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The dynamic manipulation of the helicity in a cholesteric helical superstructure could enable precise control over
its physical and chemical properties, thus opening numerous possibilities for exploring multifunctional devices.
When cholesteric material satisfies the sufficiently small bending elastic effect, an electrically induced deforma-
tion named the cholesteric heliconical superstructure is formed. Through theoretical and numerical analysis, we
systematically studied the tunable helicity of the heliconical superstructure, including the evolution of the cor-
responding oblique angle and pitch length. To further confirm the optical properties, Berreman’s 4 × 4 matrix
method was employed to numerically analyze the corresponding structure reflection under the dual stimuli of
chirality and electric field.
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The ability of controlling and manipulating the rearrange-
ment of molecules through external stimuli to obtain tun-
able and reversible structural characteristics is a major
driving force towards the development of multifunctional
devices. The cholesteric liquid crystal (CLC) or chiral
nematic liquid crystal (LC) with self-organized helical
superstructure and typical stimulus-response characteris-
tics has undoubtedly served as a model system for better
understanding orientation-related supramolecular dy-
namic helical structures and exploring their potential in
technological applications[1–6]. Under the induction of chi-
ral interaction, LC molecules in the cholesteric phase
rotate around a helical axis and remain perpendicular,
forming a so-called right-angle helicoid. The characteristic
pitch length and specific handedness of the CLC architec-
tures can be readily modulated through external stimuli
such as temperature, light, and electric field[7–10]. The
pitch, representing periodicity, is the distance along the
helical axis when LC molecules complete 2π rotation,
while the handedness indicates the rotation direction, e.
g., left-handedness or right-handedness. The planar
aligned helical architecture endows CLC with a significant
selective reflection band or photonics bandgap[11]. It sepa-
rates the light propagating along the helical axis into
right-handed and left-handed circularly polarized compo-
nents. One component of the same handedness as the
cholesteric is reflected, while the other component is trans-
mitted. The central reflection wavelength λc is determined
by the average refractive index n̄ and the helical pitch P
of the CLC system, expressed as λc ¼ n̄P in the case of

normal incidence. When the wavelength of incident light
is on the order of pitch length, it exhibits typical structure
color[12,13]. Tremendous explorations and efficient endeav-
ors in recent decades have been devoted to dynamically
manipulating the reflection band shift, thus achieving di-
verse applications ranging from thermosensitive sensors,
smart windows, light-directed diffraction optical elements,
tunable mirrorless lasing, and tunable color filters[14–21].
Among numerous external stimuli, the electric field
undoubtedly has absolute priority, due to its superior ad-
vantages of stability, and instantaneous, precise, and pro-
grammable controllability. However, when the applied
electric field is parallel to the helical axis, only a limited
range of pitch tuning can be obtained in the right-angle
helicoid without reorienting the helical axis[22,23] due to
complicated competition between electric-field-induced
LC rearrangement from the dielectric anisotropy and
the twist torque from chirality.

