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Curved optical solitons subject 
to transverse acceleration in 
reorientational soft matter
Urszula A. Laudyn1, Michał Kwaśny1, Filip A. Sala1, Mirosław A. Karpierz1, Noel F. Smyth  2 & 

Gaetano Assanto  3,4

We demonstrate that optical spatial solitons with non-rectilinear trajectories can be made to propagate 

in a uniaxial dielectric with a transversely modulated orientation of the optic axis. Exploiting the 

reorientational nonlinearity of nematic liquid crystals and imposing a linear variation of the background 

alignment of the molecular director, we observe solitons whose trajectories have either a monotonic 

or a non-monotonic curvature in the observation plane of propagation, depending on either the 

synergistic or counteracting roles of wavefront distortion and birefringent walk-off, respectively. 
The observed effect is well modelled in the weakly nonlinear regime using momentum conservation 
of the self-collimated beams in the presence of the spatial nonlocality of the medium response. 

Since reorientational solitons can act as passive waveguides for other weak optical signals, these 

results introduce a wealth of possibilities for all-optical signal routing and light-induced photonic 

interconnects.

Nematic liquid crystals (NLCs) are among the prime examples of so� matter; due to the rod-like structure of the 
organic molecules, they exhibit optical and electric anisotropy1. Within a speci�c range of temperatures, in which 
they exist in the nematic phase, the long axes of the molecules are nearly parallel to one another and their average 
alignment is described by a dimensionless unit vector n, termed the molecular director. Most NLCs are optically 
uniaxial with positive birefringence (with the extraordinary refractive index larger than the ordinary one) with 
optic axis along n. One of the most important features of NLCs is that their orientation, resulting from long-range 
intermolecular interactions in the fluid state, can be easily modified by electric and/or magnetic fields1,2. 
Light-induced changes in the molecular alignment give rise to a large reorientational optical nonlinearity, char-
acterized by a di�usive-like nonlocal response which extends beyond the size of the electromagnetic (beam) 
disturbance. �e reorientation of light-induced molecular dipoles towards the electric �eld vector E is driven by 
a torque which tends to minimize the point-wise system energy. Such reorientation increases the refractive index 
ne of extraordinary waves towards the largest plane-wave eigenvalue n n>

⊥
, leading to self-focusing2,3. When the 

input wavepacket is intense enough so that the latter Kerr-like response balances linear di�raction, the beam can 
form a spatial solitary wave or soliton4. Optical spatial solitons are di�ractionless light beams able to con�ne 
themselves and guide other optical signals in self-focusing media5. In reorientational dielectrics, speci�cally 
nematic liquid crystals, they are termed nematicons and can be generated at low power excitations (even 
sub-mW) over extended propagation distances (several mm), only limited by scattering losses6–9. Nematicons are 
stable and robust self-con�ned extraordinary-polarized wavepackets; they exhibit long-range mutual attraction 
and survive interactions with interfaces, dielectric perturbations and external stimuli10–14. Moreover, being able 
to guide copolarized signals at shorter or longer wavelengths15–17, nematicons are excellent candidates for real 
time light controlled guided wave photonics18,19. Since curved waveguides are desirable elements in photonics, 
hereby we investigate the propagation of nematicons which, at variance with their straight propagation in uni-
form NLCs, bend in NLC structures subject to a transverse modulation of the director distribution. In such 
samples, at variance with the use of geometric phases through polarization evolution20,21, their transverse velocity 
is not a constant owing to the combined action of wavefront curvature and birefringent walk-o�. �e experimen-
tal results of this paper, obtained in samples prepared by electron-beam lithography and in excellent agreement 
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with a simple model based on momentum conservation, demonstrate that various nematicon curvatures can be 
achieved by introducing a linear modulation of the director orientation across one of the transverse coordinates 
and selecting the launch location of the input beam. Both monotonic and non-monotonic trajectory curvatures 
can result from appropriate combinations of background orientation and modulation of the optic axis 
distribution.

Nematicons
Nematicons are optical spatial solitary waves in positive uniaxial nematic liquid crystals, birefringent materials 
characterized by di�erent refractive indices for electric �elds parallel and perpendicular to the optic axis n. �e 
equilibrium position of the director in the absence of external stimuli (including a light beam) is then determined 
by the anchoring conditions at the boundaries of the cell containing the nematic through intermolecular links1. 
When a �nite light beam with electric �eld E propagates as an extraordinary wave in the principal plane of homo-
geneously oriented NLCs, i.e., the plane de�ned by the optic axis and the wavevector k, upon reorientation from 
the initial angle θ = ∠kn0  in the absence of the optical beam to the new value θ, the refractive index undergoes an 
increase and acquires a pointwise value

n
n n

n nsin cos (1)

e
2 2 2 2

θ θ

=

+

.
⊥

⊥

�e latter yields self-focusing and, eventually, a refractive potential able to con�ne the beam into a solitary wave. 
�e inherent birefringence is also linked to the angular departure–the walko� δ–of the e-wave energy �ux, that is 
the Poynting vector S, from the wave vector k (see Methods).

Hence, nematicons are walking solitons, i.e., self-trapped extraordinarily polarized wavepackets which uni-
formly propagate in the principal (n, k) plane with transverse velocity δ with respect to k22.

