8b. Note
that the central peak would further narrow when the elastic
anisotropy increases, K1

K3
>10, so that the reorientation of the angle

φ is even more rapid.
The tilted configurations depend sensitively on the cell

thickness as θa decreases with decreasing d=ξ3: the tilt becomes
energetically less favorable since the director gradients along the
z-axis become stronger under the condition of an infinite polar
zenithal anchoring at the bounding plates. The ratio of the energy
of a purely planar configuration, Eplanar , to the energy of a
configuration with a tilt, Etilt , is shown in Fig. 9a. The numerical
simulations suggest that the tilt is strongly reduced for d=ξ3<10:
For K3=WQ ¼ 1 μm, and d in the range (3–16) μm, one finds
2<d=ξ3<6. Our experimental results are likely near the transition
region when the tilt becomes energetically favorable, as suggested
by the transmission peaks in Fig. 4e.

The width ratio L3π=2=Lπ=2 depends on the presence of tilt and
the cell thickness, Fig. 9b. In thicker cells, the width ratio is
smaller as the tilt allows for a faster reorientation of the azimuthal
angle φ, as shown in Fig. 8a. The decrease, however, depends on
the value of K1=K3, Fig. 9b. The dependence is subtle, with the
width ratio approaching the planar value for small K1=K3 �
ð1� 4Þ; but reaching a smaller value for K1=K3 � 10.

Comparison of experimental and numerical shapes of the
domain walls. The width ratio L3π=2=Lπ=2 can be used to estimate
K1=K3, Fig. 9b. We analyzed the profiles of transmitted mono-
chromatic light intensities similar to the one in Fig. 4c for DWs
pairs in samples of thickness ranging from 4.6 μm to 15.9 μm,
which implies 3<d=ξ3 < 6. In this range, there is no clear
thickness dependence of the width ratio. The experimental data,
averaged over 64 DWs pairs, yield L3π=2=Lπ=2 ¼ 1:8 ± 0:3.

According to the model predictions in Fig. 9b, the value
L3π=2=Lπ=2 ¼ 1:8 corresponds to K1=K3 ¼ ð4� 7Þ in the model
with polar tilts and d=ξ3 ¼ 10, and to K1=K3 ¼ 10 in the model
of planar DWs. However, a relatively large standard deviation in
the measured width parameter, ± 0:3, embraces the possibility of
much higher elastic anisotropy. An additional factor of uncer-
tainty is in the strong dependence of the geometrical parameters
and thus of K1=K3 on the in-plane polar anchoring parameter ω,
Fig. 7c. We thus conclude that the experiments on the structure of
DW pairs place the lower bound on the elastic anisotropy of NF,
K1=K3 ≥ 4, which is supported by both Figs. 7c and 9b.

Discussion
The polar nature of the azimuthal surface anchoring of NF planar
cells brings about patterns of polar monodomains and poly-
domains with alternating directions of the polarization P. Cooling
the samples down to NF produces both P"#R and P##R local
surface alignments. These directions could be the same at the
opposing plates, φ z ¼ 0ð Þ ¼ φ z ¼ dð Þ, or the opposite. In the
latter case, the two different orientations must be connected by a
twisted P, φðzÞ ¼ ðφd � φ0Þz=d þ φ0, where φ0 and φd are the
actual alignment directions at the two plates, which are found
from the balance of the elastic and anchoring torques, Supple-
mentary Eqs. (S5–S9). This twisted structure carries an energy

f t ¼ 2WP þ π2

2
K2 1�ω2ð Þ

d 1�ω2ð Þþ2ξ2
per unit area, where ξ2 ¼ K2=WQ. In

thin cells, f t could be large enough to eliminate the energy barrier
between the φ ¼ 0 and φ ¼ π states and cause the system to relax
directly into the ground state φ zð Þ ¼ 0, see Supplementary
Eq. (S10) and Supplementary Fig. 13. In cells thicker than
dc � π2K2

8WP
� 3:6 μm, f t is smaller than the energy 4WP of the

metastable uniform state φðzÞ ¼ π. In these thick cells, the local
energy minimum at φ ¼ π and the energy barrier that separates
φ ¼ π and φ ¼ 0 directions are preserved (Supplementary
Fig. 13); thus the system could relax into either the ground state,
φðzÞ ¼ 0, or the metastable state φðzÞ ¼ π, which explains the
observed domain structures with DWs in the thick samples.

