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ABSTRACT

Periodic flexoelectric domains (FDs) stimulated by both electric and optical fields were examined in a photosensitive chiral nematic liquid

crystal. It was observed that the optical field is an excellent candidate to modulate the morphology and electric threshold voltage of FDs, by g
either an optically induced surface effect through photo-alignment or an optically induced bulk effect through the optical control of chiral- 2
ity. With preset spatial patterns of the optical field, proof-of-concept prototypes of ring-shaped and fan-shaped gratings were constructed,
which can be used in encoders to measure the angle directly and precisely. S
o
N
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1. INTRODUCTION Usually, in nematic LCs, FDs appear as static longitudinal
Liquid crystals (LCs) are anisotropic materials possessing a stripes with a periodicity of A, running parallel to the initial orien-
. . . ; tation no. It was reported that FDs exhibit a markedly voltage-
preferred molecular orientation (the so-called director n), which 4 dent A:1516 . . h I A shrinks. Thi
can be conveniently guided by an external electric, magnetic, or ependent A; upon increasing the voltage, A shrinks. 1his
optical field, and surface alignment. As a result, LCs are widely uti- effect has recently been exploited to demonstrate beam steering
Lo ; o p . : functionality and has, thus, drawn special attention.'”*'*
lized in electro-optic displays and photonic devices."” Whil Y ¢ of ’ ,t ffort P D p don the t
Meanwhile, LCs can self-assemble into spatially periodic struc- . "vie most of curfent etorts on FLs are focused on the tun-
tures in response to the stimuli of external fields.”~ A typical ability upon electric field, ~ the extension by including optical stim-
resp . . . " S ulus may bring about very surprising results; such an attempt has

example is the flexoelectric domain (FD), a static, spatially periodic . .

. ; . . been performed on bent core nematic (BCN) molecules embedding
director deformation under an electric field, which emerges due to it made U. b the functi £ the intensitv and
the flexoelectric effect (FE).>” The FE manifests itself as an electric an azlo gr(l)lup% lh m?l € Ve .eco?wil 3 runction ot The tntenstty at
polarization, Py =e; n div n - e; n x curl n, where e, and e; are phe- waveser?t 0 tble (11 ;gma.tmg '8 L dulated b Iv adi
nomenological flexoelectric coefficients. When driven by an electric ) eli-assembled FD stripes can be modulated by properly adjust-
field, flexoelectric domains (EDs) emerge as a spatially periodic direc- ing the external and internal conditions exerted by optical fields:
tor distortion above a critical electric voltage Uc,m_]4 where the
distortion-induced increase in the elastic and dielectric free energies is (1) Surface alignment, as an external condition, can be set via the
overcompensated by the free energy reduction (—Pgq E) due to the optically induced surface effect using the photo-alignment tech-
flexoelectric interaction. Thus, for U> U, the periodically distorted nique. In fact, specific types of surface alignment, which yield
state (the FDs) has a lower free energy than the initial undistorted one. the desired molecular orientation and director distribution, are
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preconditions for all LC devices. The conventional methods for
creating uniform homogeneous alignment involve the rubbing
technique, where a velvet-type cloth comes into contact with a
polymer-coated substrate. Although this contact rubbing tech-
nique is simple and effective in achieving LC alignment, it is
permanent and irreversible, thus not flexible enough to imple-
ment inhomogeneous alignment with complex patterns. In con-
trast, photo-alignment, as an alternative alignment technique, is
superior for the high-quality and high-resolution multi-domain
orientation of LCs.”' Common photo-aligning layers used for
this purpose are usually azobenzene-based compounds, which
undergo trans-cis isomerization when irradiated with the polar-
ized light of proper wavelength.”>>> As the photosensitive layer
is capable of aligning the nearby LC molecules, the resulting
director distribution at the surface of LCs corresponds to the
polarization pattern of the optical field.