As early as 50 years ago, Meyer and de Gennes[24,25] pre-
dicted that if the bend elastic constant K3 is much smaller
than twist elastic constant K2 of the CLC system, there
would be a unique external-field-induced deformation
state, named the CLC heliconical state, also known as
an oblique helicoid, in which the helical LC director is
tilted with an oblique angle to the helical axis. One of
the most critical advantages of such a CLC heliconical
state is that it exhibits a wide range of tunable selective
reflection band, because the applied electric field does not
disturb the helical axis but provides a wide range of dy-
namic and reversible tuning of oblique angles and pitch
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lengths. However, it is commonly hard to explore such a
unique superstructure experimentally due to the lack of
materials with the necessary elastic effect coupling[26].
For example, the well-known rod-like LC 5CB has
K1 ¼ 6.4 pN, K2 ¼ 3.0 pN, and K3 ¼ 10.0 pN at room
temperature[27]. Fortunately, recent developments con-
cerning the twist–bend nematic (N tb) phase have found
that bend-shaped LC dimers or trimers furnish sufficiently
smaller K 3 than K 2. For instance, an LC dimer CB7CB,
which consists of two rod-like cyanobiphenyl moieties di-
rectly linked by a flexible alkyl chain, has its K1 ≈ 5.7 pN,
K2 ≈ 2.6 pN, and K3 ≈ 0.3 pN at 103oC[28]. K3 drops fur-
ther as the materials cooled[29]. The CLC heliconical super-
structure formed by a mixture of CB7CB and chiral
dopant S811 was observed in a polarizing optical micros-
copy study and Ramn–Nath diffraction[30]; however, it
only exists in a very limited high temperature range
between 103oC and 116oC. Adding a certain amount of
nematic LC to judiciously optimize the cholesteric compo-
sition can not only maintain the necessary elastic effect
coupling, but also greatly extend the operating tempera-
ture range to room temperature. Thus, a wide range of
modulated selective reflection bands spanning from UV
to near IR from the heliconical superstructure have been
established[15,31–33]. Alternatively, the structure can also be
established and driven by a magnetic field[34]. In our recent
work[35], we have further expanded the controlling dimen-
sion of the CLC helical superstructure. Under a dual
stimulation of electric field and light irradiation, a revers-
ible and dynamic transition between the helicoidal state
and heliconical state and their inverse helices together
with a modulation of helical pitch length and oblique angle
were achieved.
In this Letter, we demonstrated the theoretical frame-

work of the electrically induced CLC heliconical superstruc-
ture and employed numerical simulations to quantitatively
evaluate the importance of the bend and twist elastic effects
on the formation and tunability of the superstructure, as
well as the evolution of pitch length and oblique angle.
To further confirm the optical properties of the heliconical
superstructure, we utilized the Berreman’s 4 × 4 matrix
method to numerically analyze the corresponding selective
reflection characteristics, including the circular polariza-
tion selectivity, reflective intensity, and the reflection band
shifting under the dual stimuli of applied electric fields and
system chirality.
The electric-field-induced LC director arrangement can

be described by using the Oseen–Frank free energy func-
tion. The elastic energy density for the CLC helical super-
structure is written as

f ¼ 1
2
½K1ð∇·n̂Þ2 þK 2ðn̂·∇× n̂ − q0Þ2

þK 3ðn̂ × ∇× n̂Þ2 − Δϵϵ0ðn̂·~EÞ2�; (1)

where K1, K2, and K3 are the splay, twist, and bend elas-
tic constant, respectively; n̂ is a unit vector denoting the
LC director; q0 ¼ 2π∕P0, representing the system chirality

determined by the chemical composition; P0 is the initial
pitch length when there is no electric field;Δϵ ¼ ϵ∥ − ϵ⊥, is
the dielectric anisotropy, representing the difference be-
tween the dielectric constant of the LC director along
the long axis and the short axis; ϵ0 is the permittivity
of vacuum; ~E is the external electric field. Generally,
the electric-field correlation of the CLC structure is the
perturbation of the helix at low fields, followed by com-
plete unwinding at a certain threshold field. As shown
in Fig. 1, we consider that there is a longitudinal electric
field ~E ¼ ð 0; 0; E Þ applied to CLC with positive
dielectric anisotropy, and we assume that the boundary
conditions will keep the axis of the helix ĥ (z axis) parallel
to the field. The LC director is

n̂ ¼ ð cosϕ sin θ; sinϕ sin θ; cos θ Þ; ð2Þ

defined by a polar angle θ and an azimuth angle ϕ. By
minimizing the free energy [Eq. (1)], we got the following
three stacked configurations of LC molecules: helicoidal,
heliconical, and unwound state, as indicated in Figs. 1(a),
1(b), and 1(c), respectively.