We limited our analysis by the structures observed in the deep
NF phase, but the experiments show rich dynamics of the
emerging patterns during cooling in the high-temperature end of
the NF phase, most likely caused by the temperature dependencies
of WQ, WP, and the elastic constants; these will be described
elsewhere.

Fig. 9 Characteristics of simulated DW pairs. a Energy ratio of a planar domain wall (θ = 0) versus one with a tilt (θ > 0), as calculated from minimizing
the Frank–Oseen energy in Eq. (4) using the ansatz in Eq. (3) for various values of K1/K3 and d/ξ3. Note the marked energy gain from introducing a tilt for
thick cells. For thinner cells, d=ξ3<10, the gain is negligible, especially at large ratios K1=K3. b Ratio of width parameters L3π=2=Lπ=2 vs K1=K3 for different cell
thicknesses d=ξ3. Note that this ratio is expected to be smaller whenever there is substantial tilt in the director configuration. For thinner cells, d=ξ3<10, the
ratio approaches the planar value (black line) for large K1=K3 as the tilt becomes negligible. In all simulations, ω ¼ 0:1 and K2=K3 ¼ 0:5. The dashed line
shows L3π=2=Lπ=2=1.8 obtained by averaging experimental data for 64 DW pairs. The lines connecting the data points in these plots are a guide to the eye.
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A unique and unusual topological consequence of the surface
polarity is that the DWs that separate domains of uniform
polarizations form only as 360o pairs, of either the topologically
protected soliton-soliton W-type or topologically trivial S-type.
The DW pairs in which the order parameter varies from one
global energy minimum to another while surpassing an energy
barrier makes them similar to the DWs studied in cosmology
models with “biased” vacuums39, in which two vacuums have a
slightly different energy and are separated by an energy barrier,
similarly to the surface anchoring potential in Eq. (1) and Fig. 1g.
In solid ferroics, surface interactions are polar along the normal
to interfaces, which leads to the well-known patterns of alter-
nating domains separated by 180o walls of the Bloch or Néel
type2,3; 360o pairs could be observed only in the presence of an
external field that competes with the apolar easy directions of the
crystal structure4. DWs with 360o rotation of the director could
also be observed in a smectic C liquid crystal30,40–44, in which
case they are attributed to an externally applied electric field30 or
to the asymmetry of the film along the normal direction44. In a
uniaxial apolar nematic N, 360o DWs connect surface point-
defects, called boojums, in a hybrid aligned film, Fig. 5a, in which
one surface imposes a tangential orientation of n̂ and another one
sets a perpendicular alignment of n̂, i.e., again the reason is the
asymmetry with respect to the normal direction38,45. Under
hybrid alignment of N, the 360o DW carries an elastic energy
/ RL proportional to their length R and width L<<R, which is
smaller than the elastic energy of an isolated boojum with an
energy / R2, where R is the characteristic size of the system45.
Unlike all listed examples, the 360o DWs in NF are caused by
interactions that are polar in the plane of the bounding surfaces.
The observed 360o pairs of DWs are also different from 180o

DWs in NF cells with an antiparallel assembly of buffed plates
that preset twist deformations13,14,24. The coupling between the
surface polarity and the bulk structures allows us to estimate the
polar contribution ω 	 WP

WQ
� 0:1 to the in-plane anchoring of P.