(2) The helical structure of chiral nematics (CLCs), as an internal
condition, can be altered by an optically induced bulk effect via
the photo-tuning technique. Herein, a small amount of photo-
sensitive chiral dopant is included to form a chiral nematic
(cholesteric) with a pitch P. As the helical twisting power
(HTP) of the chiral dopant changes in response to the light
illumination, P of the CLC is a function of the light intensity
L7*7° If T has a spatial distribution, the corresponding P(I)
depends also on space.

In this paper, we propose a well-designed photosensitive LC
system, which is composed of a photosensitive CLC filled into a
hybrid-aligned (HA) cell with a photosensitive substrate. By virtue
of a flexible and dynamic optical setup, commanding optic fields
with specific intensity or polarization patterns were obtained. As a
consequence, optically tunable FDs emerged, whose morphologies
as well as their U, could be freely controlled.

Our work shows how the combination of light tunability of
the cholesteric pitch, the voltage tunability of the FDs, and the pat-
terned photo-alignment allow the creation of variable microstruc-
tures inside CLCs. With the advantages of remote, instant, precise,
and flexible operation by an optical field, a feasible way to tune the
microstructures for novel photonic devices has been obtained. For
example, we demonstrate prototypes of ring-shaped and fan-shaped
gratings that could be switched in situ. Their morphologies are tai-
lored by optical-chirality and optical-alignment processes. Such
multifunctional gratings may exhibit potential applications in the
field of accurate angle measurement.

Note that the system discussed in the paper is not an exclusive
solution for the dynamic tuning of cholesteric gratings; several
other examples have also been proposed in the literature. They may
differ in the host nematic, in the photosensitive chiral dopant
(the molecular switch) as well as in the sample geometry and the
type of grating. These may include the helical cholesteric structure
itself, where the helical axis of a short pitch CLC is parallel to the
substrates (uniformly lying helix, ULH);*’ the electric field-induced
transitions between helical and heliconical structures;*® and electro-
convection patterns, whose wave vector is adjustable by simultaneous
change of the frequency and amplitude of the applied voltage.”® In
each case, the optical tunability is due to the photosensitive dopant,
which modifies the helical pitch upon illumination.

ARTICLE pubs.aip.org/aip/jap

Il. MATERIALS AND METHODS
A. Samples

Two LC materials were examined and compared. One
was an achiral nematic, known as 1008 (4-n-octyloxyphenyl
4-n-methyloxybenzoate).””” Not only its nematic phase exists
between the melting point at 63.5°C and the clearing point at
76.7 °C, but it can be supercooled till 53 °C. It has a negative dielectric
anisotropy; the temperature dependence of some material parameters
is given in the supplementary material. The other compound was a
CLC, obtained by doping the host 1008 with a photosensitive chiral
dopant, M5(L) [9-(2-methyl-2,3-dihydro-1H-cyclopenta[a]naphthalen-
1-ylidene)-9H-fluorene],”>* at a weight concentration of Cys = 0.025%.
M5(L) induces a left-handed cholesteric helix. Due to photoisomeriza-
tion, its helical twisting power (HTP = —4 x 10’ m~ in the initial dark
state””) decreases with the increase in the intensity of blue light
(A =430 nm) irradiation, resulting in a tunable helical pitch P(Iy30 nm)-
If I4j30 nm rises to the critical point I.=1.14 mW cm™2, the HTP
becomes zero, i.e., the helical structure fully unwinds yielding a
nematic-like, compensated cholesteric state with |P(I.)| = co. It was
found, however, that increasing I 39 nm above I. has not resulted in
a further change in the HTP, i.e., the system saturated at HTP =0, cor-
responding to the nematic-like state. This phenomenon is very differ-
ent from what we had observed under UV light (1 =365nm)
irradiation.” In the latter case, when the UV light intensity exceeded
the critical point, M5 underwent a chiral inversion, switching from the
left-handed sense to the right-handed one. In any case, HTP returns
in a few seconds to its initial value after stopping the illumination.