Several approaches have been undertaken to modify the walk-o� of nematicons by altering the director ori-
entation θ of the liquid crystal molecules, including voltage induced reorientation through the electro-optic 
response of NLC23–28, the anchoring conditions at the boundaries29, self-induced reorientation in the highly non-
linear regime30–33 and external magnetic �elds34,35. Nematicon trajectories have also been modi�ed by creating 
refractive perturbations due to external beams36–39, interfaces11,38,39 and other nematicons10,12,14,40–42. Additional 
routing strategies rely on tunnelling43,44, total internal re�ection11,39,45 and the use of chiral NLCs46–49. Hereby, we 
investigate a nematicon with a non-rectilinear trajectory propagating in non-uniformly oriented NLCs in the 
simplest case of a linear modulation of the background angle θ0 across the transverse coordinate y in the principal 
plane (n, k) (see Fig. 1). �e geometry we consider therefore encompasses longitudinal invariance, a Gaussian 
monochromatic input beam with electric �eld polarized along y and a wavevector k along z, an in-plane director 
distribution in (y, z) and various director angles θ0 at the edges of the cell, such that refractive index distribution 
and walk-o� δ combine to bend the soliton path in either the same or opposite directions.

Figure 1. (a) Sketch of a planar cell with uniform initial orientation θ0 = 45°. �e inset de�nes the main 
quantities and their mutual orientation. (b) Sketch of a cell with transverse modulation in director orientation 
(0°–90° across y) when the refractive index change and walk-o� act together; (c) director orientation (90°–0° 
across y) when refraction and walk-o� compete. �e Gaussian input beam is linearly polarized along y; red 
and black arrows indicate the trajectory bending in the principal plane owing to walk-o� and refraction, 
respectively. (d) Acquired evolution in (y, z) of an extraordinary-wave nematicon of power P = 2 mW in a cell 
with uniform orientation θ0 = 45°, as in (a); (e) Calculated walk-o� (red line) and refractive index (black line) in 
6CHBT versus initial orientation θ0 at λ = 1.064 µm.
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Results and Discussion
In order to implement a dielectric con�guration as described above, we used a 30 µm thick layer of nematic liquid 
crystals with planar anchoring at the inner interfaces of a glass cell. A number of planar NLC samples were pre-
pared according to the geometries sketched in Fig. 1(a–c). We consider the propagation of a linearly polarized 
bell-shaped and monochromatic light beam. �e extraordinary wave beam initially propagates along z, with its 
electric �eld E oscillating in the transverse y direction (see inset in Fig. 1). Figure 1(a) shows a planar sample with 
a uniform initial orientation, with cell interfaces rubbed so that the molecular director forms an angle θ0 = 45° 
with z in the (y, z) plane. Such an orientation avoids the Freéderiksz transition and maximizes the nonlinear 
response of the medium50,51. Figure 1(b,c) presents cases with an additional y-dependent rotation of the angle θ 
i.e. a linearly varying orientation of the optic axis across the transverse coordinate y in the principal plane. �is 
linear variation in�uences the refractive index for extraordinary waves, as well as the walk-o�. Within this simple 
con�guration of a transversely non-uniform director arrangement, two regimes were investigated: (i) trajectories 
when the increase of the walk-o� and refractive index counteract (Fig. 1(b)); (ii) trajectories when the walk-o� 
and refraction act in the same direction (Fig. 1(c)). A y-polarized Gaussian beam of wavelength λ = 1.064 µm was 
focused at the entrance of the planar sample and launched in the midplane (half thickness), coupling to extraor-
dinary waves with electric �eld oscillating in the plane (y, z). At powers near or above 3 mW, the input beam could 
excite a nematicon. �e trajectories were monitored along z in the (y, z) plane for various launch locations, corre-
sponding to various initial orientations θ0. In NLCs with a uniform director distribution and beam wavevector 

zk , the nematicon trajectory is determined only by the walk-o�, which leads to a rectilinear path in the principal 
plane, as shown in Fig. 1(d) for a typical experiment with the NLC mixture 6CHBT (see the Methods section). 
Figure 1(e) shows the calculated extraordinary-wave refractive index and walk-o� versus the initial (at rest) direc-
tor alignment θ0 for the investigated material. For orientations close to θ0 = 45° the walk-o� reaches its maximum 
of 5° at room temperature and wavelength λ = 1.064 µm. Noteworthy, even though the light beam produces an 
extra point-wise rotation of θ by means of the nonlinear response (enabling it to self-focus and form a nemati-
con6–9), in the weak nonlinear regime of interest here the beam walk-o� remains determined only by the back-
ground orientation value θ0

22,23,31.
We �rst studied the e�ects of walk-o� and refraction on the nematicon path for the case of a director align-

ment varying at the linear rate 40°/200 µm across the cell width. Figure 2 shows the experimental results obtained 
in the cell with the orientation ranging from 65° (y = 0) to 25° (y = 200 µm). �e resulting nematicon path has 
an initial walk-o� angle ranging from 3.6° up to 5° and back to 4° with respect to z as the refractive changes from 
1.52 up to 1.60 (Fig. 2(d)). �e increase in refractive index is monotonic across y and causes beam refraction 
towards y = 0, whereas the initial walk-o� tends to move the Poynting vector towards y = 200 µm (dashed line in 
Fig. 2(c)), with the walk-o� and wavefront distortion counteracting along the cell (Fig. 2(a)). �e beams initial 
direction is then a�ected by the transverse modulation of the director orientation, with the transverse slope in the 
refractive index distribution counteracting the walk-o�, eventually leading to a reversed transverse velocity and 
a nematicon bending with a trajectory exhibiting a maximum in the (y, z) plane (Fig. 2(b,c)). �e non-uniform 
orientation has a signi�cant impact on beam propagation a�er a distance of z = 200 µm. Figure 2(c) shows the 
experimentally recorded nematicon paths (symbols) and the theoretical beam trajectories given by momentum 
conservation for various input positions across y, according to the modulated walk-o� and refractive index dis-
tributions (Fig. 2(d)). For the simulations, a simple model based on momentum conservation52 was implemented 
and its results used for the nematicon trajectories (see the Methods section).

