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Supporting Information Text
1: Detail of photopatterning

Photoalignment is one of the most powerful ways to control liquid crystal (LC) alignment,
which employs light-matter interaction that the orientation of alignment depends on the
polarization of the exposure light. To realize programmable director distribution of LCs,
Liquid-crystal display (LCD) projectors were used to project light patterns (1). To regulate
the direction of linear polarization of light, the combination of polarizer, LCD projector,
and quarter-wave plates or two LCD projectors are required. The use of LCD projector (1)
is elegant and that inspire us to build a micro-lithography system based on a digital-micro-
mirror-device (DMD). Both DMD and LCD can used for our work. In this work, we use
DMD equipment in our laboratory.

Our photo-patterning technique based on a DMD micro-lithography system allows us to

fabricate arbitrary two-dimensional geometry of surface boundary conditions for #(r). As

schematically shown in Fig. S1A, a UV light generated by LED is projected through the
DMD with 1920%1080 pixels. The light part of a binary image can command DMD to open
corresponding mirrors that reflect the UV light. The reflected light propagates through the

polarizer and objective, then shining on sample with some polarization, P, . In conclusion,

images imported into the DMD control the boundary of surface alignment. The orientation

of alignment y , which is perpendicular to P, , are under the control by rotating the

polarizer. To obtain the two-dimensional patterns with desired director distribution in this
work, we adopt multi-step illuminations, namely, synchronously commanding the update
of exposure images and the polarization direction of polarizer (SI Appendix, Fig. S1B-H).
In this process, we need to guarantee the focus plane of objectives coincide the middle
plane of the cell. The practical size of patterns varies from 10 pm to 10 mm, which is related
to the magnification of objectives and the size of binary image, for instance, Olympus
objective with a 10x magnification and image with 1920x1080 pixels yield a maximized

dimension of 2.0 mmx1.1 mm in our system.



2: Detail of Landau-de Gennes model

We quantify the nematic order through a traceless, symmetric tensor:
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where s is the degree of uniaxial nematic order. In order to avoid the confusion caused by
the irregularity such as topological defects, we prefer to use the Q tensor to describe the
system. In our model, alternating current field (AC) couples to the director of the liquid
crystal by a negative anisotropy of the permittivity. The liquid crystal is confined between
two optical sensitive layers. These layers, exposed by UV light with different wavelengths
(A =365nm or A =405nm ), exhibit different azimuthal anchoring energy. The surface
difference is created by changing the elastic constant of layers in our model.

The system's free energy is expressed as follows:
S = /dzr(deG F Jetas T Jaia ¥ S - [S2]
In this equation, the free energy density is a sum of four terms: the Landau—de Gennes

thermal energy term ( f,,; ), a contribution of elasticity ( f,,. ), a dielectric energy

las

contribution ( f;,,), and a term describing the contribution of flexoelectricity ( f;., )

The Landau—de Gennes thermal energy term f, .., also referred to as the enthalpic

contribution (2,3), is expressed as:
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Here, A4, B, and C represent thermotropic coefficients. This term describes the nematic
to isotropic second-order phase transition with increasing temperature and consists of an
expansion of the free energy in powers of Q.

The elastic energy models the elasticity of the nematic phase, and represents the LdG
counterpart to the Frank-Oseen free energy density. It's a combination of splay, twist, and
bend in a uniaxial limit, which is known as Frank-Oseen free energy. It can be written as:

Jor :%K“S2 +%K22T2 +%K33Bz. [S4]

In this equation, S, 7, and B represent splay, twist, and bend, respectively (4).



The most general form that we employ (4-6) includes all gradient terms of quadratic
order in Q allowed by symmetry, plus one term at cubic order, and can be written as:
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where Einstein summation over repeated indices is implied, [, to L, are the elastic
constants. Here we ignore the chirality.
The dielectric energy contribution is given by (7,8)

1
i = —Egogl.jEiEj , [S6]

where ¢, represents the dielectric permittivity of vacuum, and ¢, corresponds to the
tensorial dielectric permittivity of the nematic material:

&; =8L5l.j +(€H —z;l)nl.nj, [S7]
here, ¢, and ¢ are the dielectric permittivity perpendicular and parallel to the nematic
field, respectively. By introducing an isotropic dielectric permittivity £ and a permittivity

anisotropy &, =& —¢&,,one has ¢, =&, +¢,0, (9,10).