Two kinds of cells, each with a thickness d=6um, were pre-
pared. Both were of a hybrid-aligned (HA) configuration but differed
in their planar surface alignment: while one substrate was treated
with PI Nissan 7511L to achieve homeotropic alignment,26 the other,

planar substrate was covered either with the non-photosensitive poly- :

imide (PI) Nissan SE150 and rubbed to obtain a uniform in-plane
alignment ny (standard HA cell), or with the photosensitive layer”"*”
and treated via photo-alignment technique to acquire customized
in-plane aligning patterns (patterned HA cell).

Samples made of standard and patterned HA cells filled with
the nematic 1008 were used to demonstrate the surface effect of
the optical field, whereas the sample made of a standard HA cell
filled with the photosensitive, chiral, doped 1008 served to dem-
onstrate the bulk effect of the optical field. The dopant concentra-
tion used here results in a helical pitch P > d, yielding a slightly
twisted director structure with the twist angle lower than w/2,
ensuring the observability of FDs. Note that for shorter (P < d)
pitches, no FDs are present; instead, a flexoelectrooptic effect’” ™’
develops by the applied voltage.

In order to generate FDs, an electric field perpendicular to the
substrates was applied by an amplified dc voltage of a signal gener-
ator. Meanwhile, the temperature of the samples was kept constant
at T=60°C by using a Linkam LTS 450 heating stage, which was
controlled by a TMS 94 temperature controller.

The formation and transformation of FDs were monitored by
a polarizing microscope (POM) or by an optical setup equipped
with a (digital micro-mirror device) DMD, where the samples were
placed between crossed polarizers and observed in transmission
mode using white light illumination.
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B. Optical setup 1: LCoS technique (A=405 nm) for
photo-alignment to induce surface effect

The patterned HA cells, with specific surface alignment distri-
bution and anchoring energy, were fabricated by the photo-
alignment technique, as shown in Fig. 1(a). A polarization-sensitive
sulfonic azo-dye, SD1,”" was used as the photo-aligning agent on
the planar substrate. This layer (with an approximate thickness of
10 nm) was illuminated by a blue light (1 = 405 nm) reflected from
an liquid crystal on silicon (LCoS) spatial light modulator (SLM).
Due to photoisomerization and dichroic absorption, SD1 molecules
tend to orient perpendicularly to the local polarization of the illu-
minating blue light (1=405nm). Subsequently, they guide the
CLC director at the surface to realign along the direction of SDI,
i.e., perpendicular to the polarization direction of light, through
intermolecular interactions. In the setup, the LCoS serves as a uni-
axial phase retarder, whose phase retardation 6 depends on the
applied voltage. Consequently, the output light is linearly polarized,
with its polarization direction oriented at an angle of 6/2. Since the
phase retardation can be precisely controlled at the pixel level in
the LCoS, an arbitrary two-dimensional (2D) polarization direction
distribution can be generated on the sample.”™”” In our experiment,
a photomask with pre-designed gray-level pictures was uploaded to
the LCoS, resulting in a radial polarization distribution map. Thus,
the surface directors of the CLC form the designed tangential
in-plane (azimuthally distributed) configuration.

The anchoring energy, provided by the SDI layer, depends
strongly on the exposure dose. Usually, the higher the dose, the
stronger the anchoring energy.”™”’ Theoretical considerations
imply that the anchoring energy is proportional to the order
parameter S of the SD1 layer, while a longer exposure time
and/or a higher dose enhance S, resulting in a better alignment
uniformity and stronger anchoring ability of SD1.*>*' The
increase in the order parameter S with the exposure time has
been experimentally proven by the observation that the photo-
induced phase retardation of the SD1 layer increases with the
exposure time.

In our experiment, the intensity Ijps ,m of 14 mW/cm? was
fixed, while the exposure time f., was adjusted to 10, 30, and

()

Sample Lens

Quarter-wave
Plate

Half-wave,

B (b)
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60 min to change the dose and, thus, to examine the effect of the
alignment strength on the formation of FDs.