When the surfaces impose no restrictions on the in-plane
orientation of P, NF films feature the conic-sections textures,
Fig. 5b, c, similar to focal conic domain textures in a smectic A. In
a smectic A, the predominant director deformations are splay,
signaling K1=K3 � 1, while in NF, the prevailing curvatures are
bend, Fig. 5b, c, suggesting K1=K3>1. The last condition makes
the NF textures also similar to the textures of developable
domains in columnar phases in which bend is the only allowed
deformation of the director27. When the elastic constants show a
strong disparity, liquid crystal textures often respond by intro-
ducing additional deformation modes (such as the effect of splay-
canceling46 or structural twist in the N droplets47–49). The DW
pairs are no exception: the experiments, Fig. 4e, and numerical
analysis, Figs. 8, 9, suggest that the in-plane splay-bend of P could
be accompanied by out-of-plane tilts of P, which introduce the
twist of P and reduce the overall energy of the DWs. The analysis
of the experimentally observed DW pairs suggests K1=K3 > 4.

The geometry of the domains and DW pairs is defined pri-
marily by the balance of the polar and apolar terms in the surface
potential, suggesting potential applications as sensors and solvents
capable of spatial separation of polar inclusions. The advantage of
NF is that the material is fluid and is thus easy to process in
various confinements. Since the domains form in an optically
transparent and birefringent NF fluid with a high susceptibility to
low electric fields, other potential applications might be in electro-
optics, electrically-controlled optical memory, and grating devices.

Methods
Sample preparation and characterization. The aligning agent PI-2555 and its
solvent T9039, both purchased from HD MicroSystems are combined in a 1:9 ratio.

Glass substrates with ITO electrodes are cleaned ultrasonically in distilled water
and isopropyl alcohol, dried at 95 oC, cooled down to the room temperature and
blown with nitrogen. An inert N2 environment is maintained inside the spin coater.
Spin coating with the solution of the aligning agent is performed according to the
following scheme: 1 s @ 500 rpm → 30 s @ 1500 rpm →1 s @ 50 rpm. After the
spin coating, the sample is baked at 95 °C for 5 min, followed by 60 minutes baking
at 275 °C. The spin coating produced the PI-2555 alignment layer of
thickness 50 nm.

The PI-2555 layer is buffed unidirectionally using a Rayon YA-19-R rubbing
cloth (Yoshikawa Chemical Company, Ltd, Japan) of a thickness 1.8 mm and
filament density 280/mm2 to achieve a homogeneous planar alignment. An
aluminum brick of a length 25.5 cm, width 10.4 cm, height 1.8 cm and weight
1.3 kg, covered with the rubbing cloth, imposes a pressure 490 Pa at a substrate and
is moved ten times with the speed 5 cm/s over the substrate; the rubbing length is
about 1 m. Unidirectional rubbing of a polyimide-coated substrates is known to
align a nematic in a planar fashion, with a small pretilt of the director n̂. For
example, the director of a conventional nematic 5CB in contact with a buffed PI-
2555 makes an angle 3
 ± 1
 with the substrate; the tilt direction correlates with the
direction R of buffing50. The pretilt in NF is expected to be smaller because of the
surface polarization effect, as evidenced by the fact that the optical retardance of
the uniform domains equals Δnd; however, the rubbing is still expected to produce
nanoscale in-plane polarity because of the separation of oppositely charged
moieties.

Two PI-2555-coated glass plates are assembled into cells in “parallel”
geometry, with the two buffing directions R at the opposite plates being parallel
to each other. One plate contains a pair of parallel transparent indium tin oxide
(ITO) stripe electrodes separated along the R-direction by a distance l = 5 mm
in the studies of monodomains and 3 mm in the case of polydomains. A Siglent
SDG1032X waveform generator and an amplifier (Krohn-Hite corporation) are
used to apply an in-plane dc electric field E = E(0, ± 1, 0). The observations are
limited to an area 1 mm2 at the center of the gap. Since the cell thickness d is
much smaller than l, the electric field in this region is predominantly horizontal
and uniform.