In the absence of an external electric field, the chirality
from intermolecular interaction will guide the LC mole-
cules to self-organize into a helicoidal superstructure,
where the LC director twists at a right angle around the
helical axis ĥ, as shown in Fig. 1(a). Then, LC director n̂ in
the helicoidal state is given by n̂¼ðcosϕðzÞ; sinϕðzÞ; 0Þ.
Considering a left-handedness helix, then it can be further
expressed as

n̂ ¼
�
cos

�
− 2π

P0
z
�
; sin

�
− 2π

P0
z
�
; 0

�
: ð3Þ

The azimuth angle ϕðzÞ ¼ −2πz∕P0, is determined by
the position of the LC on the z axis, and the negative sign
indicates left-handedness. When an electric field parallel
to ĥ is applied, the distortion in the CLC system involves
both bending and twisting, which depends on the relative
magnitudes of the twist elastic constantK 2 and bend elas-
tic constant K3. If K 3 > K 2, there is no distortion until
the electric field reaches a threshold value E2, where

Fig. 1. Schematic illustration of LC director configurations in
cholesteric (a) helicoidal, (b) heliconical, and (c) unwound states
under increased applied electric fields.
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the helix is completely unwound into a homeotropic align-
ment, as shown in Fig. 1(c), in which the LC director
everywhere is parallel to the field, i.e.,

n̂ ¼ ð 0; 0; 1 Þ: ð4Þ

For K3 < K2, it can reach a regime under the action of
the external electric field, where there is a delicate equilib-
rium between bending and twisting elastic effects and a
competitive coupling between the dielectric torque and
the twist torque of the CLC system, resulting in the
heliconical state, in which the helix remains unchanged
without any distortion or re-orientation, and the director
n̂ rotates around the helix with an oblique angle θ
(0 < θ < π∕2), as shown in Fig. 1(b). Then, the director
n̂ in the heliconical state can be written as

n̂ ¼
�
cos

�
− 2π

P z
�
sin θ; sin

�
− 2π

P z
�
sin θ; cos θ

�
: ð5Þ

The electric-field-induced CLC heliconical superstruc-
ture exists between the helicoidal superstructure and
the unwound state with the corresponding applied electric
field being located between the lower induction threshold
E1 and the upper unwinding threshold E2, which can be
calculated by the following equations:

E2 ¼
2π
P0

K2�����������������
Δϵϵ0K 3

p ; (6)

E1 ≈ E2
η½2þ ������������������

2ð1− ηÞp �
1þ η

; (7)

where η ¼ K 3∕K2 is the ratio of the bend and the twist
elastic constants, denoting the elastic effect coupling.
Equation (7) is an approximation in the case of a small
η. One of the critical advantages of the CLC heliconical
state is the peculiar tunable performance. Without
deforming the helical axis, it can rearrange the LC director
along itself and then reduce the P and θ under the increas-
ing of the electric field, which can be calculated by

P ¼ 2π
E

�����������
K 3

ϵ0Δϵ

s
; (8)

sin2θ ¼ η

1− η

�
E2

E
− 1

�
: ð9Þ

The CLC heliconical state demonstrated here is distant
from the electric-induced layer undulation of the ordinary
CLC, which usually exhibits fingerprint texture[36], or the
similar arrangement of the LC director in the chiral smec-
tic C phase[37] and the N tb phase[38]. The latter formed by
achiral molecules allows the coexistence of left-handed and
right-handed domains and shows only a very short pitch
length of about 10 nm. While in semectic C phase, the θ is
a certain molecular tilt angle fixed in semectic layers, and

the structure depends on the sense of molecular orienta-
tion and materials density.

Then, we employed numerical calculations to quantita-
tively describe the phase diagram of the CLC heliconical
superstructure and the importance of the η value for the θ
and P changes under the application of an electric field. As
shown in Fig. 2, with the gradual increase of the electric
field, we obtained the evolution of P and θ in the helicoi-
dal, heliconical, and unwound states. Without the applied
electric field, the LC director arranges into the helicoid
with an initial pitch length P0 and an oblique angle at
90°. When the electric field is below the first threshold
E1, even if the electric field increases, there is no obvious
deformation in the helicoid state, thus the corresponding
P and θ remain almost unchanged (i.e., P∕P0 ≈ 1,
θ ≈ 90°). Taking η ¼ 0.083 as an example, as the electric
field increases beyond the threshold E1, the helicoid state
transforms to the heliconical state. During the phase tran-
sition, such electric-field-induced deformation first gener-
ates an overall tilt and contraction, which is manifested by
its oblique angle suddenly jumping from 90° to about 30°
and the pitch shrinking to about 0.3 times the initial pitch
(P∕P0 ≈ 0.3). Subsequently, both P and θ continue to
decrease with the increase of the electric field until it ex-
ceeds the threshold E2, and then the P and θ gradually
approach zero and infinity, respectively. Finally, all LC
molecules are completely unwound and parallel to the
direction of the electric field. It is worth noting that the
tunable range of the oblique angle and relative pitch
length depends only on the η value, irrespective of other
parameters. The smaller the η, the wider the electric-field
tunable range of the heliconical structure becomes.