Regarding sample fabrication, first, the ITO glass substrates
underwent ultrasonic and UV-ozone cleaning. Subsequently, they
were spin-coated with the photoaligning agent SD1 (0.3 wt. % dis-
solved in N,N-dimethylformamide). After that, the SD1 layer was
cured at 100 °C for 10 min to remove the solvent. Finally, the two
substrates (one for homeotropic and the other for photoaligned
planar alignment) were assembled together and sealed with epoxy
glue, while the cell gap was maintained by spacers of 6.0 um.

C. Optical setup 2: DMD technique (1=430 nm) for
photo-tuning to induce bulk effect

In addition, in order to imprint the desired space-variant
helical structure of CLCs, a dynamic mask photo-tuning technique
based on DMD was employed. In this technique, the pre-set
intensity-patterned images were uploaded as gray photomasks into
the DMD [Fig. 1(b)]."*

A collimated blue beam with wavelength A =430 nm, acting as
the commanding light, was reflected onto the DMD and subse-
quently illuminated the sample according to the designed light
intensity pattern. Meanwhile, the morphologies of the samples
were monitored by a CCD camera, where collimated white light
and polarizers were used.”’

It should be noted that, due to the absorption spectra of SD1,
the illumination by A =430nm light cannot modulate the afore-
mentioned surface photo-alignment already produced by
A =405nm light. Instead, the introduction of the 4 =430 nm light
could only affect the HTP of the chiral M5(L) within the LC film.

lll. EXPERIMENTAL RESULTS

A. Optically induced surface effect tested by the
photo-alignment technique

In the following, the photo-tunability of FDs was investigated
by changing the surface conditions, either the surface alignment
pattern or the anchoring energy.

Halogen
Lamp

FIG. 1. Schematic diagrams of (a) the LCoS and (b) the DMD setups, which were used to perform the photo-alignment and the photo-tuning, respectively.
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FIG. 2. Snapshots (300 x 300 um?) of the unperturbed states at (a) rubbed and (c) photo-aligned planar surfaces, respectively; the corresponding FD states with (b)

Uy =345V, A=9.1um and (d) with Uy =34.0V, A =9.3 um.

1. Dependence of the FD morphology on the photo-
alignment pattern with strong anchoring

In the absence of an electric or optical field, the well-defined
textures of the unperturbed state of the nematic 1008 could be
clearly observed in POM. Figure 2(a) shows the homogeneous state
in a standard, rubbed HA cell, while Fig. 2(c) exhibits the circular,
tangential director orientation of a patterned HA cell, created by
photo-alignment using the LCoS setup producing an illumination
with a cylindrically symmetric, radial polarization pattern.

When the samples were driven by a dc field only, FD devel-
oped if the applied voltage Uy exceeded U.. In the two cells, FDs
manifested themselves as different morphologies, in agreement
with the different alignment configurations at the planar side: in
Fig. 2(b), a regular array of parallel stripes along ny were observed,
while in Fig. 2(d), a regular array of circular stripes were observed.

Both kinds of morphologies appeared, however, around the
same U, in Figs. 2(b) and 2(d), indicating that U, is independent of
the surface alignment pattern.

2. Dependence of U. on the anchoring strength via
optical exposure time

The surface anchoring energy of photo-alignment on the azo
layer strongly depends on the irradiation dose.”® That is, at cons-
tant intensity, the exposure time f., determines the anchoring

energy. Usually, the higher the dose, the stronger the anchoring
energy. To explore the relation between anchoring strength and FD
characteristics, I405 nm = 14 mW/cm® was kept constant, while three
typical exposure times f, were selected. The illumination occurred
in a circular spot, whose diameter was gradually reduced. By that,
an array of an outer ring (1), a middle ring (2), and a central circle
(3) was created, with corresponding exposure times of f., = 10, 30,
and 60 min, respectively (Fig. 3).

It was observed that while the morphology of FD was inde-
pendent of the anchoring energy, the U, of FDs was affected by it,
as shown in Fig. 3. It is evident that the longer the exposure time,
the stronger the resultant anchoring energy, and the higher U..
Thus, ring 1, ring 2, and central circle 3 correspond to weak,
medium, and strong anchoring, respectively.

