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A B S T R A C T

This paper presents a nonlinear model for flexoelectric liquid crystal (LC) diffraction gratings and compares the
results from simulations with those obtained from experiments, providing a more accurate description of the
behaviour of the flexoelectric LC grating than that offered by the linear models that have been considered
previously. The nonlinear model that is constructed considers both dielectric and flexoelectric coupling and, with
the aid of numerical simulations, enables the visualization of the behaviour of the LC director in response to
flexoelectric, dielectric, and elastic effects. From the numerical simulations, both in-plane and out-of-plane tilt
angles are obtained which are then used to simulate the optical wave propagation and diffraction characteristics
for light passing through the LC flexoelectric grating. To compare the results from simulations with experiments,
we develop an LC mixture that is capable of forming a flexoelectric LC diffraction grating at room temperature.
This mixture allows for real-time manipulation of the periodic splay-bend structure by adjusting the amplitude of
the DC electric field, enabling control of the diffraction angle and intensity of light into the different diffraction
orders. The consistency observed between our simulation results and experimental data underscores the reli-
ability and accuracy of our proposed models.

1. Introduction

Liquid crystals (LC) are an excellent example of functional materials
with notable electro-optical characteristics due to their significant op-
tical anisotropy and pronounced responsiveness to external stimuli,
including electric fields [1]. These functional materials have been
studied and deployed in a range of applications spanning different fields
in consumer electronics and device engineering; the most obvious
example being their widespread success in flat panel display technology.
Besides displays, their unique ability to modulate light [2–5] makes
them particularly appealing for beam steering technology [5–9],
switchable holograms [10–12], and other uses of intensity and phase
modulation [13–15]. Tunable LC diffraction gratings are a key compo-
nent for beam-steering applications as they are cost-effective, light-
weight, and consume low power [16,17]. Most importantly, they can
facilitate real-time modification of the diffraction, aligning with the
dynamic requirements of modern optical applications.

In the fabrication of tunable LC gratings, nematic LCs, which are
characterized by an absence of an inherent macroscopic periodic
structure, have proven to be especially popular. A widely adopted
technique employed to induce a diffraction grating in a nematic LC is to
apply a periodic electric field across the LC layer, which can be achieved

with patterned electrodes [10,18,19]. Alternatively, to avoid the need
for patterned electrodes, the LC director can be spatially patterned using
photoalignment layers in combination with ultraviolet (UV) light and
photomasks [20–22]. The process of patterning the alignment layer,
however, can be complex, which can increase the cost and time involved
in manufacturing. Additionally, the morphology of the resulting
diffraction grating can be inherently limited, confining its capacity to
diffract light to a limited range of angles.

Chiral nematic LCs, characterized by their intrinsic macroscopic
periodic helical structure, have also been explored for use as tunable
diffraction gratings [23–26]. In this case, the grating properties can be
controlled by adjusting the concentration of the chiral dopant, and
consequently the pitch, and the applied electric field [25,26]. However,
a significant constraint with such systems is the lack of control of the
diffraction efficiency and the slow response time which is typically of the
order of several seconds [27].

The flexoelectric effect in nematic LCs, which was predicted by
Meyer in 1969 [28], offers a potential route to the realisation of tunable
LC gratings. For certain molecules with a shape asymmetry, splay and
bend deformations can induce a net polarization within the material.
Conversely, the application of an electric field can result in the forma-
tion of a macroscopic splay-bend deformation [29]. The flexoelectric
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free energy (fflexo) equation characterizes the coupling between the
flexoelectric polarization Pflexo = e1n(∇ • n) + e3(∇ × n) × n (e1 and e3
represent the splay and bend flexoelectric coefficient, respectively) and
the applied electrical field E, which can be expressed as fflexo =

− E • Pflexo. Recent studies have demonstrated the possibility of forming
tunable diffraction gratings using the flexoelectric effect in bent-core
LCs [30–32]. However, such studies have not considered in detail the
role of dielectric coupling and how this will suppress the desired peri-
odic structure, adversely impacting the diffraction grating. Furthermore,
bent-core molecules do not typically exist in the nematic phase at room
temperatures.

Modelling flexoelectric LC diffraction gratings plays a crucial role in
predicting, analyzing, and visualizing the behaviour of the LC director.
Towards this end, Bobylev and Pikin proposed a theoretical model that
employs the small angle approximation for linearizing the LC director,
and used an Euler-Lagrange approach to minimize the total free energy
equation [33]. This model accurately clarified the threshold conditions
required to trigger the flexoelectric effect. However, their analysis did
not extend to the role of dielectric anisotropy (Δε) on the overall director
profile. Additionally, the equations that were presented are only appli-
cable under certain threshold conditions and do not necessarily hold in
more general situations. Separately, Shin proposed a conical model that
assumes the alignment of the LC director is arranged within a cone [34].
Through the computation of the average free energy density, aimed at
the optimal minimization of the total free energy, this methodology can
be used to precisely calculate the periodicity of the flexoelectric un-
dulations. Nevertheless, the conical model that was proposed does not
sufficiently consider the impact of dielectric coupling and is thus unable
to provide an accurate simulation of the LC director profile when both
flexoelectric and dielectric coupling needs to be accounted for.