The initial chirality (or initial pitch length P0) of the
system is also of great significance during the formation
and tuning of the oblique angle and pitch length in the
heliconical superstructure. In addition, the advanced light-
responsive CLC systems manipulating their helical charac-
teristics are based on the mechanism that light irradiation
changes the initial system chirality[39,40]. Therefore, the

Fig. 2. Electrical tuning performance of the (a) oblique angle θ
and (b) pitch length P in helicoidal, heliconical, and unwound
states with various η value.
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discussion here can also help with understanding the
optical and electrical dual-response characteristics of the
heliconical state when photosensitive chiral dopants are
mixed in the CLC system. Defined as q0 ¼ 2π∕P0, chirality
denotes the system chiral strength, determined by the con-
centration and helical twisting power of the chiral dopants.
In order to better express the switching and tuning perfor-
mances of the CLC system, we assume that the material
has a small η value (η ¼ 0.083). With the gradual enhance-
ment of the chirality q0, Fig. 3 illustrates the evolution of
the transformation thresholds E1 and E2 for the appear-
ance and disappearance of the heliconical state [Fig. 3(a)]
and the development of the oblique angle θ [Fig. 3(b)] and
pitch length P [Fig. 3(c)] in the helicoidal, heliconical, and
unwound states under several certain electric-field values.
The stronger the chirality of the system, the corre-

sponding two threshold values both show a linear increas-
ing trend, where the slopes are related to the elastic effect
coupling. In the case of weak chirality, the dielectric
torque dominates the orientation of LCs, and the system
is more likely to unwind under the applied electric field.
Therefore, the heliconical state can only exist within a
limited electric-field range. In contrast, attributed to

the comparable competition between elastic toque and di-
electric torque under high chirality, the system establishes
better stability and is difficult to be untwisted, so the
electric-field range where the heliconical superstructure can
exist is extended. Then, we assume that an electric field
E ¼ 0.58V∕μm acts on the CLC heliconical superstruc-
ture by gradually reducing the chirality to illustrate the
evolution of oblique angle θ and pitch length P [Figs. 3(b)
and 3(c)]. When the chirality is large enough, the CLC
exhibits a common helicoidal state with θ ¼ 90° and
P ¼ 2π∕q0, respectively. With the gradual decrease in chi-
rality, the helicoidal state transforms into the heliconical
state accompanied by an abrupt change in P and θ. Under
a specific electric field, the weaker the chirality of system,
the smaller the corresponding θ because the structure is
easier to drive. However, once the electric field is fixed
to a certain value, the pitch length will also be determined.
In other words, the initial pitch length P0 does not affect
the P under any specific electric field. Eventually, when
the chirality is weak enough, the CLC material will be
completely untwisted so that the oblique angle and pitch
length become zero and infinity, respectively.

Such delicate field-dependent pitch and oblique angle
tunability endows the heliconical superstructure with a
wide range of the periodicity and effective refractive index
modulation in the spiral direction, thereby enabling selec-
tive control over the reflection band or the photonic band
gap. To further evaluate the optical properties of the
heliconical superstructure, we utilize Berreman’s 4 × 4
matrix method to numerically analyze the selective reflec-
tion properties, including the circular polarization selec-
tivity of the structural reflection band, the reflective
intensity, and the reflection band shifting under different
electric fields. For hierarchical optical media, its precise
transmission and reflection spectral properties can be di-
rectly calculated by Berreman’s 4 × 4 matrix method[41,42].