3. The dependence of FD morphology on the electric
field with strong anchoring

With the above-mentioned surface alignment patterns, the |

effect of Uy, on the FD morphology could be examined. As the
voltage increases (decreases), the corresponding circular stripe mor-
phology undergoes shrinkage (expansion), as shown in Figs. 4(a)
and 4(b). In other words, an increase in Uy leads to a decrease in
the periodicity A (the difference in the radius of neighboring circu-
lar stripes), and vice versa. A was determined by measuring the

>UT

FIG. 3. Snapshots (600 x 600 m?) demonstrating the dependence of U, of FDs on the exposure time t., where ring 1, ring 2, and circle 3, separated by dashed circular
lines, represent different regions with t. =10, 30, and 60 min, respectively. Here, the snapshots represent (a) the unperturbed state; and the patterns slightly above the
onset of FDs in the different regions: (b) U,=32.9V in ring 1, (c) U.=33.4V in ring 2, and (d) U, =34V in circle 3. The corresponding periodicity A is almost the same,

ranging between 9.0 and 9.3 um.
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L L L
1.05 1.10 1.15

U=

FIG. 4. Representative snapshots of circular FDs at (a) g*=1.05 and U*=1.1 and (b) g* =1.24 and U*=1.3, with only one polarizer P used. (c) Linear dependence of
the reduced wavenumber g* = A/A on the reduced voltage U* = Uyo/U,. Discrete points are measured data, while the straight line was obtained by fitting.

width of at least 10 stripes and dividing by the actual number of
stripes. Then, the reduced wavenumber g* = A/A was calculated and
plotted in Fig. 4(c) as a function of reduced voltage U* = Uy /U..
Here, U.=34.0 V corresponds to the threshold voltage of FDs, while
A.=93um is the critical periodicity at FD onset. Note that the
linear increase in the wavenumber with the voltage is a typical behav-
ior of flexoelectric domains.” It is due to the fact that shrinking A
results in higher flexoelectric polarization; thus, the flexoelectric
interaction can compensate larger deformation free energies.

4. Application of the circular FDs: Circular ring
diffraction grating

The periodic director distortion of FDs corresponds to an
optical grating that is capable of diffracting an incident beam.
The aforesaid tunability of FDs, enabled by electric field and photo-
alignment, can be exploited to design new kinds of controllable dif-
fraction gratings.

Herein, a prototype grating composed of concentric circular
stripes demonstrates variable far-field diffraction fringes depend-
ing on the applied Uy, as shown in Fig. 5, using a He-Ne laser
(A =633 nm) diffraction technique. The radius R, of the first-order

fringe detected at a diffraction distance of L = 10 cm defines the first-
order diffraction angle &, via tan; = R,/L.

It should be noted that, unlike traditional linear gratings, our
grating had circular spatial symmetry. Hence, a circularly polarized
laser was used to explore the diffraction effect of this new circular
stripe grating. It was observed that under these conditions, the dif-
fractive fringes are also circles.

Figures 5(a) and 5(b) illustrate that the fringes depend on the
applied voltage. Figure 5(c) depicts the dependence of the reduced
radius R;* =R,/R. on the reduced voltage U*= Uy /U.. Here, R,
and R, correspond to the radius of the first-order diffractive circu-
lar ring at Uy and at U,, respectively. The radius R; is related to
the periodicity A of FDs via A sind; =A. For small diffraction
angles 9,, this means a linear relation between R, and A~'. Thus
by applying an appropriate voltage, the periodicity A of the grating

can be precisely controlled. In addition, such an operation can be :

completed dynamically.

B. Optically induced bulk effect by the photo-tunable
chirality

Photo-tunability of FDs was investigated in standard HA cells
with a uniform planar surface alignment achieved through rubbing,

s ' 1 s s L L s
.00 1.05 110 LI5S, 120 125 130 135 140

=V Y

FIG. 5. Typical dc voltage-dependent diffraction fringes: (a) at U*=1.1, Ry*=1.06; (b) at U*=1.3, Ry*=1.22; (c) the linear dependence of Ry*=Ry/R; on the reduced
voltage U* = UyJU.. Here, Ry and R represent the radius of the first-order diffractive circular rings at Uy. and at U, respectively, at a diffraction distance of L =10 cm.

