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We experimentally and numerically show that chirality can play a major role in the nonlinear optical
response of soft birefringent materials, by studying the nonlinear propagation of laser beams in frustrated
cholesteric liquid crystal samples. Such beams exhibit a periodic nonlinear response associated with a
bouncing pattern for the optical fields, as well as a self-focusing effect enhanced by the chirality of the
birefringent material. Our results open new possible designs of nonlinear optical devices with low power
consumption and tunable interactions with localized topological solitons.
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Solitons are fascinating realizations of self-reinforcing
wave solutions that generally rely on nonlinear couplings
to compensate dispersive effects. Solitons emerge in a
range of systems including water canals [1], Bose-Einstein
condensates [2], and nerve pulse propagation in biological
membranes [3], and play a major role in the field of
photonics as effective modes of the flow of light in isotropic
[4], birefringent [5], and metamaterial [6] systems. In some
systems, chirality—the breaking of mirror symmetry—is
essential in the emergence of new classes of propagating
nonlinear waves. For example, the chiral edge states of the
quantum Hall effect are closely linked to solitonic solutions
of the chiral nonlinear Schrödinger equation [7,8], and
complex vector solitons appear in chiral media with Kerr-
type nonlinear optical response through the Born-Fedorov
mechanism [9,10].
Interestingly, the relationship between chirality and

effective modes of wave propagation has attracted an
interest beyond solitonic science. For example, the
existence of chiral light-matter interactions with slow
light was demonstrated in glide-plane-symmetric photonic
waveguides [11]; a giant chiral optical response was
achieved with twisted-arc metamaterials [12]; and nonre-
ciprocal propagation was realized with flying couplers and
spinning resonators [13].

Chirality also plays a fundamental role in the elastic
orientational response of cholesteric liquid crystal (CLC)—
a chiral phase with orientational order—with the appea-
rance of many metastable states and the stabilization of
knotted orientational fields in confined geometries [14–16].
Since the nonlocal elastic reorientation of molecules under
the action of an external optical field is known to give rise
to nonlinear optical effects and spatial optical solitons in
achiral liquid crystal [5,17]—dubbed nematicons—the
following important question arises: How does the intrinsic
chirality of a CLC affect the nonlinear optical response of
this birefringent material? Although previous experiments
and simulations showed the existence of optical solitons in
CLC with the usual cholesteric helix texture [18–20], this
question was never answered since these works focused on
bistability, waveguiding and elastic anisotropy and not on
the optical nonlinearity itself.
In this Letter, we address this question and show that

chirality can enhance the optical nonlinearity of CLC, thus
paving the way for nonlinear photonic device at low optical
power. With experimental and theoretical approaches, we
disclose the self-focusing mechanism of optical beams
propagating in confinement-induced unwound CLC with a
periodic nonlinear optical response which, to the best of our
knowledge, was not observed before.
Contrary to previous observation of solitons in CLC

[18–20], we focus here on frustrated CLC (FCLC) in which
the equilibrium state of the director field n is not the
well-known cholesteric helix—which is associated with a
periodicity length p, called the CLC pitch—but the
much simpler unwound uniform state n0. This was experi-
mentally achieved through the use of strong anchoring
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treatment on the confining glass plates of the sample
imposing a vertical alignment of the CLC molecules
(n0 ≡ ex), as depicted in Fig. 1. We worked with 17 μm
or 30 μm-thick CLC samples associated with a thickness-
to-pitch ratio h=p of 0.8–0.9, which ensured n ¼ n0 when
no light was sent into the sample. An objective with
NA > 0.50 collimated a 532 nm laser beam into the cell,
at powers < 1 mW in the linear optical regime [21] and
between 20–40 mW in the nonlinear regime. The sample
was examined with a polarized optical microscope (POM).
With the broadband white backlight on in Fig. 1, the
reorientation of CLC molecules can be directly observed
using a removable polarizer, analyzer, and wave plate with
a red-pass filter to absorb the green scattered light from the
laser; conversely, if the POM backlight is off, the laser

intensity can be directly seen in the microscope thanks to
light scattering by the CLC orientational fluctuations.
In our simulations, we coupled a wide-angle beam-

