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Featured Application: The well-defined shape and robustness of spatial optical solitons
in nonlocal nonlinear and parity-time (PT)-symmetric triangular lattices provide a feasible
scheme for creating reconfigurable all-optical circuits. Specially, multipole solitons and
vortex solitons that have complex phases and wave fronts may improve the ability to carry
information significantly.

Abstract: We investigate the evolution dynamics of solitons with complex structures in the
PT-symmetric triangular lattices with nonlocal nonlinearity, including dipole solitons, six-pole
solitons, and vortex solitons. Dipole solitons can be linearly stable with a small degree of gain/loss,
while six-pole solitons can only be stable when both the degree of gain/loss and the degree of
nonlocality are small. For unstable solitons, some humps will decay quickly or new hotspots will
appear during propagation. According to the existence range of dipole solitons, the multipole
solitons tend to exist in PT-symmetric triangular lattices whose nonlocal nonlinearity is intermediate.
We also consider the vortex solitons with high topological charges in the same triangular lattices
and find that their profiles are codetermined by the propagation constant, degree of nonlocality,
and topological charge.
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1. Introduction

Optical modes tend to diffract after transmitting in a waveguide, which is detrimental to the
long-haul transmission of optical signals. If the diffraction is balanced by a self-focusing effect, which
is the result of the inherent nonlinearity of some media, solitons are formed and maintain their
profiles and power over a relatively long distance. Nonlinearities could be local or nonlocal. In the
nonlocal case, the nonlinear response depends on the light incidence area and the neighborhood,
while the local nonlinear response depends only on the single incidence area. Practically, nonlocal
nonlinearity is demonstrated in various materials, including nematic liquid crystals [1-3], thermal
nonlinear media [4-6], and so on. Nonlocal nonlinearity strongly affects the propagation of light,
providing the potential to form and stabilize many types of solitons, such as defect solitons [7], breather
solitons [8], surface solitons [9], multipole solitons [10], and vortex solitons [11].
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On the other hand, parity—time (PT) symmetry has drawn much attention since it was first proposed
by Bender and Boettcher [12]. A PT-symmetric system is required to satisfy the PT transformation,
which is defined by the parity operator P as Py (r,t) = {(—r,t) and the time reversal operator T as
TyY(r, t) = Y*(r,—t), where Y (r, t) is a wave function in quantum mechanics. A PT-symmetric system
is proved to have entirely real spectra even if its Hamiltonian is non-Hermitian [12,13]. In optics,
the refractive index of a two-dimensional (2D) PT-symmetric system is required to be complex and meet
n(x,y) = n*(-x, —y); that s, its real part is an even function, and the imaginary part is an odd function.
From a practical point of view, the imaginary part of the refractive index is realized by inducing optical
gain and loss [14,15]. By means of a PT-symmetric refractive index, a nonlinear medium with complex
potential can be fabricated to support complicated solitons, such as multipole solitons [16-18] and
vortex solitons [19-21].

Much research has focused on solitons in square nonlinear optical lattices, which can be induced
by interfering two pairs of ordinarily plane-polarized light [22]. In contrast to square lattices, triangular
lattices are more compact and they support larger bandgaps [23]. Thus, triangular lattices are expected
to exhibit new features of solitons upon propagation, such as the periodic beam oscillation inside
a waveguide [24], and a certain parameter range in which solitons can exist or be stabilized [25,26].
However, most of the previous works on solitons in triangular lattices are about local solitons.
The evolution dynamics during the propagation of solitons in nonlocal triangular lattices with PT
symmetry are still unexplored. In practice, the dynamics and stability of spatial optical solitons and the
interaction between them can be used in optical interconnects [27,28], beam manipulation [29], optical
computing [30], all-optical switching [31,32], and logic gates [33-35]. With appropriate improvements,
solitons in nonlocal nonlinear and PT-symmetric triangular lattices may achieve the same function,
thus providing a scheme for creating reconfigurable all-optical circuits.

In this paper, we investigate in detail the propagation and stability of the multipole solitons,
as well as the evolution of the vortex solitons in a nonlocal triangular optical lattice with PT-symmetric
complex potentials. These two types of soliton have complex phases and wave fronts, which means
that they will have more complex dynamics and carry more information than fundamental solitons.
We find that the dipole and the six-pole solitons can be found in the first bandgap of the specific
triangular lattices. According to the numerical calculation, their stability is demonstrated to be strongly
influenced by the degrees of nonlocalities and the gain/loss coefficient. As for the vortex solitons,
they exist in both the first bandgap and the infinite bandgap of the triangular lattices. The profiles of
these vortex solitons are influenced by the propagation constant, the degree of nonlocality, and the
topological charge.