The above expressions can be rewritten in terms of the Q -tensor as:
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In materials with ¢, >0, the liquid crystal aligns with the electric field. In cases where

¢, 1s negative, the alignment is transverse. Our model requires a negative dielectric

permittivity, which ensures that the director field aligns along the x-y plane (perpendicular

to the electric field) rather than along the z-axis (the direction of the electric field). The
system is subject to a sinusoidal electric field with frequency @ and maximum voltage £,
along the z-axis, represented as E = Esin(ax)z .

For bent-core molecules, the curvature-induced flexoelectric polarization of the material

can be incorporated by adding the term to the electric displacement D (11-13).
P, =¢0-0+¢,0(Q-0)+¢,0(TrQ*) +¢,[0-(8Q) ~(Q-0)- 0] [S9]



The coefficients ¢, , are defined in reference (11). Consequently, the flexoelectricity term,

J1ex » can be expressed as:
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In the general case where the gradient of the nematic order parameter is neglected, the

%, term can be disregarded, however in this study, this term does not disregard. The y_

term plays a key role in enhancing splay and bend deformations of the director field,

thereby amplifying any irregularities caused by surface imperfections, dust particles, or

inhomogeneities, which contribute to the nucleation of solitary waves. The term y,

represents the impact of the electric field's gradient, while y, acts as a cross-term,
signifying the interplay between the gradient of the nematic parameter s and the electric
field. Previous studies that ignoring the gradient of nematic order parameter have
considered the ¢, and e, terms that represent flexoelectricity (13,14), reflecting the
influence to splay and bend, where the polarization is given by
P=¢ (aV-n)—e,(Vxn)xn. We considered the ys to represent the influence of the
nematic order parameter (12).

Finally, we consider the Maxwell's equation. We take j, as the current density (15) and

is represented as
j =o(E+e, £B). [S11]
C

Here, o is the electric conductivity. In the second contribution (related to the magnetic
field B)), the achievable velocity of the nematics (v, ) is much smaller than c. In this work,
we neglect the magnetic contribution.

Based on the Maxwell's equation, the E is given as
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The solution of the above equation requires repeated iterations over the grid at each time
step. We follow many numerical studies (16-20) and experimental facts (21,22) to avoid
this complication in assuming uniform £.

To model the temporal evolution of the material, we apply the following equations for

dynamic relaxation:

00;(r,y) 1 OF S13]
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where 7, denotes the rotational viscosity. Hydrodynamic effects are not considered in this

initial attempt to model nematic solitons.



3: Derrick-Hobbart type of re-scaling analysis with the 2D and 3D dimensionalities
Consider a scalar field ¢ in a space of the 3D. The energy E of this field configuration can

generally be expressed as the sum of the kinetic and potential energy contributions. For

static solutions, the kinetic term (81¢) is zero, so the energy consists only the potential and

gradient terms:

E=[av [ (Vo) + (¢)} [S14]

Consider a scaling transformation where spatial coordinates are scaled by a factor A, i.e.
x = Ax . Under this transformation, the field ¢(x) transforms to ¢(/Ix) .

Under the re-scaling, the gradient term and the potential term scale differently: the

gradient term (V¢)2 scales as 27 and the volume element dx’ scales as A°. Thus, total

energy as a function of 4 becomes:

2)=ax { A2 (VeY +V(9) }1 = A[dy’ { (Vo) }fjdx [V(¢)] I[S15]
To find a stable configuration, the energy E(/i) should be minimized at A =1. While
taking the derivative of E (/1) with respect to A and setting it to zero does not hold for

arbitrary potentials V' (¢) and nontrivial field configurations, indicating that £ (/1) cannot

have a minimum at 4 =1 unless specific conditions on V' are met.