Figure 3 shows the results obtained in the case of the refraction and the walk-o� both bending the beam 
towards y = 200 µm, with the orientation angle linearly varying from 25° to 65° (Fig. 3(a)). Figure 3(b) shows the 
acquired trajectories for two di�erent transverse locations of the input beam. Figure 3(c) displays the experimen-
tally recorded (symbols) and theoretical trajectories for two input positions across y; the corresponding walk-o� 
and transverse refractive index distributions are displayed in Fig. 3(d). In this case the role of the non-uniform 
orientation becomes important a�er the �rst 150 µm of propagation, i.e., earlier than in Fig. 2 owing to the syn-
ergistic contributions of the walk-o� and phase-front distortion. In Fig. 3(e) we compare nematicon trajecto-
ries–both measured and theoretical–for cases of walk-o� and refraction acting together (blue line, squares) or in 
opposition (red line, circles), respectively, for an input beam launched at y = 100 µm (θ0 = 45°). �e dashed line 
gives the trajectory for a uniform orientation θ0 = 45°.

To further enhance the nematicon bending, we prepared planar cells with the molecular director anchored 
at a linearly modulated θ ranging from 90° to 0° between y = 0 to y = 600 µm, respectively. �e resulting initial 
propagation direction (Poynting vector direction) ranged from δ = 0° to δ = 5°, depending on the launch position 
across y. Again, we investigated two cases, when walk-o� and refractive index changes counteract (Fig. 4) and 
cooperate (Fig. 5), respectively.

Figure 4 presents the cell geometry (Fig. 4(a)) and acquired beam evolution along z for three input locations 
across y (Fig. 4(b–d)). As expected, the nematicon trajectory bends di�erently when launching the wavepacket 
at di�erent initial orientations θ0. Figure 4(e) displays the experimentally measured trajectories for various input 
positions and the corresponding results from the theoretical modelling. Over the �rst 100 µm of propagation, 
the nematicon walks o� at an angle given by the initial director orientation (Fig. 4(f)). A�er this, the modu-
lated alignment along y plays a signi�cant role and the nematicon trajectory curves towards the region of higher 
refractive index, counteracting the walk-o�. �e bending is enhanced at the launch position y = 300 µm where 
the molecules are initially oriented at 45° as the phase-front distortion is strongest there and the walk-o� is close 
to its maximum.

In the opposite case, with both the refractive index and walk-o� acting in the same direction, the nematicon 
trajectories bend even more, as expected. Figure 5(a) displays the cell arrangement and nematicon evolution in 
(y, z) for three launch locations (Fig. 5(b–d)). Similarly to the previous case (Fig. 4), the strongest deviation is 
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for an input at y = 300 µm, i.e., where the initial orientation is θ0 = 45°. Figure 4(e) shows the experimental and 
calculated trajectories. As for the case of Fig. 4, from z = 0 to z = 100 µm the nematicon propagates at an angle 
corresponding to the initial walk-o� (squares, Fig. 5(f)).

Finally, Fig. 6 summarizes nematicon trajectories for the two cases presented above for a beam launched at 
y = 300 µm, i.e., with θ0 = 45°. When refraction acts in conjunction with walk-o�, the beam trajectory deviation 
from a straight line is enhanced. In the opposite case, the nematicon trajactory reverses its transverse velocity and 
eventually bends towards the region with higher refractive index. Even in the simplest limit of linear modulation 
of the orientation angle, the nematicon trajectory and its associated waveguide can have both a monotonic curva-
ture or an inversion of the transverse velocity, depending on the director distribution.

Conclusions
We have investigated the propagation of reorientational optical spatial solitary waves (nematicons) in nematic 
liquid crystals in the presence of a transversely varying alignment of the optic axis. We speci�cally addressed 
the case of linear modulation of the anchoring applied at the boundaries of planar cells, comparing regimes 
with cooperating and counteracting phase front distortion (refraction) and birefringent walk-o�. We demon-
strated that the nematicon trajectories bend according to physical intuition. In addition, a simple model based on 
momentum conservation for the nematicon was found to give a trajectory solution in excellent agreement with 
these experimental results. �is shows the power of theoretical modelling based on solitary wave perturbation 
theory. �ese results pave the way for the engineering of light-induced optical waveguides, well beyond the stand-
ard limitation of straight trajectories, as imposed by homogeneous media.