In this paper, we present both modelling and experimental in-
vestigations of flexoelectric-based LC diffraction gratings taking into
account both flexoelectric and dielectric coupling. Regarding the
modelling aspects, we employ both linear and nonlinear models in both
the unconstrained and constrained (conical) coordinate systems to
investigate the LC behaviour in the presence of flexoelectric and
dielectric coupling. For the experiments, we present results for a nematic
LC mixture that is capable of forming diffraction gratings at room
temperature under direct current (DC) conditions. We then check
whether the grating can dynamically tune the diffraction angle and ef-
ficiency when a laser beam passes through it. The comparison between
our experimental findings and the outcomes of our simulations shows
the reliability and validity of our proposed nonlinear model.

2. Theoretical modelling

As stated in the introduction, LC molecules with certain shape
asymmetry can result in the formation of splay-bend deformations in the
LC director when subjected to an applied electric field. A three-
dimensional coordinate system is employed to model the splay-bend
distortion (illustrated in Fig. 1) whereby the z-axis is defined as the di-
rection perpendicular to the plane of the glass substrates, effectively
representing the thickness of the LC layer (d). The y-axis aligns with the
initial alignment orientation, as shown in Fig. 1(a), whereas the x-axis is
the direction of the flexoelectric periodic splay-bend distortion. Two
analytic models are used here. Firstly, a constrained approach is
employed in this work which forces the alignment of the LC director to
be within a conical structure, as depicted in Fig. 1(b). In addition, an
unconstrained approach is also adopted to allow for the independent
variation of the out-of-plane and in-plane tilt of the director, as
demonstrated in Fig. 1(c). Here, we define the pitch (p) as the distance
for which there is one complete 2π period of the director reorientation.

(a) Unconstrained model

Bobylev and Pikin employed a model analogous to the unconstrained
version, as referenced in [33]. The situation of small undulations was
considered, where the magnitudes of |θ| and |φ| are much less than 1;
this condition significantly simplifies the computational process. For
completeness, we now summarize the key findings from Ref. [33] and
identify the conditions when the Fréedericksz threshold voltage and the
threshold voltage for flexoelectric instability are the same. This enables
us to distinguish when either dielectric coupling or flexoelectric
coupling dominates.

In the small undulation scenario, where |θ|, |φ|≪1, the LC director
for unconstrained perturbations can be defined as follows:

n =

⎛

⎝
cosθsinφ
cosθcosφ
sinθ

⎞

⎠ ≈

⎛

⎝
φ
1
θ

⎞

⎠ (1)

The interaction between the dielectric energy, flexoelectric energy,
and elastic energy influences the orientation of the LC director.

Assuming the Frank elastic constants are equal, and E =

⎛

⎝
0
0
E

⎞

⎠ is the

electric field applied along the z-axis, the total free energy can then be
recast as

Fig. 1. (a) Initial alignment in an anti-parallel rubbed homogeneous LC glass cell without an applied voltage. (b) Constrained perturbation of the LC director in a
conical configuration, with one end anchored at the base circumference and the opposite end directed towards the vertex. (c) Unconstrained perturbation of the LC
director in the coordinate system. (d) Approximate top-view representation of the evolution of the LC director in the presence of flexoelectric coupling for different
applied voltages. V(th_flexo) represents the threshold voltage to trigger the flexoelectric effect.
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f = felastic+ fflexoelectric+ fdielectric (2)

=
1
2
K
{
[∇ • n]2+ [∇ × n]2

}
− (e1n(∇ • n)+ e3(∇ × n) × n )

• E −
1
2

ε0Δε(n • E)2 (3)

Minimizing the free-energy with respect to θ and φ necessitates the
application of the Euler-Lagrange equations. By accounting for the
boundary conditions, θ = φ = 0 at z= 0 and z= d (where d represents the
thickness of the LC layer) and using the Euler-Lagrange equations, we
can derive an expression for the electric field as a function of the
wavenumber, q, of the periodic structure (q = 2π/p, where p is the pitch
of the splay-bend structure). This takes the form

E2 =
(

K
e1 − e3

)2

[

q2 +
(

π
d

)2
]2

q2+μ[q2 +
(

π
d

)2
]

(4)

where μ = Δεε0K
(e1 − e3)2

. It should be noted, however, that Eq. (4) is only valid

at the threshold voltage where the director starts to reorient to form the
splay-bend structure, therefore this equation defines the threshold field
above which a non-trivial splay-bend modulation takes place. This is
because the equation has been derived from the Euler-Lagrange equa-
tions using the small angle approximation and perturbation solution.
The derivation process from Eqs. (1) to (4) is detailed in the Supple-
mentary Information (Supplementary Information S1).