4(E(2) _jdx[ Vo) }+3J‘dx [V(g)]=0 [S16]

Since the energy does not have a stable minimum at A =1, no stable, static soliton solutions
exist in dimensions three and higher. This means the field configuration would either

spread out or collapse, rather than forming a stable localized entity.
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Fig. S1. Principles of photo-patterning of directrons machine guns. (A) the
photoalignment technique based on a digital-micro-mirror-device. (B to D) utilizing double
illuminations of patterns to generate directrons machine guns with binary director
distribution. Double white arrow represents the orientation of nematic molecules. y is the
azimuthal angle between orientation and x-axis. (E to H) production of directrons machine

guns with vortices by multi-step exposure process.
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Fig. S2. Soliton properties as a function of the applied field. (A to D) Emergence and

movement of directrons observed between crossed polarizers as the voltage U increases as

indicated ( /=750 Hz, 55°C, d =8.1 um ). (E) Frequency dependencies of threshold

voltages required to generate directrons and patterns. Different colored pentagrams in the

f-E state diagram indicate the electric field conditions corresponding to (A) to (D).




1 Patterns imU=0 i U=0 ivU>0

ftrrrrriennnnnnnn
fttrrrrrrnrrrnRrng

7/
LR R RRAR RN (N}
TLr PR rAssyrrrnnnn
TR rrAsssrnnnna
PERLERRASS LRl - o=
TR rziassvinnnn -
-

20 ym

B RN AR

1
OO N
trrrrrrrrRrrrnNnl
ftrnrrnnrennnnnenny

CIIIIIIIIIIIIIIIIIl

DMG6

600 800 1000 600 800 1000 600 800 1000
J(Hz) J(Hz) J(Hz)

Fig. S3. Directrons machine guns with various director profiles. (A) The DMG4 (cell
thickness: d =8.2 um , electric field: f=520Hz , U=52.1V ). (B) The DMGS5
(d=81um, f=990Hz, U=101.1V). (C) The DMG6 (d =82 um, f=500Hz,
U=513V). (i) The director distributions of three DMGs. (ii) Polarizing microscopy
textures under crossed polarizers, U =0 . (iii) Polarizing microscopy textures under

crossed polarizers and a compensator ( A=530nm ), U =0. (iv) The domination of

directrons emission by sinusoidal AC electric fields, scale bar 20 um. (D to F) Frequency

dependencies of threshold voltages required to generate directrons, corresponding to (A)

to (C).
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Fig. S4. Dependence of the output diagram on the angle between the directors in inner
and outer pattern (d =8.3 um, 7 =55°C). (A) director distribution of circle domains
with @ =90° and a =91°. « is the angle difference between inner and outer director of
circular domain. (B) POM texture under crossed polarizer. (C) POM texture under crossed
polarizer and a red plate compensator (A =530 nm ). (D) director distribution of triangle
domains with & =89° and a =91°. (E) POM textures under crossed polarizer. (F) POM

textures under crossed polarizer and a red plate compensator (A =530 nm ).
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Fig. SS. Birefringence and azimuthal surface anchoring of photoaligned CCN47 in
nematic phase (7 =55°C). (A to C) data from samples exposed by light with 4 =365 nm.
(A) Thickness dependences of the normalized light transmittances, the experimental data
are fitted by using Equation [3] in main text with An=0.024 (dashed lines). (B) Angular
dependence of the normalized transmitted intensity for a cell of thickness of 8.1 um,
rotated between two crossed polarizers. (C) Thickness dependences of the normalized light
transmittances, the experimental data are fitted by using Equations [4] and [5] with
Q =81.3° (dashed lines). (D to F) data from samples exposed by light with 4 =405 nm .
(D) Thickness dependences of the normalized light transmittances, the experimental data
are fitted by using Equation [3] in main text with An =0.024 (dashed lines). (E) Angular
dependence of the normalized transmitted intensity for a cell of thickness 8.3 um , rotated
between two crossed polarizers. (F) Thickness dependences of the normalized light
transmittances, the experimental data are fitted by using Equations [4] and [5] with

0 =842°.
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Fig. S6. Simulation results aligned with electrical controlled localization and emission

of directrons. (A) directrons nucleate within the circular domains with three distinct
diameters: 150 um, 75 um , and 20 um at 0.90U,. More directrons appear with the
elevating of voltage and then directrons escape from the confining domain and travel freely

to the uniform surrounding uniform media at U, . (B) no directrons exist when the voltage

is zero and directrons survive within the confining domains with three distinct shapes:

circle, polygon, and triangle with the increase of voltage.