The films with degenerate azimuthal surface anchoring are prepared by
depositing a thin DIO film onto the surface of glycerin (Fisher Scientific, CAS No.
56-81-5 with assay percent range 99–100 %w/v and density 1.261 g/cm3 at 20 °C)
in an open Petri dish. A piece of crystallized DIO is placed onto the surface of
glycerin at room temperature, heated to 120 °C, and cooled down to the desired
temperature with a rate of 5 °C/min. In the N, SmZA and NF phases, DIO spreads
over the surface and forms a film of a thickness defined by the deposited mass. For
example, in Fig. 5a, a film of a thickness 5 µm resulted from a deposited 2.55 mg of
the material.

The optical textures are recorded using a polarizing optical microscope Nikon
Optiphot-2 with a QImaging camera and Olympus BX51 with an Amscope camera.
PolScope MicroImager (Hinds Instruments) is used to map the director patterns
and measure the optical retardance.

Textural simulations. To simulate the optical transmission through the cell, we
employ the Jones matrix formalism. Assuming light propagation along the z-axis,
the polarization in the xy-plane is described by a two-component vector, with ð10Þ
polarization along x̂ and ð01Þ along ŷ. The cell is represented as a 2 ´ 2 matrix
consisting of a product of elements corresponding to thin slices of the uniaxial
material. Given a tilt θðx; zÞ and polar angle ϕðxÞ of the optical axis, a thin slab i of
material of thickness Δz will modify the electric field polarization at position ðx; ziÞ
according to a sequence of rotations and a phase retardance:

Mi zi
� � ¼ sinϕ xð Þ cosϕ xð Þ

�cosϕ xð Þ sinϕ xð Þ


 �
e�i2πΔzσez ðx;zi Þ=λ 0

0 e�i2πΔzσ0z x;zið Þ=λ

 !
sinϕðxÞ �cosϕ xð Þ
cosϕðxÞ sinϕ xð Þ


 �
;

where λ is the wavelength of the light, which we take to satisfy λ ¼ ne � n0
� �

d=2.
The dielectric eigenvalues are σ0z ¼ n0 ¼ 1:5 and

σ0z x; zi
� � ¼ n0neffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

n2e ½sinθðx; ziÞ�2 þ n20½cosθðx; ziÞ�2
q ;

where ne ¼ 1:7: The entire cell consists of N slabs, such that NΔz ¼ d. The full
optical matrix for the cell is given by the product

M ¼
YN
i¼1

Mi zi
� � ¼ M11 M12

M21 M22


 �
;

where we take the locations zi to be the midplanes of the thin slabs:
zi ¼ �d=2þ i� 1=2

� �
Δz. We then choose a large enough N such that our matrix

converges. Note that the intensity for crossed polarizers can be easily extracted
from the matrix elementsMij:We have the following expressions for the intensities
when the polarizers are aligned along the x and y axes and when they are at 45
 to
these axes, respectively:

Iþ ¼ M12

�� ��2and I ´ ¼ 1
4
M11 þM21 �M12 �M22

�� ��2
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Reporting summary. Further information on research design is available in the Nature
Research Reporting Summary linked to this article.

Data availability
All data that support the plots within this paper and other findings of this study are
available from the corresponding author upon reasonable request.

Received: 9 January 2022; Accepted: 24 June 2022;

References
1. Vilenkin, A. & Shellard, E. P. S. Cosmic Strings and Other Topological Defects

517 (Cambridge University Press, 1994).
2. Nataf, G. F. et al. Domain-wall engineering and topological defects in

ferroelectric and ferroelastic materials. Nat. Rev. Phys. 2, 634–648 (2020).
3. Evans, D. M., Garcia, V., Meier, D. & Bibes, M. Domains and domain walls in

multiferroics. Phys. Sci. Rev. 5, 20190067 (2020).
4. Braun, H. B. Topological effects in nanomagnetism: from

superparamagnetism to chiral quantum solitons. Adv. Phys. 61, 1–116 (2012).
5. Mandle, R. J., Cowling, S. J. & Goodby, J. W. A nematic to nematic

transformation exhibited by a rod-like liquid crystal. Phys. Chem. Chem. Phys.
19, 11429–11435 (2017).