The threshold voltage for flexoelectric instability can be ascertained
by examining the minimum electric field at q = qth. By setting d(E

2)
dq = 0,

we get

V(th flexo) =
2πK

(e1 − e3)(1+ μ) (5)

qth =
π
d

̅̅̅̅̅̅̅̅̅̅̅̅
1 − μ
1+ μ

√

(6)

In our LC tunable grating device, we anticipate a predominant
flexoelectric effect, which is expected to facilitate more precise control
over the alignment of the LC director. Nevertheless, it is also essential to
investigate the impact of dielectric anisotropy on the formation of the
gratings. According to Eq. (6), the flexoelectric instability can only occur
if |μ| < 1, which suggests that for a periodic flexoelectric structure to
form we require

|Δε| < (e1 − e3)2

Kε0
(7)

The threshold voltage to cause the Fréedericksz transition is calcu-

lated as V(th_frkz) = π
̅̅̅̅̅̅̅
K

Δεε0

√
. If μ = 1, Δε =

(e1 − e3)2

Kε0
and thus V(th_flexo) =

2πK
(e1 − e3)(1+μ) =

2πK̅̅̅̅̅̅̅̅̅̅̅
Kε0*Δε

√
*(1+1)

= π
̅̅̅̅̅̅̅
K

Δεε0

√
, which implies that V(th_flexo) =

V(th_frkz) when μ = 1. Table 1 considers the dominant form of coupling for
different magnitudes of |Δε| relative to the flexoelectric coefficients.

(b) Constrained Model (Conical Model)

For the conical model, as first proposed by Shin [34], θc represents
the angle at which the LC director tilts out of the axis of the cone whereas
φc represents the rotation angle around the cone. Subsequently, a con-
strained model was constructed as shown in Fig. 1(b). The model as-
sumes a smooth rotation of the LC director along the x-axis to form a
flexoelectric periodic splay-bend structure within the cone. Conse-
quently, we can define φc = qx, where q represents the wavenumber as
previously discussed. The LC director can thus be expressed in the small
angle approximation as

n =

⎛

⎝
sin θccosφc

cos θc
sin θc sinφc

⎞

⎠ ≈

⎛

⎝
θccos(qx)

1
θcsin(qx)

⎞

⎠ (8)

Linking the above to the unconstrained model we get

φ = θc cos (qx) and θ = θc sin (qx) (9)

Considering the strong surface anchoring (θ = 0 at z= 0 and z= d), θ
can be treated as a z-dependence sine-like perturbation, similar to that
when deriving the Fréedericksz threshold in a nematic LC. We thus

propose the form θc = θ0sin
(

πz
d

)
where θ0≪1. Inserting Eq. (9) into the

free-energy equation (Eq. (3)) and then simplifying through integration,
we obtained a reduced form of the free-energy as

< f >=
K
4

θ02
(

π2
d2

+ q2
)

−
q
4

θ02(e3 − e1)E −
1
8

ε0ΔεE2θ20 (10)

The minimization of < f > can be achieved by setting ∂<f>
∂q = 0. The last

term containing Δε will not contribute to the derivation since it lacks
dependence on q, thereby excluding dielectric components from the
free-energy equation. We can then obtain an expression for the pitch of
the periodic splay-bend structure as a function of the material properties
and the electric field, as well as the threshold voltage required to trigger
the flexoelectric-induced distortion. Respectively, these equations take
the form

p =
4πK

E(e3 − e1)
(11)

V(th flexo) =
2πK

(e3 − e1)
(12)

Compared to Eqs. (5) and (6), Eqs. (11) and (12) present a more
simplified form by omitting the dielectric coupling. Furthermore, Eq.
(11) yields the same results as those obtained from a different model,
described in Ref [35], under the assumption that the elastic constants for
splay and bend are equal.

(c) Nonlinear model

In the above linear analytic models, the small angle approximation
has been employed to simplify the mathematical analysis. However, the
application of the small angle approximation limits the validity of the
resulting equations to scenarios with small undulations, thereby
potentially compromising its accuracy in representing the LC director’s
actual behaviour in most nematic LC mixtures. Therefore, a nonlinear
model that negates the need for the small angle approximation would be
desirable. To accomplish this, we propose eliminating these simplifica-
tions and incorporating the complete unconstrained form of the LC di-

rector n =

⎛

⎝
cos θ sinφ
cos θ cosφ
sin θ

⎞

⎠ directly in the total free-energy equation.

After employing the Euler-Lagrange equations to minimize the free
energy with respect to the variables θ and φ, we obtain the following set
of equations.

Table 1
Coupling regimes for the flexoelectric LC grating for different magnitudes of the
dielectric anisotropy relative to the flexoelectric coefficients.

