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Two 4-cyanoresorcinol-derived achiral bent-core liquid crystalline materials with terephthalate wings termi-
nated by long alkyl chains CnH2n+1, 1/n = 1/16 and 1/18, are investigated. Both compounds form a paraelectric
smectic phase with uniform (synclinic) molecular tilt in layers of the SmC phase composed of fluctuating
polar clusters (polarization randomized SmCSPR phase). On cooling, the polar coherence length continuously
grows and at the distinct phase transition from SmCSPR, a synclinic SmCSPF phase is formed. The latter turns
into a heliconical phase, formed either spontaneously for 1/16 or after application of an ac field for 1/18.
The helical structure has a helical axis perpendicular to the layer planes and is stable over a relatively broad
range of temperatures. The spontaneously helical phase, formed by achiral molecules, is described as SmCSPhel

F

where S, P, F , and “hel” stand for the synclinic, polar, ferroelectric, and helical, respectively. The helical
structure is confirmed by measurements of the birefringence in planar-aligned cells as well as by conoscopy
in homeotropic-aligned cells with in-plane electric field. The field applied in a plane at right angles to the
helix axis leads to the deformed helical ferroelectric mode, and the field dependency of the apparent tilt angle
unequivocally confirms that the phase under study is helical. It is concluded that the structure of this helical
phase is similar to that of the SmC∗

α phase formed by permanently chiral rodlike mesogens. Due to the achiral
nature of the molecules, SmCSPhel

F can alternatively be considered as SmCPα phase. Since the helical pitch is
approximately the same for both 1/16 and 1/18, in spite of different molecular lengths and its correspondence of
the structure with SmCPα (like SmC∗

α for chiral molecules) the helical pitch is suggested to be incommensurate
with the integral number of the layers. The relationship of this mirror-symmetry-broken polar helical phase with
an apolar twist bend smectic phase of mesogenic dimers is also discussed.
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I. INTRODUCTION

Bent-core liquid crystalline compounds having a 4-
cyanoresorcinol core and two rodlike terephthalate wings,
terminated on both ends by alkyl chains CnH2n+1, 1/n =
1/16, and 1/n = 1/18, exhibit a number of interesting phases.
These phases were identified using a combination of tech-
niques that included differential scanning calorimetry, po-
larizing optical microscopy (POM), and x-ray diffraction.
The chemical structure, phase sequence, transition temper-
atures (T /°C), and the corresponding transition enthalpies
(�H/kJ mol−1) under cooling are given in Fig. 1 [1,2].

The phases of interest in this paper are the synclinic tilted
polar smectic phases (SmCS) named SmCSPF and SmCSPhel

F .
SmCSPhel

F is considered as a heliconically twisted ferroelectric
SmCSPF phase. It is a stable one for compound 1/16, but
for compound 1/18 its formation appears to be inhibited by
a stabilization of the polar SmCSPF state by polar surface
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anchoring. The adjacent phases are SmCAPA (anticlinic tilted
polar antiferroelectric) on the low-temperature side and a syn-
clinic tilted paraelectric SmCS phase (SmCSPR) on the higher-
temperature side. In the latter paraelectric phase, the fluc-
tuating polar clusters have an appreciable coherence length;
therefore they can be switched under a strong electric field,
but without applied field the polarization is randomized.

The SmCSPhel
F phase has the potential for applications in

devices which can successfully be used in photonics, opti-
cal communications, and displays. The devices incorporating
these liquid crystalline (LC) materials in their SmCSPhel

F phase
satisfy the characteristics of better alignment, large contrast
ratio, and operability under low electric fields [1]. Therefore,
a general interest exists in the understanding of the formation
of this phase and of formulating molecular design rules for
the compounds that exhibit this phase over a wide range of
temperatures.

The SmCSPhel
F phase is obtained on cooling from the

SmCSPR phase [3]. The latter is considered as a tilted ana-
log of the orthogonal polar random smectic phase, SmAPR

[4–6], in which the molecules exhibit no (or randomized)
tilt. Although the phase SmCSPR has a uniform tilt, cou-
pling between the polar and tilt directions is weak, due to
a low potential barrier for the rotation of these weakly bent
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1/16: Iso 162 [-7.9] SmA 125 [-] SmCPR 110 [-0.8]
SmCSPF

hel 90 [-] SmCAPA 77 [-38.8] Cry

1/18: Iso160 [-7.4] SmA 134 [-] SmCSPR 111 [-0.9]
SmCSPF (SmCSPF

hel) 90 [-] SmCAPA 76 [53.1] Cry

FIG. 1. Structural formula of the compounds, their phase tran-
sitions (T /°C) on cooling, with transition enthalpies given within
square brackets [�H/kJ mol−1]. For abbreviations, see the list of
abbreviations given in the Appendix. In 1/18, SmCSPF or SmCSPhel

F

exists depending on the external conditions. SmCSPF is a surface-
stabilized state in the absence of the applied field, where SmCSPhel

F is
a uniaxial helical phase structure induced by a pulsed E field and is
stable once formed. Here the parentheses do not imply that SmCSPhel

F

is a monotropic phase.

4-cyanoresorcinal-based molecules around their long axes.
One of the main reasons is the weaker molecular bend; the
angle between the rodlike wings is about 140◦, relatively
wider compared to a narrower 120◦ angle of the usual bent-
core mesogens. Therefore, its polar directions are randomized
either within the same domain or over a combination of do-
mains, macroscopically. The consequence of the random polar
directions is the absence of the net spontaneous polarization
(PS = 0) in the SmCSPR phase, as in the SmAPR phase [6].