6. Mandle, R. J., Cowling, S. J. & Goodby, J. W. Rational design of rod-like
liquid crystals exhibiting two nematic phases. Chem.-Eur. J. 23,
14554–14562 (2017).

7. Nishikawa, H. et al. A fluid liquid-crystal material with highly polar order.
Adv. Mater. 29, 1702354 (2017).

8. Manabe, A., Bremer, M. & Kraska, M. Ferroelectric nematic phase at and
below room temperature. Liq. Cryst. 48, 1079–1086 (2021).

9. Saha, R. et al. Multiple ferroelectric nematic phases of a highly polar liquid
crystal compound. Liq. Cryst. https://doi.org/10.1080/02678292.2022.2069297
1–13 (2022).

10. Mertelj, A. et al. Splay nematic phase. Phys. Rev. X 8, 041025 (2018).
11. Mandle, R. J. & Mertelj, A. Orientational order in the splay nematic ground

state. Phys. Chem. Chem. Phys. 21, 18769–18772 (2019).
12. Sebastian, N. et al. Ferroelectric-ferroelastic phase transition in a nematic

liquid crystal. Phys. Rev. Lett. 124, 037801 (2020).
13. Chen, X. et al. First-principles experimental demonstration of ferroelectricity

in a thermotropic nematic liquid crystal: Polar domains and striking electro-
optics. Proc. Natl Acad. Sci. USA 117, 14021–14031 (2020).

14. Chen, X. et al. Polar in-plane surface orientation of a ferroelectric nematic
liquid crystal: Polar monodomains and twisted state electro-optics. Proc. Natl
Acad. Sci. USA 118, e2104092118 (2021).

15. Caimi, F. et al. Surface alignment of ferroelectric nematic liquid crystals. Soft
Matter 17, 8130–8139 (2021).

16. Nishikawa, H. & Araoka, F. A new class of chiral nematic phase with helical
polar order. Adv. Mater. 33, 2101305 (2021).

17. Rosseto, M. P. & Selinger, J. V. Theory of the splay nematic phase: single
versus double splay. Phys. Rev. E 101, 052707 (2020).

18. Kats, E. I. Stability of the uniform ferroelectric nematic phase. Phys. Rev. E
103, 012704 (2021).

19. Madhusudana, N. V. Simple molecular model for ferroelectric nematic
liquid crystals exhibited by small rodlike mesogens. Phys. Rev. E 104,
014704 (2021).

20. Li, J. et al. How far can we push the rigid oligomers/polymers toward
ferroelectric nematic liquid crystals? J. Am. Chem. Soc. 143, 17857–17861
(2021).

21. Li, J. et al. Development of ferroelectric nematic fluids with giant-epsilon
dielectricity and nonlinear optical properties. Sci. Adv. 7, eabf5047 (2021).

22. Brown, S. et al. Multiple polar and non-polar nematic phases. Chemphyschem
22, 2506–2510 (2021).

23. Nehring, J. & Saupe, A. On the schlieren texture in nematic and smectic
liquid-crystals. J. Chem. Soc. Farad T 2 68, 1–15 (1972).

24. Chen, X. et al. Ideal mixing of paraelectric and ferroelectric nematic phases in
liquid crystals of distinct molecular species. Liq. Cryst. https://doi.org/10.1080/
02678292.2022.2058101 1–14 (2022).

25. Thurston, R. N., Cheng, J., Meyer, R. B. & Boyd, G. D. Physical mechanisms of
dc switching in a liquid-crystal bistable boundary layer display. J. Appl Phys.
56, 263–272 (1984).

26. Nazarenko, V. G. & Lavrentovich, O. D. Anchoring transition in a nematic
liquid crystal composed of centrosymmetric molecules. Phys. Rev. E 49,
R990–R993 (1994).