Relative magnitudes Coupling mechanism

|Δε|≪(e1 − e3)2

Kε0
Flexoelectric coupling dominates

|Δε|≫(e1 − e3)2

Kε0
Dielectric coupling dominates

|Δε| ≈ (e1 − e3)2

Kε0
Flexoelectric coupling and dielectric coupling co-exist

Q. Han et al.
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f2(φ, θ) =
∂2φ
∂x2 +

∂2φ
∂z2 −

(e1 − e3)Ecos(φ)
K

∂θ
∂x − 2tan(θ)

(
∂θ
∂x

∂φ
∂x+

∂φ
∂z

∂θ
∂z

)

= 0
(13)

g2(θ,φ) =
∂2θ
∂x2+

∂2θ
∂z2 +

(e1 − e3)cos(φ)(cos(θ) )2E
K

∂φ
∂x

+
ε0Δεcos(θ)sin(θ)E2

K
+ cos(θ)sin(θ)

((
∂φ
∂x

)2

+

(
∂φ
∂z

)2
)

= 0

(14)

The comprehensive derivation process to obtain Eqs. (13) and (14) is can
be found in the Supplementary Information (Supplementary Informa-
tion S2). The above two equations, which represent the stationary
orientation of the LC director in the presence of flexoelectric coupling,
contain additional terms that do not appear when the form of the LC
director follows that of Eq. (1). It can be seen in Eq. (13) that
(e1 − e3)Ecos(φ)

K
∂θ
∂x becomes the dominant factor when the LC is subjected to

large voltages. Consequently, the contributions from the other terms can
be considered negligible. Therefore, for the condition of (e1 − e3)Ecos(φ)K

∂θ
∂x =

0, cos(φ) should be equal to zero. This implies that φ must be either
− π/2 or π/2, which suggests that the LC director, due to the combined
influence of the flexoelectric and dielectric coupling, tends to orient in
the x-z plane, with little tilting in the x-y plane when extremely high
voltages are applied, as shown in Fig. 1(d).

3. Simulations

To solve the partial differential equations (PDEs) obtained from the
model described in the previous section and to understand the variations
in θ and φ with respect to the spatial coordinates, it is necessary to
implement a finite difference relaxation method; the methodology used
in this work is presented in the Supplementary Information (Supple-
mentary Information S3). For the simulations, values for macroscopic
parameters such as the one elastic constant (K), splay flexoelectric co-
efficient (e1), bend flexoelectric coefficient (e3), dielectric anisotropy
(Δε), and refractive indices (ne, no) of our LC mixture (vide infra) con-
sisting of MLC6882 (Merck KGaA), BL006 (Merck KGaA), and CB7CB
were taken from the following Refs. [29,36–39], where the relative
concentrations of each component were taken into account to make
reasonable and sensible estimates of the key material parameters of our
mixture. Specifically, the elastic constant was assigned a value of K=13
pN, the dielectric anisotropy (Δε) was set to Δε = 0.01, and the
extraordinary refractive index (ne) was set at 1.594. In contrast, the
ordinary refractive index (no) was chosen to be 1.487, and the effective
flexoelectric coefficient was e* = e1 − e3 = 5.5 pC/m2, which falls
within the first regime of Table 1.

According to Eq. (12), the threshold voltage required to trigger a
flexoelectric response V(th_flexo) was calculated to be 14.85 V and is found
to agree well with our experimental results, which will be discussed in
the following section. All simulation results presented in this paper are
based on these estimated mixture parameters. However, the actual value
of e* andΔε might be higher than the estimations provided here because
the application of the DC field can lead to the formation of ionic
screening, which reduces the internal electric field and is not consis-
tently controllable. Therefore, it is important to note that our simula-
tions have not taken into account the influence of ions on the resultant
behaviour. Examples of simulated LC director profiles for a range of
applied voltages are shown in Fig. 2.

As illustrated in Fig. 2, when the applied voltage is below the
threshold voltage, the LC director remains unchanged with uniform
alignment along the y-axis, which is the direction of the initial align-
ment. Once the applied voltage exceeds the threshold voltage, the LC
director exhibits a splay-bend structure within the x-z plane. Meanwhile,

as the voltage increases, the pitch decreases proportionally, which is
consistent with Eq. (12). The variations in θ and φ along the x-axis are
illustrated, as detailed in the Supplementary Information (Supplemen-
tary Information S4).

To further study the behaviour of the LC director under the influence
of flexoelectric coupling, both side and top views of the director profile
were simulated using our nonlinear model (see Fig. 3). When the applied
voltage is below the threshold, the LC director exhibits uniform align-
ment, parallel to the y-axis and predominantly lying within the x-y
plane. However, once the applied voltage increases above the threshold
voltage, it causes a gradual tilting of the director in both the x-y and x-z
planes due to the combined influence of flexoelectric and dielectric ef-
fects. Under very strong electric field strengths, the LC director exhibits a
predominant tilt in the x-z plane, with negligible tilt in the x-y plane.
These simulation results align with the expected behaviour suggested in
Fig. 1(d).