propagation method [22] with a standard minimization
scheme of the CLC free energy assuming a constant scalar
order parameter [23,24], thus allowing to simultaneously
calculate the optical and director fields in the CLC layer
and simulate POM images. The nonlinear optical response
results from the reorientation of CLC molecules—initially
aligned with x—due to the electric torque imposed by the
optical fields (represented schematically as Ei on Fig. 1 for
the input beam), thus inducing a change in the anisotropic
permittivity tensor and therefore the effective refractive
index seen by the optical beam. Note that the input beam
needs to be tilted in the xz plane in order to achieve a
nonzero reorientation. All our simulations were performed
in 10 μm-thick samples with a ratio h=p ¼ 0.8 (except for
Fig. 4 where the pitch was changed). Details of the sample
preparation, beam-propagation scheme and parameters are
given in the Supplemental Material [25] (SM).
In Figs. 2(a)–2(d), we show experimental and numerical

images of a beam propagating in the sample of Fig. 1 with
an input angle θi ≈ 13°. At low optical power [Figs. 2(a)
and 2(c)], the beam diffracts linearly since the reorientation
of the CLC molecules is negligible, while at higher power
[Figs. 2(b) and 2(d)] the nonlinear optical response of the
CLC can compensate the diffractive effects, with the
shape of the transverse intensity profile [Fig. 2(e)] pre-
served across ∼0.4 mm (∼0.8 mm) for the experiment
(simulation)—both distances corresponding to the length
between L1 and L3 in Figs. 2(b) and 2(d).
Figures 2(b), 2(d), and 2(e) present clear evidence of

optical self-focusing, which in liquid crystals is usually due
to molecular reorientation. As shown in Figs. 2(f)–2(h), the

FIG. 1. Schematic of the experimental setup. The CLC layer
is sandwiched between two plates treated for homeotropic
boundary conditions, and the laser beam is injected from the
side through a cover slip (in pink) also treated for vertical
alignment of the CLC molecules. For sufficiently thin samples,
the equilibrium bulk orientation of the CLC molecules is the
unwound state n0 parallel to x.

(a) (b)

(c)

(e)

(d)

(f)

(g)

(h)

FIG. 2. Simulated (a),(b) (x-averaged beam intensity) and experimental (c),(d) images (scattered laser light) of a beam propagating in a
FCLC sample in the linear (a),(c) and nonlinear (b),(d) optical regime. Simulated (f) and experimental (g) POM images, with the
orientations of the polarizer, λ-wave plate and analyzer represented schematically on the right. The white bars represent 100 μm in
(a)–(d) and the half-periodicity L=2 of the POM signal in (f),(g) [43 μm for (f), 143 μm for (g)]. The axes orientation on the right applies
to (a)–(g). (e) Experimental (marks) and simulated (lines) rescaled intensity profiles along the lines L1;2;3 defined in (b),(d). σi is the
input beam waist. For comparison, the profile L0 of the diffracting beam presented in (a) is also shown. (h) Experimental (marks) and
simulated (line) rescaled 1D profile of POM images (f),(g) along the beam axis.

PHYSICAL REVIEW LETTERS 125, 077801 (2020)

077801-2



experimental and simulated POM images—whose contrast
is related to the reorientation of CLC molecules—are
periodic along the beam axis, in stark contrast to funda-
mental optical solitons in achiral liquid crystals [17].
When the beam axis is parallel to the polarizer [Figs. 2(f)
and 2(g)], the POM signal along this axis corresponds to a
sinelike variation with dark and bright spots, also visible in
Fig. 2(h) where rescaled 1D profiles of Figs. 2(f) and 2(g)
along the beam axis are plotted. As a general rule, the POM
signal depends on many parameters (see SM for additional
data)—including sample thickness, beam power, insertion
angle, and polarizer orientation—but always has a well-
defined periodicity length L which scales linearly with the
sample thickness, both in experiments and numerical
simulations.
To determine the physical origin of this periodicity,

we plotted in Fig. 3(a) a xz slice of the simulated beam
intensity. As visible, total internal reflection occurs at the
interfaces between the CLC layer and the glass plates, and
the beam is in fact bouncing between the two plates and
stays confined inside the CLC layer despite the nonzero
insertion angle. The periodicity L associated with this
bouncing is identical to the periodicity of the POM signal
in Fig. 2 and can be solely determined from the sample
thickness h and insertion angle θi (see Fig. 1) with the
relation L ¼ 2h= tan θi. Going back to Fig. 2(f), this
relation indeed predicts the correct periodicity of ∼86 μm
since in the simulations the sample thickness was 10 μm and
the insertion angle was 13°. We also mention that this
bouncing pattern relies on self-focusing in the x direction
and was not observed in the linear optical regime (see SM).
To confirm that the same explanation also applies in the

experiments, we filled a 16.9 μm-thick sample with a CLC
mixture associated with a ratio h=p ≈ 0.8–1 and doped
with photopolymerizable molecules (composition given in
the SM). While the laser beam propagated through the