In this paper, we provide additional confirmation of the
heliconical structure of the SmCSPhel

F phase. Results of these
investigations will lead to an improved understanding of
the origin of the helical structure in LC phases formed by
achiral bent-core mesogens. We investigate similarities and
differences with the recently reported twist-bend heliconical
SmCTB phase formed by achiral bent mesogenic dimers [7].
A comparison of the uniaxial SmCSPhel

F with the previously
known uniaxial SmC∗

α phase formed from chiral rodlike
molecules [8] is also made.

II. RESULTS AND DISCUSSION

During the phase transition from SmCSPR to SmCSPF

under cooling, a significant drop in the birefringence of a
planar-aligned LC sample is observed. Results are shown
in Fig. 2. In Fig. 2(a), a decrease in birefringence at its
transition from SmCSPR to SmCSPF is recorded in the absence
of an external electric field. This drop in birefringence can
conceivably be due to the formation of a helical structure
since the nontwisted SmCSPF structure with the same tilt
angle will have a higher birefringence. As a consequence the
phase is labeled as SmCSPhel

F (S, P, F , and hel stand for
the synclinic, polar, ferroelectric, and helical, respectively).
The birefringence increases as the helix is gradually unwound
by the dc electric field, E . For the compound 1/n = 1/18
[Fig. 2(b)], formation of the helix is not spontaneous; it is only
formed after application of a pulsed electric field E applied
across a planar-aligned cell, for the duration in time of as
short as ∼10 s, and it is stable after removal of the field. The
helix thus formed is unwound by an external dc field, E , and
returns back to the initial helical state immediately on removal
of the applied dc field. Hence, after the first treatment of
SmCSPF by an ac field, the phase structure can reversibly be
switched between the helical and unwound states by removal
and application of the external dc field, respectively. For 1/16
this on-off switching of the helical superstructure does not
require the initial ac field treatment, meaning that there is a
stronger driving force for the helix formation of 1/16. The
magnitude of the helical pitch has previously been determined
by immersing the LC filled cell (after ac treatment in case
of 1/18) into a Dewar filled with liquid nitrogen. The LC
cell was force opened and the helical structure frozen in its
glassy state was scanned using a high-resolution atomic force
microscope (AFM) at room temperature. The helical pitch was
measured as 14 nm for 1/18 and 15 nm for 1/16 [1]. The
helical pitch values are valid for the temperatures from where
the supercooling of the sample was initiated.

From results of the birefringence, the heliconical angle θ0

is calculated using the formula [9]

�n (θ0) = �n0

2
(3 cos2θ0 − 1). (1)

FIG. 2. (a), (b) Plots of the birefringence �n as a function of temperature for 1/16 and 1/18 filled in planar-aligned cells of cell thickness
9 μm. In (a) the drop in �n at the SmCSPR to SmCSPF phase-transition temperature is instantaneous for E = 0. In (b) the drop in �n occurs
on the removal of the external field. In each case the optical retardation (�n · d) is measured and the birefringence is calculated by dividing
the retardation by the cell thickness. For an explanation of SmCSPX phase, see Ref. [2].

045603-2



INVESTIGATION OF THE HELICONICAL SMECTIC … PHYSICAL REVIEW MATERIALS 3, 045603 (2019)

FIG. 3. Heliconical angle θ0 (the angle between the local director
that draws an oblique helicoid and the helical axis) calculated from
measurements of the birefringence as a function of temperature.

The heliconical angle is defined as the angle between the
local director that draws an oblique helicoid and the optical
(or helical) axis. �n0 is the birefringence of the unwound
synclinic structure and is dependent on temperature. This is
extrapolated to a temperature where �n is measured; θ0 is the
heliconical angle for this particular temperature. Results of θ0

for 1/16 are shown in Fig. 3. It is interesting to note that θ0

increases continuously with a reduction in temperature similar
to that of the NTB phase [9–12], with the proviso that θ0 lies
in a narrow range of values, from 12.6◦ to 14.1◦ in this case.
Normally a large electric field is needed to unwind the helix
in NTB phase [13,14]. However, an unwinding of the helical
structure of 1/n is brought about by a moderately weak field of
1 V/μm. It is natural to expect that such a heliconical structure
would lead to a deformed helical ferroelectric (DHF) mode on
the application of dc external field. The switching time of the
DHF mode is measured to be in the range 30-40 μs [15]. The
speed of switching is faster by a factor of 100 compared to
conventional FLCs composed of the rodlike chiral molecules
in DHF mode. A faster switching time is a consequence of
a shorter helical pitch in SmCSPhel

F of 1/16 and 1/18 by
at least two orders of magnitude than for the conventional
ferroelectric liquid crystals (FLCs). The pitch in the latter
class of materials is of the order of a few μm [16,17].