Fig. 3(c) shows the average cone angle, determined by θc = acos(ny)
where ny is equal to cos(θ)cos(φ), as a metric to quantify the degree of
tilt away from the y-direction. In the figure, D indicates the distance
between the substrate surface of the device and the depth within the LC
layer. It indicates that as the voltage increases above the threshold, the
cone angle becomes more pronounced towards the middle of the layer,
which is also observable in the side view profile.

Jones matrices were then employed to analyze light propagation
through the flexoelectric LC gratings. The interplay of the flexoelectric
and dielectric effects induces variability of the out-of-plane tilt angle, θ,
along both the x-axis and z-axis, significantly influencing the variation
in the effective refractive index experienced by light along the x and y-
directions. Additionally, the in-plane tilt angle (φ) within the x-y plane
varies along the x-axis due to the flexoelectric effect. The Jones matrix
formulation is presented in Supplementary Information (Supplementary
Information S3).

To simulate crossed polarized optical microscope images to compare
with those from experiments, the CIE 1931 colour space [40] was
employed. Central to this colour space is the colour-matching functions
x(λ), y(λ), and z(λ), which span the wavelength range from 360 nm to
830 nm. These functions quantify the eye’s response to different
wavelengths of light, with x(λ) corresponding to the sensitivity to red
light, y(λ) to green light, and z(λ) to blue light. As light interacts with the
LC layer, it undergoes changes in the polarization, resulting in unique
colour manifestations. The derivation of the XYZ tristimulus values was
calculated by integrating over the wavelength from 360 nm to 830 nm.
This integration involves the multiplication of x(λ), y(λ), and z(λ) colour

Fig. 2. Simulated voltage-dependent director profile and splay-bend structures
formed in a nematic LC when viewed in the x-z plane for the following pa-
rameters: pre-tilt angle, Ts = 0.05 rad, K=13 pN, e* = 5.5 pC/m2, d = 5μm and
Δε = 0.01.

Q. Han et al.
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matching functions, the transmittance properties of the LC material, and
the D65 spectral power distribution, which simulates a standard
daylight illuminance [40]. These XYZ tristimulus values were then

transformed into RGB values through a matrix specific to the observing
device’s RGB colour space. Example results are presented later in Fig. 4
(b).

Fig. 3. (a) Simulated top view of the LC director profile for different applied voltages, specifically within LC layer depths (D) ranging from D = 2
9 d to D = 7

9 d (i.e.,
excluding the strongly anchored surface regions). (b) Simulated side view of the LC director profile for different applied voltages, with the presence of a surface
anchoring layer. (c) Simulations of the variation of the average conical angle (θc = acos(ny)) at different depths (D) within the LC layer. The simulations were
conducted using the following parameters: K=13 pN, e* = 5.5 pC/m2, Δε = 0.01, d = 5μm, Ts= 0.05 rad.

Fig. 4. Comparative analysis of polarized optical microscope images for different applied DC voltages: (i) 16 V, (ii) 25 V, (iii) 30 V, and (iv) 50 V: experimental data
(a) at a temperature of 23℃ and the corresponding simulations (b) for the parameters K=13 pN, e*= 5.5 pC/m2, Δε = 0.01, d = 5μm, ne=1.594, no=1.487, Nz = 40,
Nx = 400. Nx and Nz were employed in the numerical simulations to represent the number of grid points along the x-axis and the number of grid points across the
thickness of the liquid crystal (LC) layer, respectively. The white double-headed arrows represent the polarizer (P) and analyzer (A) while the red double-headed
arrowrepresents the alignment direction (n) of the LC director. The experiments were carried using an LC mixture composed of 81 wt% MLC-6882, 9 wt.%
BL006, and 10 wt.% CB7CB with an LC layer thickness of 5 µm. Images were taken at a temperature of 23 ◦C.

Q. Han et al.
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We also simulated the normalized transmitted light intensities (η) in
the far field, which is defined as the ratio of the intensity of light after
passing through the LC grating under an applied voltage to the intensity
of light without the LC grating (I0) or when no voltage was applied to the
LC grating. MATLAB’s Fourier transform functionality was employed to
convert the near-field output electric field (Enear_field) into the far-field
intensity distribution (Efar_field). The intensity of light at the far field
was calculated using the formula Iout = |Efar_field|2, and the initial light
was computed as Iin = |E0|2, where E0 represents the incident electric
field. Consequently, the normalized light intensities of the LC grating
were derived from the ratio of these two intensities, formulated as η =

Iout/Iin. Then, the spatial frequencies (fx) of the diffraction orders ob-
tained from the Fourier transform were converted to diffraction angles
(δ) using the relation δ = sin− 1(λfx). The physical distance along the
screen can then be simulated using the expression Ltan(δ), where L is
defined as the distance between the screen and the LC device. The
simulated normalized light intensities (η) as a function of distance on the
screen from the zero order is shown in Fig. 5. Lastly, Fig. 7 presents the
simulation results for the normalized light intensity at zero order.