FCLC layer, the sample was exposed to a weak UV source
to initiate photopolymerization and directly imaged using
label-free three-photon-fluorescence tomographic micro-
scopy with 80 mW incident power as described by Lee
et al. [36]. Tomography micrographs revealed a tubelike
structure that bounced between its confining glass plates as
shown with a xz slice in Fig. 3(b) and with additional slices
in the SM. The intensity profile I3PF in Fig. 3(b) and in the
SM is defined as the observed tomography signal Iobserved
subtracted from the background Ibackground. The tomo-
graphy intensity contrast is due to partial self-polymerization
around the laser beam prior to full photopolymerization,
thereby causing a partial exclusion of CLC molecules from
the tube. This process is similar to impurity exclusion for
systems with two coexisting thermodynamic phases [37].
The tubelike structure indicates that simulations such as the
one in Fig. 3(a) accurately describe the self-localized beam’s
bouncing behavior in the experiment.
In addition, Fig. 3 also provides color-coded slices of the

director field components in the xz plane and yz plane, as
well as a schematic representation of the director re-
orientation with cylinders. Most importantly, the reorien-
tation of CLC molecules is not purely contained in the xz
plane (as it should be in an achiral sample with a beam
polarization in the xz plane), but is fully three dimensional.
This symmetry breaking happens because of the natural
tendency of CLC to form twisted configurations; as visible
in Figs. 3(e) and 3(f), twisted domains locally appear and
on average have the same handedness as the intrinsic
chirality.
We now come back to the main question of this Letter

concerning the relation between chirality and nonlinear
optical response. For negligible optical power, the per-
mittivity tensor is simply ϵð0Þ ¼ n2en0 ⊗ n0 þ n2oðI − n0 ⊗
n0Þ in the LC layer and ϵð0Þ ¼ n2pI in the confining plates,
where n0 ≡ ex is the equilibrium value of the director field

(a) (b)

(c) (d)

(e) (f)

FIG. 3. xz slice of the simulated beam intensity (a) and experimental tomography signal I3PF (b). (c) Color-coded slices of
ny (y component of the director field) in the xz and yz planes. (d) Same as (c) with nz. (e),(f) Schematic representation of the
reorientation of the director (depicted with cylinders) in the xz and yz planes. The reorientation angle was greatly exaggerated and the
fx; yg directions were magnified for clarity. The white bars represent 10 μm. The dashed lines represent the same z.
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in the FCLC layer and ne;o;p are the extraordinary, ordinary,
and confining plates’ refractive indices. To first order in the
reorientation angle, the permittivity tensor in the nonlinear
regime is written as ϵ ¼ ϵð0Þ þ δϵ with δϵ≡ ðn2e − n2oÞ ×
ðn0 ⊗ n⊥ þ n⊥ ⊗ n0Þ and n⊥ ¼ f0; ny; nzg. Based on the
formalism of Refs. [22,37], neglecting optical activity and
keeping only nonlinear terms of the lowest order, we then
find that the director and optical fields can be calculated
from the following system of differential equations:

Δn⊥ þ 2q
∂n⊥
∂x × n0 ¼ −

ϵ0n2oα
4K

Reð½E · n0��EÞ; ð1Þ

∂Ex

∂z ¼ i

� ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
k20ϵ

ð0Þ
xx þDð0Þ

q
þ iαnz

∂
∂x

�
Ex; ð2Þ

Ez ¼ ½k20ϵð0Þzz þ Δ�−1
� ∂2

∂z∂x − αn2onz

�
Ex; ð3Þ

with α≡ ðne=noÞ2 − 1, q≡ 2π=p the spontaneous twist of
the cholesteric phase, K the Frank elastic constant (assu-
ming isotropic elasticity), k0 the wave vector in empty
space, and Dð0Þ a diffraction operator containing second
order derivatives in x and y:

∀A; Dð0ÞA≡ ∂
∂x

�
1

ϵð0Þzz

∂
∂x ½ϵ

ð0Þ
xx A�

�
þ ∂2A

∂y2 : ð4Þ

Note that in Eqs. (1)–(3), we neglected the y component
of the optical field E. This assumption can be justified
empirically from our numerical simulations, in which
we systematically found that Ey ≪ Ex;z when the initial
polarization is in the xz plane, or theoretically from
Maxwell’s equations, which give the estimation Ey ¼
O½αnyEx; ð∂2Ex=∂x∂yÞ=ðnok0Þ2� for our system.
Equation (1) allows the calculation of the director field n