We offer additional evidence for the formation of helix in
1/n = 1/16 using the technique of conoscopy, where images
of the refractive indices ellipsoid under field can lead to a
procedure of finding refractive indices in the three orthogonal
directions. These are used to determine the biaxiality and
the birefringence of the system. We use an optical polarizing
microscope (Olympus BX-52) [18] equipped with a port for
the Bertrand lens. This port is present in between the objec-
tive and the ocular. Two separate lenses, each with a large
numerical aperture (NA) for the objective and the condenser,
are used. These are needed to have a wider observable field
of view of refractive indices ellipsoid as well as of requiring
a long working distance for the hot stage used for controlling
the temperature of the LC cell. The lens for the objective used
is Olympus, LM Plan FI; 50, 0.5 NA and for the condenser

the lens used is Instech Co.; 0.65 NA. The LC cell used has
6.5-µm cell spacing in between the two substrates. These are
coated with a homeotropic aligning agent (AL60702, JSR
Korea). The conoscopic images of a homeotropic-aligned cell
are recorded by varying the in-plane electric field E . The field
is increased in steps of the field varying up to 6 V/μm. Results
of the experiment are given in Fig. 4. For E = 0, the observed
conoscopic image is uniaxial; the resulting structure becomes
increasingly biaxial as the in-plane electric field is increased.
We find that the biaxiality of the smectic phase is saturated
for an electric field strength of 5.25 V/μm. On the removal of
an external field, the structure returns back to being uniaxial
again instantaneously [from Figs. 4(e) to 4(a)].

III. TEXTURES OF A PLANAR-ALIGNED THIN CELL FOR
THE COMPOUND 1/n = 1/16 AND THEIR EXPLANATIONS

Textures for a planar-aligned cell of spacing 2 μm are
shown in Figs. 5(a) to 5(d).

It is interesting to note that in a planar-aligned cell of
thickness 2 μm, both bright and dark domains are observed
for the cell in SmCSPR phase of 1/18, textures of which are
shown in Figs. 5(a) and 5(b). In this phase, the tilt angle for the
two domains is the same but the molecules in the neighboring
domains are tilted to the left and to the right of the layer
normal L. The directions of stripes coincide with the rubbing
direction R as shown in Fig. 6. The polar directions in SmCSPR

are random [3,19]. On lowering the temperature of the cell, the
sample enters in its SmCSPF phase where the helical structure
SmCSPhel

F , as indicated above, is spontaneously formed. In
this phase, the texture is shown in Fig. 5(c) where the dark
and bright stripes parallel to R are observed; here the domain
boundaries appear normal to R. Such a texture continues to
be displayed down to lower temperatures, Fig. 5(d), except
that the brightness of texture suddenly drops to a lower level.
In addition to the display of the stripes parallel to R, the
stripes normal to R are also observed. The latter arise from the
instability in some of the elastic constants of the LC sample
reducing to very small values; the observed phenomenon is
similar to that of the NTB phase [20].

One naturally asks an important pertinent question as
to why the SmCSPF phase emerges at a lower temperature
when the free energy of the SmCSPA is lower than that of
SmCSPF . The most likely answer is that the SmCSPF phase is
macroscopically chiral and its chirality synchronizes with the
transient chirality of the same handedness. Why is the helix
formed? This is the result of a synchronization of the helical
sense with that of the transient molecular chirality, which
results in forming the helix of a particular sense [21]. The
helix is energetically favored as it results in a denser packing
of the molecules than those for a disordered structure in the
absence of the helix. The helix once formed is stabilized as
the structure escapes from a large spontaneous polarization of
the domain.

IV. THE SmCSPhel
F PHASE BY DIELECTRIC

SPECTROSCOPY AND POLARIZATION

The dielectric spectroscopic measurements clearly estab-
lish that the phase at a temperature of 106 °C, for 1/16, is
ferroelectric. The dielectric amplitude increases significantly
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FIG. 4. (a)–(e) Conoscopic images of a homeotropic-aligned cell of 1/16; the cell thickness is 6.5 µm. The two lenses, each with a large
numerical aperture, are used for the objective and the condenser. The lens for the objective is Olympus, LM Plan FI; 50×, 0.5 NA and for the
condenser it is 20×, 0.4 (Instech, 0.65 NA). The in-plane electric field of a square wave signal of frequency, f = 110 Hz, is applied across the
in-plane electrodes of a homeotropic-aligned cell. The cell is kept at an angle of 45◦ to the polarizer/analyzer directions.

on cooling from the SmCSPR to SmCSPF . It is followed by
a sudden decrease in its dielectric amplitude due to having
the helical structure formed (see Fig. 9a in Ref. [2]). The
helical phase gives rise to a small value of the apparent tilt
angle θapp on the application of a weak probe field. This is
indicative of a large amplitude of the soft-mode fluctuations
seen in Figs. 9(a) and 9(b) of Ref. [2] (a large decrease in
the frequency is observed as the paraelectric-to-ferroelectric
transition is approached). On its entry under cooling from
SmCSPR to the temperature range of 110 to 90 °C corre-
sponding to SmCSPF , the initial biaxial structure seen in the
conoscopic images suddenly transforms to a uniaxial one.
This is naturally a consequence of a spontaneous formation
of the helical structure in a cell and for this reason the phase

is denoted as SmCSPhel
F . An increase in the field gradually

unwinds the helix; consequently, the ensuing phase becomes
increasingly biaxial as the helical structure is distorted by
increasing E , shown above in Fig. 4. As stated already, a
large field is required for producing a distortion in the helical
structure of NTB [13,14]. Nevertheless, the distortions in the
helical structure of a bent-core system that arise from applying
relatively low fields are an exception, which usually is due to
a large negative dielectric anisotropy of this LC material in its
NTB phase [12]. The observation of SmCSPhel