4. Materials and methods

For the fabrication of a flexoelectric LC diffraction grating, our pri-
mary material of choice was the Synthon-sourced LC dimer CB7CB
(4′,4″-(Heptane-1,7-diyl) dibiphenyl-4-carbonitrile). This dimer is
composed of two cyanobiphenyl parts linked by a seven-carbon spacer.
CB7CB is an exemplary candidate for flexoelectric applications as it
exhibits a significant flexoelectric coefficient, reported to be approxi-
mately − 31 pC/m [41]. Additionally, the dielectric anisotropy of CB7CB
is quantified to be Δε = +2 [37], which is low compared to more con-
ventional nematic LCs. As discussed, a low dielectric anisotropy is ad-
vantageous for promoting the dominance of the flexoelectric effect.
However, CB7CB exhibits a nematic phase within the temperature range
of 105 ◦C–114 ◦C.

To obtain a nematic phase at room temperature, CB7CB needs to be
mixed with other LC mixtures. For this purpose, we selected the wide
temperature range nematic mixture, BL006. The downside is that BL006
has a relatively high dielectric anisotropy of +17.3 [26], which is not
conducive to the flexoelectric properties required for our device. To
reduce the overall dielectric anisotropy close to zero, we introduced a

Fig. 5. (a)-(d) Simulated light intensity distribution in the far-field diffraction pattern, showing the normalized light intensities (η) as a function of distance on the
screen from the 0th order. (e) Simulated diffraction patterns (0th order and 1st order) of the flexoelectric LC grating under various applied voltages, the colour bar is
located at the bottom of the figure. The simulations were conducted using the following parameters: K=13 pN, e* = 5.5 pC/m2, ne = 1.594, no = 1.487, Δε = 0.01, Ts
= 0.05 rad. The incident linear polarization angle was set as α = 30◦ , and the distance between the screen and the LC device (L) was set at 30 cm.

Q. Han et al.
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substantial proportion of MLC-6882 (Merck KGaA) into the mixture. The
dielectric anisotropy of MLC-6882 was found to beΔε ≈ − 2.82. Through
iterative optimization, we have developed an LC mixture comprising 81
wt% MLC-6882, 9 wt.% BL006, and 10 wt.% CB7CB. It remains in the
nematic phase at room temperature and has a nematic-isotropic tran-
sition temperature of 80 ◦C. This mixture composition was filled into a 5
μm glass cell (INSTEC) via capillary action in the isotropic phase. The
glass cell consisted of indium tin oxide (ITO) transparent electrodes
coated onto the inner surfaces of the substrates onto which was coated a
rubbed polyimide alignment layer. Glass spacer beads dispersed
throughout the cell defined the thickness of the LC layer.

A polarizing optical microscope (BX51, Olympus) equipped with
crossed polarizers and a CCD camera (R6, QImaging) mounted in the
phototube was used to capture microphotographs of the gratings. A
voltage was applied to the LC layer via a function generator that was
connected to a voltage amplifier. To observe the diffraction pattern
formed by the LC flexoelectric gratings, a PL202 laser diode (λ = 639
nm, Thorlabs) was employed as the coherent light source and a Neutral-
Density (ND) Filter was used to attenuate the intensity to avoid satu-
ration of the photodiode. A linear polarizer was placed before the LC
grating to analyse the dependence of the flexoelectric grating on the
incident polarization. Diffraction patterns were displayed on a white
screen and captured using a CCD camera. The schematic of the optical
setup for observing the diffraction is shown in Supplementary Infor-
mation (Supplementary Information S5).

5. Results and discussion

(a) Polarized Optical Microscope Imaging

For our experimental investigation, the diffraction grating only exists
within a notably narrow frequency range, up to 1.5 Hz, when an AC field
is applied, due to the relatively large viscosity of the LC at room tem-
perature. Furthermore, an AC field was found to facilitate the onset of
electrohydrodynamic instabilities [42], which arise predominantly due
to the periodic motion of ions. Consequently, all subsequent experiments
were conducted using a DC field, which is considered more beneficial for
ensuring the stability of the system at room temperature. The flexo-
electric grating was found to operate over the temperature range of
20 ◦C–28 ◦C. In higher temperature ranges within the nematic phase, the
diffractive effect is substantially reduced. This may be due to a decrease
in the flexoelectric coefficients or changes in dielectric anisotropy at
these temperatures. Additionally, at higher temperatures, ionic mobility
increases, which also degrades the stability of the diffractive structures.