Methods
Experimental measurements and sample preparation. For the experiments we used linearly polar-
ized Gaussian (TEM00) beams from a Nd:YAG laser operating at λ = 1.064 µm and linearly polarized with electric 
�eld along y, focused by a microscope objective (20×) at the input of the cell (z = 0) to a waist w0 ≈ 3 µm in the 
midplane between upper and lower glass/NLC interfaces. �e beam propagation in the principal plane (y, z) 
was monitored with a high-resolution CCD camera, imaging the light which was Rayleigh scattered out of the 

Figure 2. (a) Sketch of (y, z) orientation θ0 ranging from 65° to 25° across y. (b) Images of nematicon evolution 
in the (y, z) plane of observation for a P = 3 mW beam launched in z = 0 at y = 120 µm (θ0 = 45°) and at 
y = 100 µm (θ0 = 41°), upper and lower photographs, respectively. (c) Experimentally acquired (symbols) and 
theoretical (solid lines) nematicon trajectories for various input positions across y; the dashed line indicates the 
trajectory in uniform NLCs with θ0 = 45°. (d) Calculated walk-o� (red line) and refractive index across y for 
λ = 1.064 µm in 6CHBT at room temperature.
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Figure 3. (a) Sketch of (y, z) orientation θ0 ranging from 25° to 65° across y when refraction and walk-o� 
cooperate. (b) Nematicon evolution in (y, z) for a P = 3 mW beam launched at z = 0 at y = 50 µm (θ = 35°, 
upper image) and at y = 100 µm (θ = 45°, lower image). (c) Experimentally acquired (symbols) and theoretical 
(solid lines) nematicon trajectories for di�erent input positions across y; the brown dashes indicate the path 
for the uniform case θ0 = 45°. (d) Calculated walk-o� (red line) and refractive index across y for λ = 1.064 µm 
in 6CHBT at room temperature. (e) Comparison of nematicon trajectories in (y, z) when refractive index 
change and walk-o� compete (squares, red line) and cooperate (circles, blue line) for beams launched in z = 0 at 
y = 100 µm; the symbols are the measured paths, the solid lines are the theoretical simulations; the dashed line is 
the rectilinear trajectory in a uniform sample with θ0 = 45°.
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observation (principal) plane. �e sample position and alignment of the laser were adjusted by precise 3-axis 
micro-translation stages.

Planar glass cells were prepared with 1.1 mm thick BK7 glass slides covered with Indium-Tin-Oxide; 
the propagation length (along z) was 1 to 1.4 mm, the thickness— defined by the slide separation across 
x— was 30 µm. Upper and lower glass slides were cleaned in an ultrasonic bath and then spin coated with 
Polymethyl-Methyl-Acrylate at 1000 rpm before baking them on a hot plate at 160 °C for 60 s. Finally, they were 
treated by electron beam lithography (10 kV voltage with 30 µm aperture and 110 µCcm−2 irradiation) in order to 
de�ne the director anchoring at the prescribed angle distribution θ0

53. �e latter process led to the decomposition 
of the polymer bonds, so that a�er irradiation the substrates were immersed in a 1:3 solution of Methyl Isobutyl 
Ketone with Isopropyl Alcohol for 30 s, then rinsed and blow-dried with Nitrogen. As a result, line and space 
grooves were obtained with width and separation of 500 nm. �e UV-curable photopolymer NOA-61 mixed with 
30 µm glass spacers was placed over one of the substrates before assembling the cell and exposing it to UV light. 
�e assembled cells were then �lled up with 6CHBT54 by capillarity, avoiding the formation of air bubbles/gaps 
near the boundaries and checking the director alignment under a polarization microscope.

�e highly birefringent nematic liquid crystal we employed was 6CHBT (synthesized by Prof. R. Dabrowski at 
the Military University of Technology, Poland54), with refractive indices n⊥ = 1.4967 and n 1 6335= .  at room 

Figure 4. (a) Geometry with orientation angle θ0 ranging from 90° to 0° across the 600 µm width. (b–d) Images 
of the acquired beam evolution in (y, z) for P = 3 mW and various input position across y. (e) Comparison 
of experimental (symbols) and theoretical (solid lines) data for trajectories for di�erent launch locations. (f) 
Computed walk-o� (red line) and refractive index (black line) across y; the red squares correspond to the 
measured initial walk-o� (between z = 0 and z = 100 µm).
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temperature and λ = 1.064 µm, Frank elastic constants K11 = 8.96 pN, K22 = 3.61pN and K33 = 9.71 pN for splay, 
twist and bend deformations, respectively, and a transition temperature Tc = 43 °C.

Modelling and momentum conservation. �e experimental and theoretical results were compared in 
the main text and �gures, showing excellent agreement. Here we outline the derivation of the analytical solution, 
based on momentum conservation for the beam. A more detailed account of the theoretical model and its validity 
is given in ref.52.

We consider the propagation of a linearly polarised, extraordinary (e-) wave, bell-shaped beam of wavelength 
λ and power P through bulk uniaxial nematic liquid crystals with non-uniform orientation of the optic axis. �e 
polarisation of the input electric �eld E of the beam is parallel to the y direction and its propagation is along the z 
axis, with x completing the coordinate triad. �e beam is inputted with wavevector along z at y = yin, where the 
director orientation is θin. �e orientation angle has an additional linear modulation θb across the cell width, with 

slope bθ ′. �rough the reorientational nonlinear response, the injected e-wave beam rotates the molecular director 
by an additional angle φ, so that the director locally makes the total angle θ = θin + θb + φ = θ0 + φ to z in the pres-
ence of an e-wave optical wavepacket. �e extraordinary refractive index is given by