F is reminiscent
of a short pitch exhibited by a uniaxial SmC∗

α phase formed by
chiral rod-shaped molecules [8]. Since we are dealing with the
polar bent-core achiral systems here and the bent-core angle is
∼140◦, the phase is justifiably labeled as SmCPα [19]. There

FIG. 5. (a)–(d) Textures of SmCSPR and SmCSPF phases of 1/18, planar-aligned cell of cell thickness 2 μm. The birefringence for
SmCSPhel

F in (c) and (d) at temperatures of 107 and 100 ◦C are observed to be lower than for the SmCSPR phase. The stripes parallel to
the rubbing direction, R, are seen in (c) and the stripes both parallel and perpendicular to R are seen in (d).
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FIG. 6. Schematics of bent-core molecules (shown here as rod-
like) arranged in the SmCSPR phase. The molecules display a uni-
form tilt angle, leading to (−)SmCSPF and (+) SmCSPF domains
of opposite chiralities. The minus (plus) signs in the parentheses
indicate negative and positive layer chiralities, respectively.

does exist a compelling physical reason too for the formation
of a helical structure such as an escape from the large Ps
that arises in turn from molecular chirality and a large dipole
moment. According to a simple phenomenological theory of
Pikin and Indenbom [22], the helical pitch in the SmC∗ phase
is expressed by the wave vector q,

q = 2π

p0
= � + μPS/θ

K
. (2)

p0 is the pitch of the undisturbed helix, μ is the flexoelec-
tric coefficient, PS is the spontaneous polarization, θ is the
molecular tilt angle, K is the effective elastic constant, and
� is the Lifshitz invariant. The latter is responsible for the
formation of helix of a given handedness and this seemingly
arises from molecular chirality. An existence of the nonzero
polarization shortens the helical pitch, while the sense of helix
is determined by the sign of �. For achiral molecules, � = 0,
pitch p0 of the helical structure is given by

p0 = 2πKθ/μPS, (3)

For large values of PS = 400 nC/cm2 and for large μ/θ ,
and relatively small effective elastic constant K of the LC, the
helical pitch is justifiably low, p0 ∼ 15 nm. In other words,
formation of the helix reduces the electrostatic energy and
increases the elastic energy; magnitude of the pitch is de-
termined as a consequence of the balance in between these
two competing forms of energy. A synchronization of the
transient handedness of chirality of the conformers with the
helical sense leads to spontaneous symmetry breaking of
achirality, and therefore to the sign of �. Hence, the helical
structure once formed stabilizes one of the two possible chiral
conformations that arise from the matching of diastereomeric
coupling with the “transient chirality” of molecular conforma-
tions. For � �= 0, we have either � = +1 or −1 depending
on the sense of the helix. A finite value of the parameter
� additionally stabilizes the helical structure with a shorter
helical pitch, as seen from Eq. (2).

V. THE DEFORMED HELICAL FERROELECTRIC EFFECT

The DHF effect was discovered initially for FLCs by
Beresnev et al. [23]. The DHF mode deals with an initial
distortion of the helix brought by the dc field E < Eth, where
Eth is the threshold electric field. Above the field Eth, a
nonlinear increase in the induced tilt angle is observed with
the field, see Fig. 7(b). For achiral systems, the symmetry
breaking leads to left- and right-handed helical structures,
albeit these might exist spatially over different parts of LC
cell [1,2].

The transmitted light T passing through a planar-aligned
LC cell under crossed polarizers is given by the equation

T = A sin2 2(α′ ± β ′) sin2

(
π�nd

λ

)
. (4)

Here α′ is the angle between the polarizer P and the optical
axis; β ′ is the apparent tilt angle θapp. �n is the birefringence,
d is the cell thickness, and λ is the wavelength of the trans-
mitted light. T is the transmitted light through the cell under
crossed polarizers of a POM with the retardation �n · d . The
transmitted intensity T is recorded and the birefringence �n
calculated. On assuming that a change in the birefringence
�n is not significantly dependent on E , the term sin2 ( π�nd

λ
)

approximates to a numerical constant for small values of E .
The phenomenon can be observed in two configurations of the
cell. In configuration 1, rubbing direction (R) is fixed along the
polarizer, i.e., α′ = 0; β ′ = 0 for E = 0. The layer normal L
is along n. In this configuration, the helix is distorted by E
applied in a plane normal to the helical axis; the apparent tilt
angle θapp = β ′ is linearly related to E as shown in Fig. 7(b)
(third on the right). The initial state is dark, which turns bright
for both polarities of E . This therefore is a nonlinear mode in
the transmitted intensity, T . In configuration 2, α′ is fixed at
an angle of 22.5◦ to the polarizer direction; the brightness of
the initial state is intermediate between those of the dark and
bright states. This mode of T is therefore linear within the
limits of a small change in θapp with E . and the two polarities
of E with α′ = 22.5◦ cause the transmitted signal to be darker
or brighter depending on the sign of E . A large field E gives
rise to a complete unwinding of the helix and consequently
leads to a complete electro-optical (EO) switching.