2. Theoretical Model

The model of the nonlocal nonlinear medium with complex potentials can be established by the
normalized 2D coupled nonlinear Schrodinger equation as follows [24,26,36], with the transverse
coordinates x and y scaled to the input beam width, wy, and the longitudinal coordinate z scaled to the
diffraction length, Ly = 2kwé:

iU +V, U+ (V+iW)U+onl =0
{dVln—n—HUIZ =0 M

where V|, = dyy + QW indicates the 2D Laplace operator. This model can be realized in the liquid
crystal E7 [37]. The dimensionless light field amplitudes U, and the nonlinear refractive index n are
scaled to 2E VeogAeg / VrAerkowy and &g/ kgw%Aeg, respectively, where ko is the wave numbers in a
vacuum, &g is the vacuum permittivity, and E is the electric field strength. The material parameters of
liquid crystals, namely Aeg, Aej, and K, correspond to the anisotropy at the frequency of the quasistatic
electric field, the anisotropy at the light frequency, and the elastic constant, respectively. d is the
degree of nonlocality, defined as d> = K/ Zw%EAe g. 0 = x1 represents the focusing or defocusing
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nonlinearity. Here, we fix ¢ = —1, which corresponds to the defocusing type. (V + iW) represents
the PT-symmetric complex potential. V and W are the real part and the imaginary part, respectively.
To simulate the triangular lattices, we set the PT complex as:

V= ZVO[% + cos(kox + f/—%y) + cos(kox - ]f—%y) + Cos(%y)]

W= 4 Welsink ko . _ ko . [ 2ko (2)
=3 0[sm( X+ 15 y) + s1n(kox N y) + s1n(7§ y)]
where V) is the depth of the PT-symmetric lattices and Wj is the gain/loss coefficient. These triangular
lattices can be fabricated by interfering three ordinarily polarized broad beams [36]. No linear mode
can exit via the bandgaps, but gap solitons exist there. Thus, we mainly concentrate on the nonlinear
propagation modes in bandgaps. In addition, the threshold of PT symmetry breaking is found to be
Wos, = 3, at which the first bandgap and the infinite bandgap merge together.
We substitute U(x, y,z) = q(x, y)e'*? in Equation (1), and thus it becomes:
—ug+Vig+ (V+iW)g+ong =0 3
avon—ntgf =0 ®

where q(x, y) is a complex function and u is the propagation constant. Equation (3) can be numerically
solved by the developed modified squared-operator method (MSOM). [38] The power of solitons is
defined as P = [ [**|qdxdy.

We utilize the symmetric split-step Fourier method to simulate the propagation of solitons in the
nonlinear triangular lattices. As for the linear stability, we add a small perturbation into the solitary
solution:

U(x,y,2) = [7(x,y) + F(x, )e"* + G (x, y)e"?] (4)

where |F|, |G| < 11is a small perturbation, A is the complex instability growth rate, and the superscript
“*” represents the complex conjugation.
By substituting Equation (4) into Equation (1) and reducing the equations, we obtain the
eigenvalue equations:
{ AF = i[-uF + V, F + (V +iW)F + onG + ogAn] )
AG = i[uG-V,G— (V—iW)G - onF — oq*An]

where n(I) = [_ t:o I t:o R(x—x7,y—yr)-I(xs, yr)dxrdys depends on the 2D nonlocal response function

R(x,y) = ﬁﬁ exp(— xz;yz) and the intensity I(x, y) = }U(x, y)|2. Thus, the variation of 1 is An =

i f_t:o R(x—xr,y—yr)q(xr, yr)G(xr,y7) 4+ q*(x2,y7)F(xr,yr)|dxrdys. By calculating the eigenvalue A,
the linear stability analysis is as follows. If the real part of A is zero, the soliton is linearly stable;
otherwise, it is linearly unstable. The value of the real part of A indicates the degree of linear instability,
and thus A is named the perturbation growth rate.

To intuitively show the influences of different degrees of nonlocalities, we present three profiles of
the nonlocal responses with d = 0.05, d = 0.5, and d = 5 corresponding to the weak, intermediate,
and strong nonlocalities, respectively. As shown in Figure 1, the response of nonlinearity is nearly local
when d = 0.05, and the nonlinearity affects the incident point and the area close to the point. When
d = 5, the nonlinearity affects a wide area around the incident point, which is strongly nonlocal.
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Figure 1. The response of nonlinearity, R, when (a) the degree of nonlocality (d) = 0.05, (b) d = 0.5,
and (c) d = 5. In these figures, x refers to the horizontal coordinates. The insets of each picture are the
corresponding transverse profiles of R. The amplitude of each R is normalized.