Figure 5. (a) Arrangement of the cell with orientation ranging from 0 to 90° across y. (b–d) Acquired evolution 
of 3 mW nematicons for three input beam positions and orientations. (e) Comparison between experimental 
(symbols) and theoretical (solid lines) trajectories for various launch locations. (f) Calculated walk-o� (red line) 
and refractive index (black line) across y; the red squares indicate the measured initial walk-o�.
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. �e equations for beam propagation will 

be written in the single constant approximation, in which the elastic constants for bend, twist and splay deforma-
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�e equations governing the propagation of the beam in the non-uniform reorientational dielectric are then
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�e coe�cient ∆ is related to the birefringent walk-o� δ of the extraordinary-wave beam, with tan δ = ∆, and is 
given by


 n

( )
sin2

2 cos2 (7)
2

θ
θ

θ
∆ =

∆

∆ + + ∆
.

⊥

�e walko� coe�cient γ in the electric �eld equation (5), arising from the non-dimensionalisation, is
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Figure 6. (a) Orientation ranging from 90° to 0° and back to 90° across y in a double width cell geometry. (b) 
Measured (symbols) and theoretical nematicon trajectories when launched where θ0 = 45° for which refraction 
and walk-o� cooperate (red symbols and line, upper cell) or counteract (black symbols and line, lower cell). �e 
magenta solid line corresponds to the uniform case with θ0 = 45° everywhere.
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�e non-dimensional elastic constant ν in the director equation (6) is given by

ν
ε θ

=
∆

.
K

A W

8

sin2 (9)in0
2 2

Finally, in these dimensionless variables the imposed linear variation in the background director orientation is

θ θ θ ξ= + ′ −Y Y( ) ( ), (10)b in b in

as (in the non-dimensional system) the beam is launched at Y = ξin at Z = 0. �e non-dimensional slope of the 
linear director variation is θ ′b .

�e trajectory of a nematicon in non-uniform nematic liquid crystals will be determined using “momentum 
conservation” for the model equations (5) and (6). �e term momentum is used here as a mechanical analogy, 
as in solitary wave perturbation theory55. �e simplest approach to determine the model resulting from this 
momentum conservation approximation is from the Lagrangian formulation of the equations (5) and (6). �e 
Lagrangian for this system is
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where the ∗ superscript denotes the complex conjugate. Solitary wave perturbation theory is usually based on a 
(slowly varying) version of the exact solitary wave solution for a given nonlinear dispersive wave equation55. 
However, the equations (5) and (6) have no known exact solitary wave solutions in a uniform medium with θb = 0, 
only speci�c solutions for �xed parameter values56. Fortunately, the highly nonlocal response of liquid crystals 
can be invoked9, so that this solitary wave solution is not needed. Let us take the solitary wave solution of the 
nematic liquid crystal equations to be
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�e exact functional form g of the solitary wave solution is not speci�ed, but is chosen radially symmetric. Solitary 
wave perturbation theory then proceeds by assuming that the solitary wave parameters a, w, σ, V, ξ, α and β are 
functions of Z55. Now, it was found in previous work38,57–59 that the trajectory of a nematicon in the nonlocal limit 
is independent of its pro�le variations, that is its amplitude and width evolution. As we are only interested in the 
trajectory of the nematicon in this work, we can assume that the amplitudes a and α and widths w and β are �xed 
at their initial values and independent of Z.

Substituting the pro�le forms (12) into the Lagrangian (11) and averaging by integrating in X and Y from −∞ 
to ∞60 gives the averaged Lagrangian60,61
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αβ

β
ν α α β

= − ′ − ′ − − + −

+
+

− −

S V a w S a S V VF F a w

A B a w

A B w
S qS

2 ( ) ( 2 4 )

2
4 2 ,

(14)

2
2 2

22
2

2
2

1
2 2

2 2 2 2 2

2 2 2 2 42
2

4
2 2



where primes denote di�erentiation with respect to Z. Here F and F1, which determine the beam trajectory, are 
expressed by

F
g dXdY

g dXdY
( ) ,

(15)

0
2

2

∫ ∫

∫ ∫
ξ

θ
= −∞

∞

−∞

∞

−∞

∞

−∞

∞

F
g dXdY

g dXdY
( )

( )

(16)
1

0
2

2

∫ ∫

∫ ∫
ξ

γ θ
=

∆
.−∞

∞

−∞

∞

−∞

∞

−∞

∞

�e integrals S2, S4 and S22 and S42 in this averaged Lagrangian are

S g d S g d

S g d S
d

d
g d

( ) , ( ) ,

( ) ,
1

4
( )

(17)

2
0

2
22

0

2

4
0

4
42

0

2

2

∫ ∫

∫ ∫

ζ ζ ζ ζ ζ ζ

ζ ζ ζ ζ
ζ
ζ ζ

= = ′

= =











.

∞ ∞

∞ ∞

Taking variations of the averaged Lagrangian (14) with respect to ξ and V yields the modulation equations

ξ ξ
= −

dV

dZ

dF

d
V
dF

d
2 ,

(18)

1
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d

dZ
V F ,

(19)1

ξ
= +

which determine the beam trajectory. �ese equations are mechanical momentum equations for a point particle 
of mass 1 and “velocity” V evolving with “time” Z.