An application of E leads initially to a linear followed
by nonlinear increase of T with E and then it results in a
“full switching” as a result of “a complete helical unwinding”
brought about by E . This gives rise to an observation of the so-
called V-shaped switching. Nevertheless, for higher tempera-
tures [95 and 105 °C here] and for higher fields, the amplitude
of the EO response expressed by T decreases by increasing
E ; this is shown in Fig. 8. This is suggested to be due to an
emergence of the multiple domains of a tilted smectic phase
in the field of view of the polarizing optical microscope as
being suggested below. During the linear operational regime
of DHF mode, where θapp is proportional to E (see Fig. 7(B)),
switching time is independent of E . A further increase in E
results in a sudden increase in the effective value of the pitch,
when the helix is finally unwound by large E . An ultimate
saturation in the magnitude of the tilt angle with E is reached
and consequently PS is saturated with E (Fig. 8, T = 80 ◦C).
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FIG. 7. (A) In cell configuration 1, the rubbing direction (R), layer normal (L), and the director n coincide with each other. R, L, and n
are shown to lie along the direction of the polarizer. An increase in the electric field (E ) applied in a plane at right angles to the helical axis
distorts the helical structure. n is rotated by E from its position along L, accompanied by the helical distortion (shown by arrows of different
colors; see A and B both extreme left). When an applied electric field is large enough, helix eventually is completely unwound (see B), leading
to ϕ = n · π , where n is an integer including zero. ϕ is the azimuthal angle between the c direction (the projection of the director onto the
smectic layer) and the reference direction on the substrate. The V-shaped switching (see B middle) is a result of the helical unwinding brought
about by E and its shape results from a plot of T vs E . In (B) extreme right, the apparent tilt angle and the birefringence are plotted as a
function of E , where the DHF mode is a linear variation of apparent tilt angle with E .

Nevertheless, for a higher temperature of 95 °C, the EO re-
sponse expressed in terms of T reaches maximal amplitude for
E ∼ 3 V/μm and then it starts to decrease for E ∼ 5 V/μm
instead of staying on a plateau or slightly increasing with
E . The POM shows that the texture splits into two different
domains: the EO switchable and the EO nonswitchable. The
size of nonswitchable domain increases with an increase in

FIG. 8. Amplitude of the EO response in 1/16 as a function of E
plotted for different temperatures in the SmCSPhel

F phase. The DHF
effect relates to an initial linear distortion of the helix by E rising to
1.8 V/μm, where the response in T is linear with E and results in
PS ≈ 150 nC/cm2. PS is shown by the green curve; the other curves
correspond to transmittance through the cell.

E . On the other hand the electro-optic response (or Ps) does
not show any drop in its value with the field. This effect is
even more pronounced for a temperature of 105 °C where the
texture becomes completely nonswitchable for E ∼ 6 V/μm
and higher. Such a phenomenon is satisfactorily explained by
a model given by Nakata et al. [24]. At the outset, the model
considers two competing dynamical mechanisms, shown in
Fig. 9. One of the two mechanisms involves “chiral flipping”
without the electro-optical switching occurring. This mecha-
nism involves the rotation of the dipole moment (arising from
“a combination of the layer chirality and a large transverse
dipole moment”) around the long molecular axis and accounts
for Ps with the field. The second dynamical process relates to
the electro-optical switching of the optical axis (e.g., its rota-
tion of the optical axis by an angle ϕ around the cone). Which
of the two processes is dominant at a particular temperature
and the applied field depends on the relative values of the
energy barriers for these two mechanisms and the strength of
the electric field.

The solution of the model is given by the two related
differential equations:

dβ

dt
=

P0E (sinβ cosϕ + sinϕcosβcosθ ) − ( dUb
dβ

)
ηβ

− dϕ

dt
cosθ,

(5)

dϕ

dt
=

P0Esinϕcosβ sin2θ + ( dUb
dβ

)
cosθ

ηϕ − ηβ cos2θ
. (6)
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n

C

Y

X

Z, L
β

ϕ

m, Ps
θ

FIG. 9. Laboratory coordinate system (X,Y, Z) and the tilted
SmC-like bent-core phase, where θ is molecular tilt angle that n
makes with L, L is smectic layer normal, which lies along the
direction Z . X -Y is the smectic layer plane, n is a molecular main
axis/director, m is short axis, C is the c director defined as the projec-
tion of n on the smectic layer plane, Ps is the in-layer spontaneous
polarization. There are two possible rotational mechanisms: (i) the
rotation of the molecular long axis on a cone around the smectic
layer normal (measured by an angle ϕ that the c director makes with
respect to the X axis) and (ii) rotation of the short axis around the
long molecular axis measured by an angle β that the short axis makes
with respect to the reference direction.

Equation (5) describes the rotational dynamics by angle
β (the rotation of the short axis around the long molecular
axis), whereas Eq. (6) expresses the rotational dynamics of the
director/optical axis through an angle ϕ around the molecular
cone. The first mode involves Ps whereas the latter accounts
for the EO switching as well as of Ps. θ is the tilt angle of a
tilted smectic phase. In the above equations, Ub is the internal
energy barrier dependent on the angle β and is given by

Ub(β ) = Umax(sin2β + k cos β ). (7)

The first term in Eq. (7) involving sin2β is valid for Umax >

0. This relates to the spontaneous symmetry breaking, while it
gives to chiral degenerated states (the case of SmCP phase of
achiral molecules), whereas the second term, k �= 0, accounts
for the chiral molecules. We consider later that Umax depends
on temperature as well.