27. Kleman, M. & Lavrentovich, O. D. Soft Matter Physics: An Introduction
(Springer, 2003).

28. Yang, F. Z., Cheng, H. F., Gao, H. J. & Sambles, J. R. Technique for
characterizing azimuthal anchoring of twisted nematic liquid crystals using
half-leaky guided modes. J. Opt. Soc. Am. B 18, 994–1002 (2001).

29. Faetti, S. & Marianelli, P. Strong azimuthal anchoring energy at a nematic-
polyimide interface. Phys. Rev. E 72, 051708 (2005).

30. Zhuang, Z., Maclennan, J. E. & Clark, N. A. Device applications of
ferroelectric liquid crystals: Importance of polarization charge interactions. P
Soc. Photo-Opt. Ins. 1080, 110–114 (1989).

31. Shen, Y. Q. et al. Effective conductivity due to continuous polarization
reorientation in fluid ferroelectrics. Phys. Rev. E 84, 020701(R) (2011).

32. Agrahari, K. et al. Ferroelectric liquid crystal mixture dispersed with tin oxide
nanoparticles: study of morphology, thermal, dielectric and optical properties.
Mater. Chem. Phys. 237, 121851 (2019).

33. Garbovskiy, Y. Conventional and unconventional ionic phenomena in tunable
soft materials made of liquid crystals and nanoparticles. Nano Express 2,
012004 (2021).

34. Meyer, R. B. Ferroelectric liquid crystals; a review. Mol. Cryst. Liq. Cryst. 40,
33–48 (1977).

35. Okano, K. Electrostatic contribution to the distortion free-energy density of
ferroelectric liquid-crystals. Jpn J. Appl Phys. 2 25, L846–L847 (1986).

36. Lee, J. B., Pelcovits, R. A. & Meyer, R. B. Role of electrostatics in the texture of
islands in free-standing ferroelectric liquid crystal films. Phys. Rev. E 75,
051701 (2007).

37. Chen, X. et al. Antiferroelectric smectic ordering as a prelude to the
ferroelectric nematic: introducing the smectic ZA phase. Preprint at https://
arxiv.org/abs/2112.14222 (2022).

38. Lavrentovich, O. D. & Rozhkov, S. S. Strings with Boojums at their ends:
topological defects of a new type in nematic liquid crystals. JETP Lett. 47,
254–258 (1988).

39. Kawasaki, M. & Nakayama, K. Axions: theory and cosmological role. Annu.
Rev. Nucl. Part S 63, 69–95 (2013).

40. Dolganov, P. V., Dolganov, V. K. & Cluzeau, P. The effect of spontaneous
polarization on two-dimensional elasticity of smectic liquid crystals. J. Exp.
Theor. Phys. 116, 1043–1049 (2013).

41. Pindak, R., Young, C. Y., Meyer, R. B. & Clark, N. A. Macroscopic orientation
patterns in smectic-C films. Phys. Rev. Lett. 45, 1193–1196 (1980).

42. Pargellis, A. N. et al. Defect dynamics and coarsening dynamics in smectic-C
films. Phys. Rev. A 46, 7765–7776 (1992).

43. Maclennan, J. Spontaneous director rotation in freely suspended ferroelectric
liquid-crystal films. Europhys. Lett. 13, 435–440 (1990).

44. Vallve, M. A. & Ignes-Mullol, J. Dynamics of point defects and stripe textures
in Smectic-C Langmuir monolayers. Eur. Phys. J. E 30, 403–409 (2009).

45. Lavrentovich, O. D. Hybrid aligned nematic films with horizontally
degenerated boundary conditions and saddle-splay elastic term. Phys. Scr.
T39, 394–395 (1991).

46. Press, M. J. & Arrott, A. S. Theory and experiments on configurations with
cylindrical symmetry in liquid-crystal droplets. Phys. Rev. Lett. 33, 403–406
(1974).

47. Williams, R. D. Two transitions in tangentially anchored nematic droplets. J.
Phys. A-Math. Gen. 19, 3211–3222 (1986).