�ese momentum equations cannot be solved as the integrals (15) and (16) cannot be evaluated without 
knowledge of the nematicon pro�le g. To obtain a solution, we now approximate these integrals in the nonlocal 
limit, as the nematicon width 3 µm is much less than the length scale of the refractive index variation, which is 
300 µm as rad m0 003 /bθ µ′ ∼ . . �en

F F( ) ( ), ( ) ( ( )) (20)0 1 0ξ θ ξ ξ γ θ ξ∼ ∼ ∆ .

A further approximation is based on the imposed linear variation θb in the background angle being much less 
than θin

52. �e expression for F1 in (20) can then be expanded in a Taylor series about θin,

ξ γ θ γ θ θ ξ= ∆ + ∆′ +F ( ) ( ) ( ) ( ) (21)in in b1

With these approximations, the trajectory (momentum) equations (18) and (19) become

γ θ θ ξ= − ∆′ ′
dV

dZ
V(2 ( )) ( ),

(22)in b

ξ
γ θ γ θ θ ξ= + ∆ + ∆′ .

d

dZ
V ( ) ( ) ( )

(23)in in b

�anks to these approximations, the �nal momentum equations have the exact solution for the linear variation θb

e

e

1 ( ) ( )

( )

2 ( ) ( )

( )

1

( ) (24)

in
in in

in b

Z in in

in b

in b

Z

2

2 2

( )
2

2 2

2 2

( )

in b

in b

ξ ξ
γ θ θ

γ θ θ

γ θ θ

γ θ θ

γ θ θ

=








+
+ ∆′ ∆

∆









−
+ ∆′ ∆

∆

+
∆

γ θ θ

γ θ θ

′ ′

∆′

′ ′

′ ′

− ∆′

′

′

as bθ ′ is a constant. �is expression for the nematicon trajectory was compared with the experimental results.

References
 1. Khoo, I. C. Liquid Crystals: Physical Properties and Nonlinear Optical Phenomena (Wiley, New York, 1995).
 2. Khoo, I. C. Nonlinear optics of liquid crystalline materials. Phys. Rep. 471, 221–267 (2009).
 3. Tabiryan, N. V. & Zeldovich, B. Y. �e orientational optical nonlinearity of liquid crystals. Mol. Cryst. Liq. Cryst. 62, 237–250 (1980).
 4. Conti, C., Peccianti, M. & Assanto, G. Route to nonlocality and observation of accessible solitons. Phys. Rev. Lett. 91, 073901 (2003).
 5. Kivshar, Y. S. & Agrawal, G. P. Optical Solitons: From Fibers to Photonic Crystals (Acad. Press, London, 2003).
 6. Assanto, G. & Peccianti, M. Spatial solitons in nematic liquid crystals. IEEE J. Quantum Electron. 39, 13–21 (2003).
 7. Assanto, G. Nematicons, Spatial Optical Solitons in Nematic Liquid Crystals (Wiley, New York, 2012).
 8. Assanto, G. & Karpierz, M. A. Nematicons: self-localized beams in nematic liquid crystals. Liq. Cryst. 36, 1161 (2009).
 9. Peccianti, M. & Assanto, G. Nematicons. Phys. Rep. 516, 147–208 (2012).
 10. Peccianti, M., Brzdçkiewicz, K. A. & Assanto, G. Nonlocal spatial soliton interactions in nematic liquid crystals. Opt. Lett. 27, 

1460–1462 (2002).
 11. Peccianti, M., Dyadyusha, A., Kaczmarek, M. & Assanto, G. Tunable refraction and re�ection of self-con�ned light beams. Nat. Phys. 

2, 737 (2006).
 12. Fratalocchi, A., Piccardi, A., Peccianti, M. & Assanto, G. Nonlinearly controlled angular momentum of soliton clusters. Opt. Lett. 32, 

1447–1449 (2007).
 13. Alberucci, A. & Assanto, G. Propagation of optical spatial solitons in �nite-size media: interplay between nonlocality and boundary 

conditions. J. Opt. Soc. Am. B 24, 2314–2320 (2007).
 14. Izdebskaya, Y. V. et al. Counterpropagating nematicons in bias-free liquid crystals. Opt. Express 18, 3258–3263 (2010).
 15. Peccianti, M. & Assanto, G. Signal readdressing by steering of spatial solitons in bulk nematic liquid crystals. Opt. Lett. 26, 

1690–1692 (2001).
 16. Bolis, S., Virgili, T., Rajendran, S. K., Beeckman, J. & Kockaert, P. Nematicon-driven injection of ampli�ed spontaneous emission 

into an optical �ber. Opt. Lett. 41, 2245–2248 (2016).
 17. Perumbilavil, S. et al. Soliton-assisted random lasing in optically-pumped liquid crystals. Appl. Phys. Lett. 109, 161105 (2016).
 18. Piccardi, A., Alberucci, A., Bortolozzo, U., Residori, S. & Assanto, G. Readdressable interconnects with spatial soliton waveguides in 

liquid crystal light valves. IEEE Photon. Techn. Lett. 22, 694–696 (2010).
 19. Karimi, N. et al. Molding optical waveguides with nematicons. Adv. Opt. Mat. Commun. 5, 1700199 (2017).
 20. Slussarenko, S. et al. Guiding light via geometric phases. Nat. Photon. 10, 571–575 (2016).
 21. Alberucci, A., Jisha, C. P., Marrucci, L. & Assanto, G. Electromagnetic waves in inhomogeneously anisotropic dielectrics: 

con�nement through polarization evolution. ACS Photon. 3, 2249–2254 (2016).
 22. Peccianti, M., Fratalocchi, A. & Assanto, G. Transverse dynamics of Nematicons. Opt. Express 12(26), 6524–6529 (2004).
 23. Peccianti, M., Conti, C., Assanto, G., De Luca, A. & Umeton, C. Routing of highly anisotropic spatial solitons and modulational 

instability in liquid crystals. Nature 432, 733–737 (2004).
 24. Piccardi, A., Peccianti, M., Assanto, G., Dyadyusha, A. & Kaczmarek, M. Voltage-driven in-plane steering of nematicons. Appl. Phys. 