Consider a CLC system with the following parameters:
chirality q0 ¼ 2.42 μm−1, with left-handed helix; neces-
sary elastic effect coupling η ¼ 0.083; birefringence index
ne ¼ 1.555, no ¼ 1.721, ignoring the refractive index
dispersion; and dielectric anisotropy Δϵ ¼ ϵ∥ − ϵ⊥ ¼
11.9− 5.9 ¼ 6.0 is sandwiched in a 35 μm LC cell with
a homogeneous alignment. In the situation of ideal circu-
larly polarized light normal incidence, the corresponding
structure reflection spectra from the heliconical state
under some certain electric fields are shown in Fig. 4.
The heliconical superstructure also exhibits the same se-
lectivity of the Bragg reflection band to circular polariza-
tion like the helicoidal structure, e.g., the reflection only
appears when the polarization state of the incident light is
consistent with the helical handedness. Therefore, right-
handed circularly polarized light (R-CP) will pass through
the helical structure (blue line in Fig. 4). While for the case
of left-handed circularly polarized light (L-CP) incidence,
as the electric field gradually increases from 0.58 to
1.66 V/μm, the reflection bands exhibit a continuous and
reversible shift from 1242 nm to 434 nm (because the pitch
length is inversely proportional to the electric field),

Fig. 3. Electrical tuning performance of the (a) transformation
threshold, (b) oblique angle, and (c) pitch length in the helicon-
ical superstructure on the effects of chirality changes.
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accompanied by a reduced bandwidth and reflectance
(since a decrease in oblique angle results in a correspond-
ing reduction of effective birefringence). The calculation
results further confirm the wide range of the electrically
tunable reflection from heliconical superstructure, which
is almost forbidden in the common helicoidal structure.
The background interference fringes in Fig. 4 are attrib-
uted to the calculation algorithm, considering the mutual
interference between the cholesteric layers.
We also simulated the effect of initial chirality change

on the corresponding reflection band while maintaining
the external electric field. Taking E ¼ 0.58V∕μm as an
example, the heliconical superstructure exhibits a reflec-
tion band at 1240 nm. Gradually reducing the initial chi-
rality of the system from 2.42 to 1.14 μm−1 results in a
significant reduction in the reflection intensity, but with
only a small spectral blue shift. A further reduction in
chirality will lead to unwinding of the system, thereby
completely losing the reflection. The modulation of chiral-
ity breaks the original equilibrium between the dielectric
torque and the twist torque, giving rise to the prominent
changes on both the arrangement transformation of the
helix and the reflection performance. According to the
calculation results of Figs. 3(b) and 3(c), once the electric-
field value is determined, the actual pitch length is
also determined. Although the decrease in initial chirality
can simultaneously reduce the oblique angle, it does not
shorten the pitch length. Therefore, there is no significant
movement of the reflection band. On the other hand, the
reduction of the oblique angle leads to a degradation of the
effective refractive index modulation of the helical struc-
ture, thereby rapidly reducing the reflection intensity
along with a slight spectral blue shift. The calculation
in Fig. 5 also indicates that the central wavelength and
the reflection intensity of the structure reflection band
from heliconical state are dominated by the strength of
the electric field and the system chirality, respectively. It
means that the reversible switching between the existence

and disappearance of the heliconical state, and the modu-
lation of the position and intensity of the corresponding
reflection band, can be accurately manipulated with a dig-
ital point-by-point or line-by-line “chirality electric field”
matrix scanning.

In conclusion, we have systematically described the
phase transition in a cholesteric system in the presence
of a longitudinal external field parallel to the helical axis.
The unique heliconical superstructure appears between the
right-angle helicoidal state and unwinding state under
the external field in the CLC system equipped with the
necessary elastic effect ofK 3 < K 2. Both the oblique angle
and the pitch length in the heliconical superstructure de-
crease as the electric field decreases, thus generating a
wide range of tunable selective structure reflection bands.
Moreover, our calculations show that the phase behavior
and helical properties can be drastically manipulated by
changing the chirality. This work is useful to further
understand the characteristics of the CLC heliconical
superstructures and the twisting and bending distortion
in the chiral system, thereby providing some new insights
for further exploring scientific research and developing
related multifunctional devices.
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