Discrete points are measured data, while the straight line was obtained by fitting.
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FIG. 6. Dependence of the light-driven rotation angle ¢ and the threshold voltage U, on the light intensity /430 nm, €ach after 60 s of illumination. Here, the inset snapshots
(145 x 230 um) a(1) and b(1) are representative textures of the pattern-free states with crossed polarizer P and analyzer A, illuminated in the absence of the electric field
by l430 nm =0 and l430 nm = I, respectively; inset snapshots a(2) and b(2) are the FD patterns slightly above the onset, at Uye = U, = 34.0'V, l430 nm =0 (in the absence of
illumination) and Uge = Uy =33.2 V., ligo nm = s = 1.14 mW/cm? (after being illuminated), respectively.

The cell was filled with the photosensitive CLC material, which
allowed the utilization of the photoinduced chirality in the bulk LC
film. Upon uniform illumination with a blue (4=430nm) light,
the dc voltage-induced FDs change in response. It was observed
that both U, and the orientation of the FD stripes vary according
to the intensity I430 nm» as illustrated in Fig. 6.

1. Effect of the intensity 1,30 nm on the orientation
of FDs

In Sec. III A 3, we demonstrated that the periodicity A of FDs
could be strongly modulated by dc field. Herein, we demonstrate
that when the combined effect of A =430 nm optical and dc electri-
cal fields is present, the morphology of FDs undergoes a transfor-
mation, manifested in rotated stripes.

It was observed that during the whole light irradiation period,
FDs always appeared as straight stripes; however, the direction of the
stripes (represented by the angle o between the stripes and the
rubbing direction ny) alters with different intensity ;30 nm. Initially,
when Lizp nm=0, a=—q, Afterward, as ILj3p nm grows to I, the
stripes rotate counterclockwise and the corresponding o gradually

increases from —oy until o =0, making o dependent on Iyzp nm- At
this point, the direction of the stripes is parallel to ne. It is thought
that the alteration of the helical pitch due to light irradiation is
responsible for such an effect.

For comparison, in order to prove the effect of alteration of the
helical pitch, we separately inspected the evolution of the sample
morphology under A =430nm light in the absence of the electric
field. When I 3¢ nm is in the range of 0 < I439 nm < L, the system is in
left-handed helical states with P(I430 nm) <0, yielding uniform tex-
tures with different colors [see an example in inset a(1) in Fig. 6].
If I430 nm = I, one finds a complete light extinction at crossed polar-
izers, corresponding to the unwound, compensated CLC state with
P(I.) ® o0, shown in inset b(1) in Fig. 6.

2. Dependence of U. on I;30 nm Via the alteration of the
helical pitch

The U, of FDs is also influenced by the light intensity Is39 nm-
The higher the I;30 nm, the lower the U.(I430 nm). Eventually,
Uc.(I430 nm) decreased to the value as that in the pure nematic case
when 1430 nm = Ic.
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By examining the curves how o and U, vary with Ij3p nm
(Fig. 6), it can be inferred that these two characteristics are con-
nected. Since both of them are functions of the pitch P, the adjust-
ment of P by I3 ,m makes them light intensity-dependent.

In addition to @ and U,, the diffraction efficiency 7, defined as
the ratio of the intensity of the +1st-order diffracted beam to the
intensity of the incident beam is also an important parameter of
FD gratings. In principle, 7 may also depend on the illuminating
intensity I430 nm» as & and U, do. Using a 633 nm circularly polar-
ized laser, it was observed that the diffraction spots also relocate
corresponding to the rotation of the grating; however, the diffrac-
tion efficiency n remains almost unchanged. As a representative
example, for the gratings in Figs. 6(a2) and 6(b2), n = 12.5%.