for a given optical field E, whereas Eqs. (2) and (3) allow
the calculation of E for a given n and fully include the jump
of permittivity at the interfaces between the FCLC layer
and the glass plates. For an achiral sample, q ¼ 0 and
Eq. (1) shows that the director field stays in the same plane
formed by E and n0. Conversely, if q ≠ 0 as in this Letter,
the director field reorientation is fully 3D with a nonzero
ny, as shown previously in Fig. 3. At low optical power,
nz ≈ 0 and Eq. (2) show that the optical fields must diffract
due to the action of the operator Dð0Þ. For higher optical
power, nz becomes periodically nonzero around the beam
and allows the compensation of the diffraction in Eq. (2),
thus producing periodic self-focusing of the beam. In the
SM, we show how Eq. (2) can be directly compared with
common propagation models of solitons in achiral liquid
crystal and give a few additional theoretical results, while
we focus here on the general physics behind Eqs. (2)
and (3).

From the discussion above, we conclude that, in our
system, a nonzero ny is the visible trace of chirality while a
nonzero nz induces self-focusing effects in Eq. (2). To
estimate how chirality affects the amplitude of molecular
reorientation—and therefore of the self-focusing—we per-
formed 11 simulations similar to the one presented in
Figs. 2 and 3, each time keeping the same beam power,
insertion angle, and sample thickness but changing the
spontaneous twist q from 0 to slightly below the threshold
of destabilization q⋆ ≈ π=h of the unwound state in the
FCLC layer [37]. The main result of these simulations is
shown in Fig. 4, where the maxima of ny and nz in the
whole computational box are plotted as a function of q=q⋆.
As expected from Eq. (1), max ny is zero when q ¼ 0 and
increase with q in chiral samples. More interestingly,
nz—which is nonzero in achiral sample—also increases
with the spontaneous twist, with an enhancement factor
of ∼2 just below q⋆. This enhancement effect was also
observed in the experiments, with the raw POM intensity
contrast along the beam axis multiplied by ∼1.7 when
increasing h=p from 0.6 to 0.8.
Figure 4 therefore provides a clear answer to our initial

question: chirality is indeed very much relevant to the
nonlinear optical response of birefringent media and can
be leveraged to enhance self-focusing effects in FCLC
systems. This effect can be understood as follows: the
equilibrium state in FCLC is highly frustrated because the
director field is initially untwisted, but the laser beam
allows local destabilization of this unwound state, thus
creating locally twisted structures [as seen in Figs. 3(e) and
3(f)] and partially relieving frustration. We deduce that in
CLC both the optical fields and the spontaneous twist are
responsible for the director field reorientation, whereas in
usual nematic liquid crystal, only the optical fields induce
a reorientation. Our explanation is reinforced by the fact
that ny and nz sharply increase as q → q⋆, which can be
interpreted as a local shifting and softening of the transition
from unwound to twisted CLC state.
Up until now, we carefully avoided using the term

optical soliton for the self-focused optical waves of
Figs. 2 and 3, since the nonconventional bouncing pattern
of the beam and the chirality enhancement effect are not
present in the usual case of fundamental solitons with a

FIG. 4. Maxima of ny and nz plotted as a function of q=q⋆,
assuming that all other simulation parameters (beam power,
insertion angle, sample thickness) stay constant.
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translationally invariant nonlinear response [17]. However,
we emphasize that translational invariance is not a require-
ment for spatial solitons; for example, periodic modulation
of the beam intensity are present in the breathing modes of
nematicons [17]. For this reason, we believe that the
nonlinear optical waves of this Letter can reasonably be
addressed as spatial solitons—since they exhibit self-
focusing of the transverse profile—or even better as
similaritons, a special case of spatial solitons in nonlinear
media with inhomogeneous gain, diffraction and nonlinear
response along the beam axis [38]. Note that bouncing
solitons similar to Fig. 3 should also be observable in
nematics since Fig. 4 shows that nz is nonzero even
when q ¼ 0.
To summarize, this Letter provides evidence that

chirality can play a major role in the nonlinear response
of birefringent materials. We focused on FCLC systems
and showed that self-focused nonlinear optical waves
can be obtained with a striking bouncing pattern between
the confining glass plates of the sample. Moreover, we
showed that chirality directly contributes to the self-
focusing effect, with an enhancement factor increasing
sharply near the threshold of destabilization of the
FCLC. Our results thus provide the basis for possible
designs of nonlinear photonic devices where chirality
actually helps to decrease the device’s nominal optical
power, e.g., for nonlinear flat lenses. Since FCLCs
support the existence of birefringent topological
solitons—topologically protected localized director-
field configurations [16]—our results also suggest novel
breeds of all-optical information systems based on
optical interaction between nonlinear waves and topo-
logical solitons.
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