Lett. 94, 091106 (2009).
 25. Barboza, R., Alberucci, A. & Assanto, G. Large electro-optic beam steering with nematicons. Opt. Lett. 36, 2725–2727 (2011).
 26. Beeckman, J., Neyts, K. & Haelterman, M. Patterned electrode steering of nematicons. J. Opt. A Pure Appl. Opt. 8, 214 (2006).
 27. Piccardi, A. et al. In plane steering of nematicon waveguides across an electrically tuned interface. Appl. Phys. Lett. 100, 251107 

(2012).
 28. Izdebskaya, Y. V. Routing of spatial solitons by interaction with rod microelectrodes. Opt. Lett. 39, 1681–1684 (2014).



www.nature.com/scientificreports/

11SCIENTIFIC REPORTS | 7: 12385  | DOI:10.1038/s41598-017-12242-5

 29. Piccardi, A., Assanto, G., Lucchetti, L. & Simoni, F. All-optical steering of soliton waveguides in dye-doped liquid crystals. Appl. 
Phys. Lett. 93, 171104 (2008).

 30. Piccardi, A., Alberucci, A. & Assanto, G. Soliton self-de�ection via power-dependent walk-o�. Appl. Phys. Lett. 96, 061105 (2010).
 31. Piccardi, A., Alberucci, A. & Assanto, G. Power-dependent nematicon steering via walk-o�. J. Opt. Soc. Am. B 27, 2398–2404 (2010).
 32. Piccardi, A., Alberucci, A. & Assanto, G. Self-turning self-con�ned light beams in guest-host media. Phys. Rev. Lett. 104, 213904 

(2010).
 33. Piccardi, A., Alberucci, A., Kravets, N., Buchnev, O. & Assanto, G. Power controlled transition from standard to negative refraction 

in reorientational so� matter. Nat. Commun. 5, 5533–5541 (2014).
 34. Izdebskaya, Y. V., Shvedov, V. G., Sheng, Y. & Krolikowski, W. Magnetically controlled negative refraction of solitons. Appl. Phys. 

Lett. 110, 091107 (2017).
 35. Izdebskaya, Y. V., Shvedov, V., Assanto, G. & Krolikowski, W. Magnetic routing of light induced waveguides. Nat. Commun. 8, 14452 

(2017).
 36. Peccianti, M., Pasquazi, A., Alberucci, A. & Assanto, G. Signal processing by opto-optical interactions between self-localized and 

free propagating beams in liquid crystals. Appl. Phys. Lett. 87, 261104 (2005).
 37. Serak, S. V., Tabiryan, N. V., Peccianti, M. & Assanto, G. Spatial soliton all-optical logic gates. IEEE Photon. Techn. Lett. 18, 1287 

(2006).
 38. Assanto, G., Minzoni, A. A., Smyth, N. F. & Worthy, A. L. Refraction of nonlinear beams by localised refractive index changes in 

nematic liquid crystals. Phys. Rev. A. 82, 053843 (2010).
 39. Peccianti, M., Assanto, G., Dyadyusha, A. & Kaczmarek, M. Non-specular total internal re�ection of spatial solitons at the interface 

between highly birefringent media. Phys. Rev. Lett. 98, 113902 (2007).
 40. Peccianti, M., Conti, C., Assanto, G., De Luca, A. & Umeton, C. All-optical switching and logic gating with spatial solitons in liquid 

crystals. Appl. Phys. Lett. 81, 3335–3337 (2002).
 41. Henninot, J. F., Blach, J. F. & Warenghem, M. Experimental study of the nonlocality of spatial optical solitons excited in nematic 

liquid crystal. J. Opt. A- Pure Appl. Opt. 9, 20–25 (2007).
 42. Izdebskaya, Y. V. et al. Incoherent interaction of nematicons in bias-free liquid crystal cells. J. Eur. Opt. Soc. 5, 10008 (2008).
 43. Peccianti, M., Dyadyusha, A., Kaczmarek, M. & Assanto, G. Escaping solitons from a trapping potential. Phys. Rev. Lett. 101, 153902 

(2008).
 44. Assanto, G., Minzoni, A. A., Peccianti, M. & Smyth, N. F. Nematicons escaping a wide trapping potential: modulation theory. Phys. 

Rev. A 79, 033837 (2009).
 45. Izdebskaya, Y. V., Shvedov, V. G., Desyatnikov, A. S., Krolikowski, W. & Kivshar, Y. S. Soliton bending and routing induced by 

interaction with curved surfaces in nematic liquid crystals. Opt. Lett. 35, 1692–1694 (2010).
 46. Laudyn, U. A., Jaworowicz, K. & Karpierz, M. A. Spatial solitons in chiral nematics. Mol. Cryst. Liq. Cryst. 489, 214–221 (2008).
 47. Beeckman, J. et al. Switching and intrinsic position bistability of soliton beams in chiral nematic liquid crystals. Phys. Rev. A 83, 

033832 (2011).
 48. Laudyn, U. A. & Karpierz, M. A. Nematicon de�ection through interaction with disclination lines in chiral nematic liquid crystals. 