3. Demonstration of optical-addressing

As an intuitive application to demonstrate the optically
induced bulk effect, we used the optical-addressing technique to
display a customized image, as shown in Fig. 7. Again, this is the
consequence of the reduction of U, in the illuminated area, while
U, remained unchanged in the unilluminated regions. In this way,
the distribution of FD stripes is consistent with the spatial profile
of the light intensity.

In addition, due to the tunability of the pitch, the carried
information could be erased and rewritten into FD stripes
on-demand by optical-addressing.

IV. DISCUSSION

So far the theoretical description of the flexoelectric effect
mainly constrained on the behavior in planar samples. The thresh-
old voltage U, and the critical wavenumber g. = 2n/A_ were derived
in linear approximations,”™''? while the voltage dependence of the
wavenumber q(U) was calculated by nonlinear theories.'>' ***
Unfortunately, similar theoretical treatments for the geometries
used here—hybrid-aligned nematics with finite anchoring energy
or hybrid-aligned cholesterics—are not yet available. Although the
generalization of the theoretical description might be straightfor-
ward, the calculations are tedious and demanding; thus, it cannot
be part of the present paper. Therefore, we can only compare our
observations with those obtained for other geometries.

A. Optically induced surface effect

Our experimental results indicate that both the morphology
and the critical voltage of FDs can be influenced by the surface
conditions.

ARTICLE pubs.aip.org/aip/jap

For the nematic 1008 in a photo-aligned patterned HA cell,
the FDs grow along the local director orientation at the planar
surface, forming circular stripes according to the circular tangential
surface alignment pattern. It should be stressed that, even in the
presence of a surface alignment pattern, the nematic film does not
form a helical structure spontaneously, because one substrate pos-
sesses an azimuthally degenerate vertical alignment. Thus, the
whole system always maintains the nematic state, where each part
in the space orients along the local planar alignment on the
surface. If the alignment distribution degrades to a uniform orien-
tation, as in the rubbing case, then the FD stripes turn into parallel
ones along ny. Such changes have a negligible effect on the magni-
tude of the elastic energy, and on the coupling energy between the
polarization Pg and the electric field, thus, the critical voltage U,
does not change as seen in Fig. 2.

The influence of surface anchoring energy on FDs in HA
nematics is surely a new observation. Previous theoretical attempts
to describe the U. of FDs in HA cells assumed strong surface
anchoring.”* Finite anchoring energy was theoretically considered
only for planar samples*”** predicting a decrease of U, and some
modification of g. at reducing anchoring strength. These predic-
tions are in line with our experimental results, which evidently
proved that U, is higher in regions with higher anchoring strength
(see Fig. 3). Furthermore, the linear increase of q* with the voltage
(Fig. 4) matches the theoretical predictions obtained for planar
samples.'>'>**

B. Optically induced bulk effect

The optically induced bulk effect was studied in the
rubbing-aligned standard HA cell, filled with a long pitch CLC

(1008 doped with M5). Theoretical description of FDs in CLCs is ;

still an unexplored field. One of its reasons might be that FDs are
expected to occur only in long pitch CLCs (in slightly chiral nem-
atics). Instead, studies mostly focused rather on short pitch CLCs,
where another, homogeneous deformation—the flexoelectrooptic
effect’” ™ occurs due to flexoelectricity.

FDs were tested in a twisted planar nematic configuration.*’
The calculations yielded higher U, than in the untwisted planar
case and a slight, polarity dependent deviation of the direction of
the FD stripes from the initial director at the midplane of the cell.
FDs were also studied in a planar nematic under the magnetic
field-induced twist Freedericksz transition.”” The twist deformation
due to the magnetic field resulted in U, and g increasing with the
magnetic field above the Freedericksz threshold (ie., with

©)

FIG. 7. (a) The photomask and (b) the resulting customized information composed of FD stripes at uniform rubbing alignment, with a size of 490 x 145 um?. Here,
Uge=33.3V and ly30 nm = I “GDUT” is the abbreviation of the affiliation of the submitting author.
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FIG. 8. (a) The initial unperturbed texture and (b) the hollow ring-shaped grating and
action dc electric and A =430 nm light fields at Uy, =33.5V and l430 = I = 1.14 mW/cm

gc) the fan-shaped grating produced from the unperturbed state by the combined
. In the figure, there is a superimposed faint blue background demonstrating the

intensity pattern of the A =430 nm commanding beam. The snapshot size is 150 x 150 um?.

increasing twist deformation) while the FD stripe direction roughly
followed the maximum twist angle.