Fig. 4 presents observations of LC diffraction gratings on a crossed
polarized optical microscope at a temperature of 23℃. The microscope
stage was rotated to align the rubbing direction at a 45◦ angle relative to
the polarizer and analyzer. Below the threshold voltage, no grating was
observed. The threshold voltage required to observe the formation of a
grating across the whole electrode region was found to be 15.5 V, which
is close to the value of V(th_flexo), obtained from Eq. (12). As illustrated in
Fig. 4(a), exceeding the threshold voltage initiates a transformation into
a striped appearance whereby the pitch of the LC grating narrows with
increasing voltage, leading to a variation in the colour of the stripe. This
colour change results from differential tilting and orientation of the LC
director under varying voltage amplitudes. Fig. 4a(iv) shows the dislo-
cations, which emerge as the system transitions to a higher voltage
regime. Fig. 4(b) displays the outcomes of simulations employing our
unconstrained nonlinear model, which use the CIE1931 colour space
and Jones matrices to simulate light propagation when the grating is
positioned between crossed polarizers on an optical microscope. The
agreement between the predicted and observed grating patterns con-
firms the accuracy of our model and the computational techniques used.
Additional microscope images corresponding to various applied DC
voltages can be found in the Supplementary Information (Supplemen-
tary Information S6).

Table 2 shows a comparative analysis of the pitch of our mixture at
different voltages obtained using three different methods. The three
different methods include the predicted values, obtained from Eq. (11),
the results from the nonlinear model numerical simulations, and the
experimental observations. It can be seen that they exhibit a high degree
of congruence and are in very good agreement, demonstrating a strong
correlation between the theoretical analytical predictions, nonlinear
numerical simulations, and experimental findings.

(b) Diffraction patterns

Fig. 5 presents the simulated intensity distribution and analytical
diffraction patterns at various applied voltages using our nonlinear
model. The results demonstrate that the spatial distance between each
diffraction order increases with the applied voltage (Fig. 5(a)–(d)). X1
represents the separation between the 0th and 1st order whereas X2
denotes the separation between the 0th and 2nd order. However, the
peaks in the distribution are not infinitely narrow and, consequently, do
not exhibit δ-function characteristics because the numerically simulated
splay-bend structure is not perfectly periodic. Additionally, the 0th-
order normalized light intensity, as defined in Section 3, varies in
response to different applied voltage amplitudes. These effects are also
clearly visualized in Fig. 5(e), where the increase in separation between
orders as the voltage increases can be clearly seen.

In this paper, the incident polarization angle, denoted as α, defines
the orientation of the polarization with respect to the rubbing direction
(y-axis) of the LC glass cell. Fig. 6 presents the results from experiments
for the far-field diffraction patterns of light diffracted from our flexo-
electric LC gratings when α = 30◦ . In accordance with the simulations,
the results from the experiments show that the spacing between neigh-
bouring diffraction orders increases as the voltage is increased, which
results from a decrease in the pitch as the voltage is increased. In
addition, it is evident that when the applied voltage is close to the
threshold value (V(th_flexo), approximately 16 V in this case), the intensity
of light in the 0th order is high, indicating weak diffraction. As the
voltage increases from 18 V to 24 V, there is a noticeable decrease in the
0th order intensity, signifying a rise in diffraction. Beyond 24 V, the 0th
order intensity starts to increase, implying a reduction in diffraction.
This phenomenon is also shown in Fig. 7. This behaviour is described in
more detail shortly.

Table 3 compares the separation of the diffraction orders in the far-
field diffraction patterns for both the experiments and simulations at
voltages ranging from 16 V to 35 V. For the 0th–1st order separation and
0th–2nd order separation, the numerical values obtained from experi-
ments and simulations appear to be in good agreement, providing
further evidence of the validity of our nonlinear model.

Replacing the screen with a photodiode allows the measurement of
the normalized light intensities to be obtained. In this case, we focused
specifically on the 0th order diffraction peak. The data presented in
Fig. 7 includes results from simulations and experiments of the zero-
order normalized light intensity as a function of the applied voltage
for varying orientations of the incident linear polarization angle (α)
ranging from 0 to 90◦. It is observed that there is a critical turning point
observable in each curve, after which the zero-order normalized light
intensity either begins to increase sharply or approaches zero. Before the

Table 2
Comparative analysis of pitch values for a 5 µm thickness LC layer. Results from
experiments, nonlinear numerical simulations (K=13 pN, e* = 5.5 pC/m2), and
predictions based upon Eq. (11).

Applied Voltage (V) 20 25 30 35 40 45 50

Pitch (from Experiment (µm)) 7.6 6.6 5.6 4.4 3.9 3.7 3.1
Pitch (from Simulations (µm)) 7.2 6.3 5.5 4.5 4.0 3.3 3.0

p =
4πK

E(e3 − e1)
(µm) 7.4 5.9 5.0 4.2 3.7 3.3 3.0
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turning point, there is a decrease in the 0th order normalized light in-
tensity in each curve when the applied voltage exceeds the threshold
(V(th_flexo)). The reduction in light intensity at the 0th order is caused by
flexoelectric coupling, which leads to a tilt in both the x-y and the x-z
planes, resulting in the diffraction of light.