3. Numerical Results

3.1. Dipole Solitons

We first consider dipole solitons, because they are the basic type of multipole solitons. We find
that dipole solitons in PT-symmetric triangular lattices can be generated with different degrees of
nonlocality, d, and with different PT-symmetric potentials. As for PT-symmetric potentials, the primary
parameter that we focus on is the degree of gain/loss, Wy. The power curves of dipole solitons with
different d and Wy are shown in Figure 2. It is intuitive that the nonlinear optical modes are bifurcated
from the optical energy band. From the u—W plane, where u is the propagation constant, it is clear
that the range of the first bandgap (i.e., the white area on the u—W plane) becomes narrower as W
increases. Further, the first bandgap will disappear when Wy = 3, which means the PT symmetry
is broken. With the same W, dipole solitons can exist in weak nonlocality (d = 0.05), intermediate
nonlocality (d = 0.5), and strong nonlocality (d = 2). As the nonlocality becomes stronger, the power
of dipole solitons is greater, which corresponds to a steeper slope as seen in Figure 2. However, fewer
solitons can be found when Wy becomes greater. Generally speaking, stable dipole solitons tend to
exist with weak nonlocality and small W). In the following discussion, we choose the PT-symmetric
triangular lattices with V = 2 and Wy = 0.3, of which the first bandgap is 4.82 < u < 10.67 and the
infinite bandgap is u > 10.75.

To investigate in detail the dynamics of the dipole solitons, we simulate their propagation. For the
stable dipole solitons, they can maintain their profiles and power over a relatively long distance
(z > 100). We take the one with d = 0.5, 1 = 9.6 as an example, as presented in Figure 3. This dipole
soliton keeps its profile until z = 140, as shown in Figure 3a,b. Its phase structure is plotted in Figure 3c,
which indicates that the two humps of this soliton are in-phase. We also calculate the change of the

gravity center, which is defined as A = + \/ (xr — x0)2 + (yr - yo)z, where + represents whether (x7, y7)
is on the right (+) or left (—) of the initial position (xo, yo). The gravity center suffers a slight oscillation
before it is dispersed over the whole space, which is shown in Figure 3d. Physically, the oscillation
of the gravity center is due to the redistribution of transverse power. Similar to the gravity center,
the power of the dipole soliton also undergoes an oscillation. Once this soliton cannot maintain its
profile, the nonlinearity of the medium will lead to a catastrophic focusing of the light, and then the
power increases rapidly, which may destroy the medium, as shown in Figure 3e. The linear stability
spectrum is shown in Figure 3f, and the real part of the growth rate A is zero, which means that this
dipole soliton is linearly stable against a small perturbation.
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Figure 2. The power curves of dipole solitons in parity—time (PT)-symmetric triangular lattices with
different nonlocality, d, and degree of gain/loss, Wy. The gray area in the u—Wj plane (propagation
constant u versus degree of gain/loss Wy) is the optical energy band of the triangular lattices, thus the
white area is the first bandgap. The solid lines indicate that the dipole solitons are stable, while the
dashed lines indicate that they are unstable.
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Figure 3. The evolution dynamics of stable dipole soliton with d = 0.5, u = 9.6. (a,b) correspond to
the transverse profile of solitons at z = 0 and z = 140, respectively. (c) is the phase structure of the
dipole soliton. (d,e) correspond to the change of the gravity center, A, and the power of the soliton, P,
during propagation. (f) is the spectrum of the perturbation growth rate, where Im(A) and Re(A) are the
imaginary part and the real part of the instability growth rate A.

As for the unstable dipole solitons, we consider the dipole soliton withd = 0.5, u = 6, as shown in
Figure 4. The profiles of this soliton at z = 0,40, 150 are plotted in Figure 4a—c, respectively. One hump
of this dipole soliton decays quickly (before z = 40), and another hump can maintain its profile over a
long distance (z). From Figure 4d, it is obvious that the gravity center shifts from (0, 0) to (-7, 0), which



Appl. Sci. 2019, 9, 3731 60f15

means the right hump whose original position is (7, 0) decays at the beginning of propagation and
the power finally concentrates in the left hump. However, the power of this dipole soliton fluctuates
violently during propagation, as shown in Figure 4e, which indicates this soliton is strongly unstable.
The spectrum of A is plotted in Figure 4f, demonstrating the linear instability of this dipole soliton.
The maximum of the real part of A is max[Re(A)] = 0.0929.
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Figure 4. The dynamics of the unstable dipole soliton with d = 0.5, uy = 6. (a—c) correspond to the
transverse profile of solitons at z = 0, z = 40, and z = 150, respectively. (d,e) correspond to A and P
during propagation, respectively. (f) shows the spectrum of the perturbation growth rate.