The experimental results show that for E < EC, the switch-
ing occurs by rotation of the optical axis around the cone
ϕ, whereas for E > EC, the LC sample shows chiral flipping
through the molecular rotation of the short axis by an angle
β around its long molecular axis. According to this model
[24] the critical field EC depends linearly on the energy barrier
Umax. On a reversal of E , the dynamics occurs simultaneously
by both β and ϕ, see Fig. 10. The final outcome however
depends on which of the two angles, β or ϕ, reaches the
critical value of 90° first. The angle β or ϕ which reaches 90°
first continues to increase and finally reaches 180◦ (complete
switching), while the second of the two returns back to its
initial 0° position with reverse dynamics occurring. According
to this model, the optical switching occurs around the cone for

FIG. 10. X -Y plane is the smectic layer plane. Y -Z is the plane
of the substrate. Z is normal to the plane of the paper. Z is the
rubbing direction shown parallel to the layer normal. X is the field
direction. The green arrow describes rotation of the optical axis
around the cone by an angle ϕ (electro-optical switching) whereas
the red arrow, the direction normal to the molecule, describes rotation
by β (corresponding to the chiral flipping) in SmCSPF phase. (a)
Initial state prior to electric-field reversal, defined by β = 0◦ and
ϕ = 0◦, (b) initial dynamics after the field reversal, 0◦ < β < 90◦

and 0◦ < ϕ < 90◦, (c) critical state for the EO switching, 0◦ < β <

90◦ and ϕ = 90◦ is reached, (d) the final switching state β = 0◦ and
ϕ = 180◦, (e) critical state for the chiral flipping, 0◦ < ϕ < 90◦ and
β = 90◦, (f) final chiral flipping state ϕ = 0◦ and β = 180◦.

a lower field of E , while the chirality flipping by angle β is the
most preferred outcome for higher values of E .

This model, however, does not explicitly explain the ob-
served temperature dependence of the critical field. This is
explained by assuming that the energy barrier Umax depends
on the molecular tilt angle θ , Umax = U0 sin2θ , where θ is de-
pendent on temperature and U0 is a constant. For higher tem-
peratures θ is low and consequently Umax is also low. Hence
in this case, the chirality flipping is the predominant outcome
compared to optical switching occurring around the cone.

The model of Nakata et al. [24] is thus able to explain the
EO response, expressed in terms of T , as a function of both
temperature and the field E in the SmCSPF phase.

VI. THE PROPOSED MODEL OF THE
HELICAL SMECTIC PHASE SmCSPhel

F

We obtain much evidence for the helical structure in
SmCSPF phase. These include measurements of the bire-
fringence, the recording and the analysis of the conoscopic
images as a function of the in-plane field E applied in
a homeotropic-aligned cell, measuring the helical pitch by
AFM, the observation of the DHF mode in planar-aligned
cell with the field applied and analysis of the results from di-
electric spectroscopy. These results have convincingly proven
that helical structure exists in the SmCSPhel

F with the proviso
that the helical pitch is short and is of nanometer dimensions.
Based on these results, the model proposed for the helical
phase of compounds 1/16 and 1/18 is that of SmCPα phase
with a helical pitch of ∼15 nm. The proposed model is a tilted
version of the SmAPα phase [6,26]. The model also fits in
with the results obtained for both heating and cooling cycles
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of a similar compound that has the same core and the same
wings, except the wings are terminated by two long alkoxy
chains, C14H29O [19]. Here SmCPα phase is found to coexist
with a polarization-modulated smectic phase (designated M1)
which under some boundary conditions becomes the more
stable of the two phases [19]. Probably the effective molecular
conformational helicity is weaker for alkyloxy-substituted
compound due to slightly changed bond angles and different
heights of the rotational barrier.

In the proposed model, the tilt angle of bent-core molecules
in a tilted phase is finite but is dependent on temperature. Nev-
ertheless, the tilt angle in SmCSPhel

F phase of these compounds
stays low over a broad range of temperatures. The tilt angle is
of the same order of magnitude as the heliconical angle, which
is ∼15◦ or less. The latter is calculated from the measurements
of the birefringence plotted in Fig. 3. An application of a
weak field E < 0.1 V/μm applied along the smectic layer, in
a plane at right angles to the helical axis, leads to a large polar
response. This is evidenced by a large dielectric relaxation
strength plotted in Figs. 9(a) and 9(b) in Ref. [2]. If this
phase were to be a layered SmCTB [7] but having similar
characteristics as NTB except with the addition of smectic
layers, the resulting polar response in that case must have
been weak in contrast to strong observed experimentally with
a large dielectric strength in this case. The authors of Ref. [7]
state that the polar response is absent. This would have also
required a large field strength for introducing the field-induced
distortions in the helical structure. The question arises as
to what is the difference between the SmCPα and SmCTB

phases. It has already been pointed out that SmCTB is different
from SmCPα phase as the measurable polar order could be
absent in the former [7]. It can therefore be speculated that
helicity in SmCTB phase is driven mainly by vanishingly small
bend elastic constant of the dimeric compound, whereas for
the SmCPα an escape from the uniform polar structure is
important for a stabilization of the helical state. Chiral rodlike
liquid crystalline molecules form a uniaxial heliconical SmC∗

α

phase with a short pitch, formation of which normally requires
a large enantiomeric purity of the compound, but also the
tilt angle must be low, which is normally the case only for a
narrow range of temperatures in between the SmA∗ and SmC∗

phases, i.e., SmC∗
α exists only when the interlayer correlations

among the adjacent layers are weak and the tilt angle is low.
The temperature range of SmC∗