Appl. Phys. Lett. 103, 221104 (2013).
 49. Laudyn, U. A., Kwasny, M., Sala, F. A. & Karpierz, M. A. All optical and electro-optical switches based on the interaction with 

disclination lines in chiral nematic liquid crystals. J. Optics 18, 054011 (2016).
 50. Peccianti, M., Conti, C. & Assanto, G. �e interplay between non locality and nonlinearity in nematic liquid crystals. Opt. Lett. 30, 

415–417 (2005).
 51. Alberucci, A., Piccardi, A., Peccianti, M., Kaczmarek, M. & Assanto, G. Propagation of spatial optical solitons in a dielectric with 

adjustable nonlinearity. Phys. Rev. A 82, 023806 (2010).
 52. Sala, F. et al. Reorientational solitons in nematic liquid crystals with modulated alignment. http://arxiv.org/abs/1707.03777 

(2017).
 53. Kagajyo, T., Fujibayashi, K., Shimamura, T., Okada, H. & Onnogawa, H. Alignment of nematic liquid crystal molecules using 

nanometer-sized ultra�ne patterns by electron beam lithography. Jpn. J. Appl. Phys. 44, 578–581 (2005).
 54. Dabrowski, R. New liquid crystalline materials for photonic applications. Mol. Cryst. Liq. Cryst. 421, 1–21 (2004).
 55. Kaup, D. J. & Newell, A. C. Solitons as particles, oscillators, and in slowly changing media: a singular perturbation theory. Proc. Roy. 

Soc. Lond. A 361, 413–446 (1978).
 56. MacNeil, J. M. L., Smyth, N. F. & Assanto, G. Exact and approximate solutions for solitary waves in nematic liquid crystals. Physica 

D 284, 1–15 (2014).
 57. Skuse, B. D. & Smyth, N. F. Interaction of two colour solitary waves in a liquid crystal in the nonlocal regime. Phys. Rev. A 79, 063806 

(2009).
 58. Assanto, G., Minzoni, A. A. & Smyth, N. F. Light self-localization in nematic liquid crystals: modelling solitons in reorientational 

media. J. Nonl. Opt. Phys. Mat. 18, 657–691 (2009).
 59. Alberucci, A., Assanto, G., Minzoni, A. A. & Smyth, N. F. Scattering of reorientational optical solitary waves at dielectric 

perturbations. Phys. Rev. A 85, 013804 (2012).
 60. Whitham, G. B. Linear and Nonlinear Waves (J. Wiley and Sons, New York 1974).
 61. Minzoni, A. A., Smyth, N. F. & Worthy, A. L. Modulation solutions for nematicon propagation in non-local liquid crystals. J. Opt. 

Soc. Amer. B 24, 1549–1556 (2007).

Acknowledgements
U.A.L. and M.K. are grateful to the National Centre for Research and Development grant agreement 
LIDER/018/309/L-5/13/NCBR/2014. F.S. is indebted with the Faculty of Physics, Warsaw University of 
Technology, for a scholarship. G. Assanto acknowledges the Academy of Finland for the Finland Distinguished 
Professor grant no. 282858. We thank M. Swiniarski from Faculty of Physics, Warsaw University of Technology 
for help in sample preparation with electron-beam lithography.

Author Contributions
U.A.L. conceived the experiments, U.A.L. and M.K. performed the experimental characterization and all 
measurements under M.A.K.’s supervision, N.F.S. developed the model, N.F.S. and F.S. carried out the theoretical 
solutions and the numerical calculations. G.A. proposed the study, contributed to the interpretation of the 
results and coordinated the overall work. U.A.L., F.S., N.F.S. and G.A. wrote the article. All authors reviewed the 
manuscript.

Additional Information
Competing Interests: �e authors declare that they have no competing interests.

http://arxiv.org/abs/1707.03777


www.nature.com/scientificreports/

12SCIENTIFIC REPORTS | 7: 12385  | DOI:10.1038/s41598-017-12242-5

Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional a�liations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. �e images or other third party material in this 
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the 
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.
 
© �e Author(s) 2017

http://creativecommons.org/licenses/by/4.0/

	Curved optical solitons subject to transverse acceleration in reorientational soft matter
	Nematicons
	Results and Discussion
	Conclusions
	Methods
	Experimental measurements and sample preparation. 
	Modelling and momentum conservation. 

	Acknowledgements
	Figure 1 (a) Sketch of a planar cell with uniform initial orientation θ0 = 45°.
	Figure 2 (a) Sketch of (y, z) orientation θ0 ranging from 65° to 25° across y.
	Figure 3 (a) Sketch of (y, z) orientation θ0 ranging from 25° to 65° across y when refraction and walk-off cooperate.
	Figure 4 (a) Geometry with orientation angle θ0 ranging from 90° to 0° across the 600 μm width.
	Figure 5 (a) Arrangement of the cell with orientation ranging from 0 to 90° across y.
	Figure 6 (a) Orientation ranging from 90° to 0° and back to 90° across y in a double width cell geometry.