Our experimental results showed that FDs in CLCs are always
present in the form of parallel stripes whose orientation, however,
deviates from the rubbing direction n,. In addition, the characteris-
tics of FDs in CLC can be adjusted upon the application of an
optical field.

In a hybrid cell, the LC director is fixed on the planar sub-
strate, while the vertical alignment on the other substrate is azi-
muthally degenerate, i.e., it does not restrict any twist along the
vertical axis. Since the director can rotate freely at the vertical align-
ment surface, the values of the pitch P of the CLC system are equal
throughout the whole cell space. This holds true for both the dark
state P(Iy30 nm = 0) = Py (P, is the natural pitch) and the illuminated
states, where P(I430 nm > 0) > Po.”’

If an appropriate Uy is applied, FDs appear with periodic
stripes, whose orientation depends on the twisted director struc-
ture. Based on the observations and simulations for the twisted
planar structures,””* it is expected that the stripes should be paral-
lel to the orientation corresponding roughly to the director in the
midplane of the cell, at an azimuthal angle of about half of the
total director twist. As the helical pitch P varies with Ijzp nms
accordingly the azimuthal angle in the midplane changes as well,
resulting in rotated FD stripes.

These conclusions are in full agreement with our experi-
mental findings shown in Fig. 6, implying that the change in the
stripe direction angle o and the change in the critical U, are the
consequence of the alteration of the helical pitch P. With
enhanced I 30 nm, HTP decreases, P increases, U, and the devia-
tion of the stripe direction from ng reduce. Eventually, at P — oo,
the CLC system approaches the nematic system, and the corre-
sponding characteristics of FDs evolve into the familiar forms of
the nematic system.

Hence, the modulation of P by A =430 nm light is the pre-
condition for the tunability. In order to clarify the role of chi-
rality in the formation of oblique FDs, by varying the intensity
and profile of the stimulating light, quantitative functional rela-
tionships [such as a(P) and U.(P)] can be acquired, providing
a new method to verify the theoretical model based on free
energy.

V. APPLICATION SCENARIOS: THE SYNERGISTIC
EFFECT OF THE OPTICALLY INDUCED SURFACE
EFFECT AND THE OPTICALLY INDUCED BULK EFFECT

Utilizing photo-aligned cells and a photo-chirality-switching
CLC material, by appropriately selecting the surface alignment
patterns and the irradiation light intensity patterns, prototype
photonic devices based on arbitrary, topologically circular-stripe-
shaped FD structures can be fabricated. These devices lead to
unconventional diffraction gratings with specific functions. Herein,
two kinds of prototypical gratings, the hollow ring-shaped grating
[Fig. 8(b)] and the fan-shaped grating [Fig. 8(c)], are proposed.
Such gratings can be embedded into emerging angle encoders to
accurately measure angles, for instance, for adjusting the altitude of
drones and measuring the angles of the rotating shafts of computer
numerical control (CNC) machines.

VI. CONCLUSION

We investigated the appearance of FDs in a CLC under an
electric field and showed that the corresponding morphology and
critical voltage can be modulated by the optically induced surface
and bulk effects, with the help of photo-alignment and photo-
tuning techniques, respectively. We further demonstrated the dual-
mode operations (either electric field only or combined electric and
optical fields) of prototype devices based on such tunability. With
customized patterns and desired switching, adjustable FDs may
open new perspectives and provide yet unseen photonic functional-
ities. For example, they may become promising candidates to
replace the fixed ring gratings in altitude monitoring for autopilot
systems.

SUPPLEMENTARY MATERIAL
See the supplementary material for the parameters of 1008.
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