α phase is therefore extremely
narrow [8] as the tilt angle needs to be as low as 8◦ or less.
This is normally valid for a limited range of temperatures. In
the case investigated here, the helix is also formed when the
apparent tilt angle is low [1]. The difference here is that the
tilt angle does stay low over a broader range of temperatures;
the heliconical structure can thus exist over a broader range of
temperatures. In contrast to SmC∗

α , SmCPα phase is formed by
achiral molecules where spontaneous symmetry breaking oc-
curs. These molecules undergo transient chiral conformation
and chirality synchronization [21] and for these reasons they
contribute to the formation of a helical structure. The helical
pitch in terms of a number of layers is incommensurate with
an integral multiple of the layer thickness as was proposed
for SmAPα [6,25] phase in line with SmC∗

α phase. This is
also suggested to be the case for SmCPα (SmCSPhel

F ) phase
as shown in Figs. 11(a) and 11(b).

FIG. 11. (a), (b) Model of the SmCSPhel
F interpreted as that of

SmCPα phase. The director draws an oblique helicoid with an
oblique helicoidal angle, θ0. However the molecules are tilted and
twisted. The helical pitch po in terms of a number of smectic layers
is incommensurate with an integer (the integral number of layers
as in SmC∗

α). The helical pitch shown is �2 times the thickness
of a smectic layer, d . Computer-generated image where bent-core
molecules appear to form a helical phase. In Fig. 11(b), the bent-core
molecules in adjacent layers are twisted by an angle of 110◦ whereas
the bent-core angle = 140◦. Molecules are tilted by an angle �90◦

with respect to the helical axis.

VII. HELICAL PITCH OF SmC∗
α PHASE AND ITS

CORRESPONDENCE WITH SmCPα PHASE

SmC∗
α is a uniaxial phase; its helical pitch is known to lie

on a nanometer scale. It borders orthogonal smectic A phase
on its low-temperature side and SmC∗ on its high-temperature
side. SmC∗

α is formed only when the tilt angle is 8◦ or less. In
this particular case, the tilt angle found from x rays is vanish-
ingly small and the optical tilt angle is of the order of 5-8◦ [1].
The theory of Emelyanenko and Osipov [26] can therefore be
used to interpret the results of the helical structure. The salient
features of the theory include (1) an incorporation of the
discrete flexoelectric effect of the adjacent neighboring layers
and (2) the use of effective long-range interlayer interactions
that arise from a minimization of the polarization-dependent
part of the free energy. The equation for the polarization
obtained from it is substituted back into the expression for the
free energy. The questions arise as to why is the helical pitch
of SmC∗

α in terms of a number of layers, commensurate or in-
commensurate, and why it is of the nanoscale level. The bent-
core dimeric molecules separated by an appropriate spacer
will have a predominantly large flexoelectric effect [27]. This
effect is likely to be of much greater importance than for
the rodlike counterparts. Hence the theory in principle should
be applicable to the bent-core liquid crystalline systems in the
tilted smectic phases that exist in chiral domains formed from
the symmetry breaking of achirality.

According to the Emelyanenko-Osipov theory [26] the
polarization-dependent part �Fi of the total free energy Fi is
given by

�Fi = 1

2χ

[
P2

i + g(Pi · Pi+1 + Pi · Pi−1)
] + Pi · Mi, (8)
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where Pi is the polarization of the ith layer and the parameter
vector Mi is given by

Mi ≡ cp cos θ [ni × k] + c f cos θ �ni±1. (9)

cp and c f in Eq. (9) are, respectively, the piezoelectric and
flexoelectric coefficients that contribute to the polarization; in
Eq. (8) g is a dimensionless parameter which characterizes the
relative strength of coupling. Mi is the order parameter of the
ith layer. The inherent assumption here is that the polarization
is parallel to the smectic layer itself. This is indeed the
case for the bent-core systems in both orthogonal and tilted
smectic phases. The nematic director in the (i + 1)th layer
is given by �ni±1 = ni+1 − ni−1. On minimizing the entire
polarization-dependent free energy expression obtained by
summing Eq. (8) over all layers that involve Pi, with respect
to Pi, we obtain

Pi + g(Pi−1 + Pi+1) = −χMi. (10)

It needs to be noted that three adjacent layers actually do
involve Pi. On substituting Eq. (10) back into Eq. (8) we obtain

�Fi = 1
2 Pi · Mi. (11)

This way we can effectively account for the long-range
interlayer interactions of layers; the dielectric susceptibility
χ and the position correlation factor g are both assumed
to be scalar constants to a first approximation. Since the
microscopic short-pitch helical structure numerically emerges
around the frustration point between the SmA, SmC∗

α , and
SmC∗

A (SmCPA phase here instead of SmC∗
α) [28–30], we can

easily obtain a relationship between Pi and M i in SmC∗
α phase

as follows:

Pi = − χ

1 + 2gcos �ϕ
Mi, (12)

where �ϕ = ϕi+1 − ϕi is the c-director twist-angle difference
in between the adjacent layers. On substituting Eq. (12) back
into Eq. (8) and by introducing coordinates for vector ni in
terms of the orthogonal unit vectors x and y of the smectic
layer plane

ni = sin θ (x cos ϕi + y sin ϕi ) + k cos θ, (13)

the polarization-dependent part of the free energy in SmC∗
α

per unit smectic layer is given as

�Fi = − χ

2(1 + 2gcos �ϕ)
sin2θ

× (
c2

p + 4c2
f sin2�ϕ − 4cpc f sin �ϕ

)
. (14)