The results show that the zero-order normalized light intensity
approached zero at high voltages for an incident polarization angle of α
= 90◦, indicating that the light is diffracted into other orders, decreasing
the intensity of the 0th order diffraction. It is interesting to note that this
effect is due to the particular device thickness and LC optical anisotropy
used in this work. Excluding the α = 90◦ case, the zero-order normalized
light intensity increases with applied voltage after the turning point.
Larger polarization angles correlate with smaller increases in the zero-
order normalized light intensity when the applied voltage is increased,
which can be attributed to the behaviour of the LC director at high
voltages as a result of flexoelectric coupling. As previously discussed, at
very high voltages, the LC director tends to orient predominantly within
the x-z plane, exhibiting a purely splay-bend alignment along the x-axis:
this orientation significantly affects the interaction with polarized light.

When the polarization angle is set to 0◦, aligning parallel to the y-axis
(the rubbing direction of the LC glass cell), the incident polarized light
only experiences the ordinary refractive index if the director is in the x-z
plane. Under these conditions, at very high voltages, the light does not
undergo significant diffraction, leading to a decrease in the intensity of
light in the higher diffraction orders. Consequently, the intensity
observed in the 0th order spot increases. Conversely, at a polarization

angle of 90◦, where the polarization direction is perpendicular to the y-
axis, the polarized light interacts with the pure splay-bend profile
aligned along the x-z plane, this interaction results in a periodic varia-
tion of the refractive index along the x-axis, effectively forming a phase
grating. Such a configuration facilitates maximal diffraction of light,
thereby reducing the light intensity observed in the 0th order light.
These results reinforce the simulated director behaviour shown in Fig. 3.

6. Conclusions

In summary, we present both modelling and experimental in-
vestigations of flexoelectric-based diffraction gratings in nematic LCs.
We start by considering a linear analytic model in which the tilt of the LC
director is assumed to be small in both the unconstrained and con-
strained (conical) coordinate systems and investigate the influence of
dielectric anisotropy on the behaviour of the grating. Subsequently, we
present a nonlinear method that obviates the need for a small angle
approximation and includes dielectric coupling to provide a more so-
phisticated model of flexoelectric LC gratings. Numerical simulations
based upon this model provides important insight into the behaviour of
the LC director as the grating forms and varies, facilitating the simula-
tion of light intensity distribution in the far-field and the resulting
diffraction pattern, as well as the grating’s dependence on incident po-
larization using Jones matrices.

An LC mixture was developed, comprising 9 wt% BL006, 81 wt%
MLC-6882, and 10 wt% CB7CB. This mixture, characterized by low
dielectric anisotropy, exhibits the formation of a flexoelectric LC
diffraction grating at room temperature (25℃) using a DC field ranging
from 16 V to 50 V. The resulting grating has a pitch that ranges from 3
μm to 8 μm, depending upon the magnitude of the applied voltage.

Simulation and experimental results indicate that increasing voltage
alters the director alignment from its initial state defined by the rubbing
direction to a state where the director exhibits both in-plane (x-y plane)
and out-of-plane (x-z plane) tilt. At very high voltages, a predominant
tilt in the x-z plane is observed, with negligible tilt in the x-y plane. The
0th order light intensity confirms our predictions about the director

Fig. 6. Far-field diffraction patterns for the flexoelectric LC grating when
illuminated with light from a laser diode and subjected to various applied
voltages with the incident linear polarization angle set as α = 30◦ . The LC
device was operated under the same conditions as described in Fig. 4.

Fig. 7. Normalized light intensity of the 0th order as a function of the voltage applied to the LC grating. Results are presented for different orientations of the incident
linear polarization. (a) Simulation and (b) experimental results for the same conditions as described in Fig. 4.

Table 3
Comparison of the separation of the different diffraction orders obtained from
both experiments and simulations for five different applied voltages. The inci-
dent linear polarization angle α = 30◦ .

Applied Voltage (V) 0th–1st order separation
(cm)

0th–2nd order separation
(cm)

Experiment Simulation Experiment Simulation

16 2.0 2.1 4.2 4.2
20 2.4 2.7 4.8 5.5
25 2.8 3.0 5.7 6.4
30 3.5 3.9 7.2 8.0
35 4.1 4.5 8.4 9.3
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profile, and there is a strong similarity between our modelling and
experimental results of the pitch of the grating with applied voltage and
the light intensity at the far-field, thereby supporting the reliability of
our model. Our nonlinear model greatly improves the predictability of
flexoelectric LC gratings and aids in optimizing material design, which is
of importance in the development of advanced display technologies,
switchable holograms, and innovative beam-steering applications.
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