48. Lavrentovich, O. D. & Sergan, V. V. Parity-breaking phase transition in
tangentially anchored nematic drops. Nuovo Cim. D 12, 1219–1222 (1990).

49. Tortora, L. & Lavrentovich, O. D. Chiral symmetry breaking by spatial
confinement in tactoidal droplets of lyotropic chromonic liquid crystals. Proc.
Natl Acad. Sci. USA 108, 5163–5168 (2011).

50. Nastishin, Y. A., Polak, R. D., Shiyanovskii, S. V., Bodnar, V. H. &
Lavrentovich, O. D. Nematic polar anchoring strength measured by electric
field techniques. J. Appl Phys. 86, 4199–4213 (1999).

Acknowledgements
The authors thank N.A. Clark for illuminating discussions and for providing us with
refs. 37,40. This work was supported by NSF grant ECCS-2122399 (ODL).

Author contributions
B.B. performed the experiments on polydomain structures and analyzed the data; M.R.
performed the experiments on monocrystal states and analyzed the data; H.W. designed
and performed the synthesis, purification, and chemical characterization of DIO; P.K.
performed studies of films at the surface of glycerin and analyzed the data, K.T. assisted
in cell preparation and experiments; S.P. assisted in the experimental set-ups; M.O.L.
performed numerical analysis, O.D.L. conceived the project, analyzed the data, and wrote
the manuscript with the inputs from all co-authors. All authors contributed to scientific
discussions.

Competing interests
The authors declare no competing interests.

ARTICLE NATURE COMMUNICATIONS | https://doi.org/10.1038/s41467-022-31593-w

12 NATURE COMMUNICATIONS |         (2022) 13:3932 | https://doi.org/10.1038/s41467-022-31593-w |www.nature.com/naturecommunications

https://doi.org/10.1080/02678292.2022.2069297
https://doi.org/10.1080/02678292.2022.2058101
https://doi.org/10.1080/02678292.2022.2058101
https://arxiv.org/abs/2112.14222
https://arxiv.org/abs/2112.14222
www.nature.com/naturecommunications


Additional information
Supplementary information The online version contains supplementary material
available at https://doi.org/10.1038/s41467-022-31593-w.

Correspondence and requests for materials should be addressed to Oleg D. Lavrentovich.

Peer review information Nature Communications thanks J Jones and the other
anonymous reviewer(s) for their contribution to the peer review of this work. Peer
reviewer reports are available.

Reprints and permission information is available at http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,

adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons license and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this license, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2022

NATURE COMMUNICATIONS | https://doi.org/10.1038/s41467-022-31593-w ARTICLE

NATURE COMMUNICATIONS |         (2022) 13:3932 | https://doi.org/10.1038/s41467-022-31593-w |www.nature.com/naturecommunications 13

https://doi.org/10.1038/s41467-022-31593-w
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
www.nature.com/naturecommunications
www.nature.com/naturecommunications

	Soliton walls paired by polar surface interactions in a ferroelectric nematic liquid crystal
	Results
	Planar alignment
	Ferroelectric monodomains in thin NF cells
	Polar character of in-plane anchoring of planar NF cells
	Ferroelectric domains in thick planar NF cells
	Paired domain walls of W and S types in thick planar NF cells
	Width of domain walls NF cells and electrostatic effects
	Prevalence of bend in NF films with degenerate in-plane anchoring
	Balance of elasticity and surface anchoring in NF domain walls
	Analytical solutions for planar domain walls
	Numerical solutions for planar pairs of domain walls at K1 ≠ K3
	Pairs of domain walls with polar tilts and K1,, K3K1≠K3
	Comparison of experimental and numerical shapes of the domain walls

	Discussion
	Methods
	Sample preparation and characterization
	Textural simulations

	Reporting summary
	Data availability
	References
	References
	Acknowledgements
	Author contributions
	Competing interests
	Additional information