The pitch of the helix in SmC∗
α and of SmCPα in this case

can be determined by using p0 = 2π
�ϕ

, where the free energy
found from the sum of Eq. (14) and Eq. (18) given in Ref. [28]
is minimized. Using numerical calculations, we find �ϕ for
which the free energy is minimized. The difference angle
�ϕ depends only on the physical constants of the system
and not on the discrete number of layers. The helical pitch
in terms of the number of layers in general may thus be
incommensurate with an integral number of layers [28,30,31].
Values of the helical pitch can be calculated numerically by
assuming values of the various constants.

VIII. CONCLUSIONS

The existence of a helical structure is confirmed in the
synclinic ferroelectric phases of compounds 1/16 and 1/18
formed at the transition from paraelectric to polar smectic
phases. For 1/16 helical formation is spontaneous whereas
for 1/18 it requires a prior ac-field treatment. The helical
structure is confirmed to exist from results of the birefringence
measured for planar-aligned cells and conoscopy carried out
on homeotropic aligned cells with an in-plane electric field
applied. An electric field applied at right angles to the he-
lical axis (in a planar-aligned cell) leads to a display of
the deformed helical ferroelectric mode. Dependence of the
apparent tilt angle on the electric field does show that the
phase under study is helical. The electro-optical response, in
terms of the transmittance through the cell, as a function of the
electric field can be explained by two competing mechanisms:
the rotation around the long molecular axis and the rotation
of the director (optical axis) around the cone. For higher fields,
the chiral flipping is mostly the outcome, whereas the optical
switching occurs by rotation on the cone for low fields. The
chiral flipping also occurs at relatively higher temperatures,
where the energy barrier to rotation of a molecule around its
long molecular axis is significantly reduced. Results of the un-
winding process of the helix by the electric field suggest that
the structure of SmCSPhel

F phase is similar to that of SmC∗
α .

In both cases, helix is formed because the structure provides
an escape from the large macroscopic polarization and is
presumably possible only in weakly tilted smectic phases. The
only difference between SmC∗

α and SmCPα appears to be that
the former is formed by the molecules which are permanently
chiral whereas the latter is formed by achiral molecules, but
the achiral symmetry breaking should occur transiently or
conformationally. It is suggested that due to a correspondence
between the characteristics of two phases, theory of SmC∗

α

should be applicable to SmCPα . The helical pitch in SmCSPhel
F

(SmCPα) is suggested to be incommensurate with an integral
number of layer thickness as in SmC∗

α . However, since SmCPα

phase is formed by achiral molecules, left- and right-handed
helices are formed stochastically in opposite-handed domains.
Also heliconical SmCTB phase is formed by achiral molecules
(bent dimesogens) at the transition from the orthogonal to the
tilted smectic phase, but the formation of this phase appears
not to be related to the emergence of polarization [7].

Recently, incommensurate helical precession pitch has
been determined using carbon-edge soft x-ray scattering tech-
nique of the compound 1/14 and is found to be 15 nm
depending on the temperature [32] in line with the value
obtained in our previous AFM investigation of 1/16 [1].
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APPENDIX

List of Abbreviations:
Cry - crystalline solid state
Iso - isotropic liquid state
SmA- uniaxial smectic LC phase with nontilted or tilt

randomized organization of the molecules in the layers
SmAPR- high-permittivity paraelectric SmA phase
SmC - tilted smectic LC phase
SmCS- SmC phase with uniform (synclinic) tilt in adjacent

layers
SmCA - SmC phase with opposite (anticlinic) tilt in

adjacent layers
SmCSPR - high-permittivity paraelectric SmCS phase
SmCSPA/SmCAPA synclinic SmCS / anticlinic SmCA anti-

ferroelectric phase (polar layers with antipolar correlation)
SmCSPF - ferroelectric polar SmCS phase (polar layers

with synpolar correlation)
SmCSPhel

F - uniaxial SmCSPF phase with heliconical super-
structure and short incommensurate pitch (polar layers with an

angle > 0◦ and < 180◦ (∼120◦ but not exactly 120◦) between
the polar directions of adjacent layers)

SmC∗
α - uniaxial heliconical SmC∗ phase with short pitch

exhibited by uniformly or scalemic chiral rodlike molecules;
the asterisk indicates that the mesophase is formed by chiral
molecules

Explanation of SmCSPX phase is given in Ref. [2].
SmCPα - uniaxial heliconical SmC phase with short pitch

helix with its axis perpendicular to the layer planes, exhibited
by achiral molecules with spontaneous symmetry breaking of
achirality; pitch of the helix is incommensurate with the layer
periodicity

po -helical pitch
PS spontaneous polarization
cp - piezoelectric coefficient
c f -flexoelectric coefficient
Pi- polarization of the ith layer.
g - molecular positional correlation factor in adjacent

layers
�ϕ = ϕi+1 − ϕi; the c-director twist-angle difference in

between the adjacent layers
�ni±1 is the vectorial difference in the nematic director in

the (i + 1) and (i − 1) layers.
M i is the complex order parameter of the ith layer.
POM - polarizing optical microscopy
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