Fig. S7. Simulation outcomes corresponding to the effect of orientation variance

between areas. Circular DMGs R1, R2, R3, and R4 characterized by orientation

differences «; of 45°, 60°, 75°, and 90°, respectively. The threshold voltage for

directrons escaping from the DMGs Rlto R4 are 091U, 0.94U,, 097U, , and U,,

respectively.
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Fig. S8. Comparison of soliton generation in patterns with and without defects. (A)
Patterns are observed between crossed polarizers without applied field. (B) Solitons

nucleate from pattern with defect rather than pattern without defect ( /=725 Hz ,

U=669V,55°C, d=8.1 um).
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Fig. S9. Generation of directrons from bulk within the inner area. (A) Emergence and

movement of directrons are observed between crossed polarizers ( /=700 Hz ,

U=632V, 55°C, d=7.9 um). (B) Time dependence of the x and y-coordinates of

soliton 1. (C) Time evolution of directrons generation.
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Fig. S10. Generation of directrons from the orientational boundary between two

domains. (A) Emergence and movement of directrons are observed between crossed
polarizers ( f =800 Hz, U =709V, 55°C, d =7.9 um). (B and C) Time dependence of

the x and y-coordinates of soliton 2 and 3. (D) Time evolution of directrons generation.
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Fig. S11. Emission of directrons from the orientational boundary between two

domains. (A) Emergence and movement of directrons are observed between crossed
polarizers ( f =800 Hz, U=79.1V, 55°C, d =7.9 um). (B) Typical time-dependent

trajectories of solitons. (C) Time evolution of emission of soliton 5.
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Movie S1 (separate file).

Generation of directrons from the distortion with four segments

The applied electric field is f =550 Hz, U =56.7 V ; the cell thickness is d =8.1 ym.

Real time video rate.

Movie S2 (separate file).

1 1
Generation of directrons from a pair of + > and ~3 defects within a rectangular area

The applied electric field is /=650 Hz, U =61.4 V; the cell thickness is d =8.0 um.

Real time video rate.

Movie S3 (separate file).

1 1
Generation of directrons from a pair of +5 and ) defects within a toroidal shape

Toroidal shape pattern produces directrons and guides them to propagate along the toroidal

trajectory inside the pattern. The applied electric fieldis /=680 Hz, U =62.9 V; the cell

thickness is d = 7.8 pum. Real time video rate.

Movie S4 (separate file).
Electrical control of localization and emission of directrons in patterns with different

diameters

The localization and emission of directrons in circular patterns with different diameters

(150 um , 75 pm, and 20 um ), =500 Hz, d =7.9 um . The applied voltages are
U=46.6 V, U=48.4V and U =51.2 V, respectively. Real time video rate.

Movie S5 (separate file).

Electrical control of localization of directrons in various patterns

The localization of directrons in the triangle, polygon, and circle patterns, f =500 Hz,
d=79 um . The applied voltages are U=450V , U=467V, and U=485V ,

respectively. Real time video rate.
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Movie S6 (separate file).

Voltage dependence of directrons generation

The threshold voltage for the DMGs R1, R2, R3, and R4 to generate directrons are 52.5V ,
522V,519V,and 51.6 V at /=500 Hz; the cell thickness is d =8.1 um. Real time

video rate.
Movie S7 (separate file).
Simulation results of unidirectional generation of directrons

Movie S8 (separate file).
Saturation of directrons for the designed letters "NJU, UC, and NJUPT"

The applied electric field is /=500 Hz, U =52.0 V; the cell thickness is d =8.0 um .

Real time video rate.

Movie S9 (separate file).
Localization of directrons in Nanjing University Chinese Font (F§ 52 K2£)

The applied electric field is =500 Hz, U =54.0 V; the cell thickness is d =7.9 um.

Real time video rate.
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