When the nonlocality becomes stronger, dipole solitons with smaller p will be unstable, as shown
by the red lines in Figure 1. We investigate the unstable dipole soliton with d = 2, u = 7.6 (the first row
in Figure 5) and the stable one with d = 2, u = 10 (the second row in Figure 5). The evolution dynamics
of these solitons are the same as that of the intermediate nonlocal type. For the unstable soliton,
the right hump decays before z = 40, and its linear stability spectrum indicates it is linearly unstable.
The corresponding maximum of Re(A) is max[Re(A)] = 0.0628. For the stable soliton, the profile and
power can be maintained before z = 150. Its gravity center suffers a slight oscillation, but the period of
this oscillation is larger than the soliton with d = 0.5, u = 9.6. Further, the real part of A is zero, which
indicates this soliton is stable.

In general, fewer multipole solitons can exist in the first gap with a larger degree of gain/loss, W,
as Figure 2 shows. To investigate the influence of Wy on the existence of multipole solitons, we calculate
the maximum and minimum of propagation constants, y, under which dipole solitons can exist with
different Wy. Three types of nonlocalities are considered separately, as shown in Figure 6. The green
areas represent that dipole solitons can be found if their parameters are in these areas, and the shaded
areas represent the optical energy band for linear optical modes where solitons cannot be found. With
the weak nonlocality (d = 0.05), dipole solitons exist in almost the whole first bandgap, as shown in
Figure 6a. As the nonlocality becomes stronger, the existence range becomes narrower. With strong
nonlocality (d = 2), dipole solitons can only be found near the edge of the upper optical energy band,
as shown in Figure 6c.
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Figure 5. The evolution dynamics of strongly nonlocal dipole solitons. The first row corresponds to
the unstable soliton with d = 2, u = 7.6, and the second row corresponds to the stable soliton with
d =2,u = 10. (a,d) show their transverse profiles. (b,e) show the changes of the gravity center, A,
during propagation. (c,f) show the spectrums of their perturbation growth rates.
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Figure 6. The existence range of dipole solitons in nonlocal nonlinear triangular lattices with different
degrees of gain/loss. (a—c) correspond to weak (4 = 0.05), intermediate (d = 0.5), and strong (d = 2)
nonlocalities, respectively. The shaded areas represent the optical energy band for linear optical modes.
The green areas represent the parameter ranges in which dipole solitons can exist.

3.2. Six-Pole Solitons

Another type of multipole solitons that we investigate is the six-pole solitons in the same
PT-symmetric triangular lattices with nonlocal nonlinearity. Six-pole solitons with different collocations
of d and Wy are found to exist, of which the power curves are plotted in Figure 7. The trends of these
curves are as the same as the power curves of dipole solitons. However, we cannot find stable solitons
with strong nonlocality (d = 2), which is presented as the red dashed line in Figure 7. The power of
six-pole solitons is about 3 times as large as the power of dipole solitons, because of the difference
in the number of humps. For Wy = 0.3, the six-pole solitons with weak (d = 0.05) or intermediate
(d = 0.5) nonlocality are stable enough to propagate without dispersion at z > 140. Moreover, all the
power curves are bifurcated from the linear modes.
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Figure 7. The power curves of six-pole solitons in PT-symmetric triangular lattices with different d
and Wj. The gray area in the u—Wj plane is the optical energy band of the triangular lattices, and the
white area is the first bandgap. The solid lines correspond to the stable solitons, while the dashed lines
correspond to the unstable ones.

The six-pole soliton with d = 0.5,y = 10 is stable enough to propagate in the PT-symmetric
triangular lattices. The profiles of this soliton at z = 0 and z = 140 are shown in Figure 8a,b,
the structures of which are regular hexagons. The phase structure is plotted in Figure 8c, indicating its
six humps are in-phase. We simulate the propagation of this soliton and calculate its gravity center and
power in every step. The results are shown in Figure 8d,e. The transverse power distribution of this
soliton is quite uniform, and thus the gravity center is almost at its original position. However, this
six-pole soliton cannot maintain its profile after z = 140. This is because the nonlinearity will cause
the oscillation of soliton power and increase the power catastrophically at a long distance. The result
of linear stability analysis is plotted in Figure 8f. Re(A) is zero, demonstrating this six-pole soliton is
linearly stable.

In contrast to the intermediate nonlocality, the dynamics of six-pole solitons in the PT-symmetric
triangular lattices with strong nonlocality are more complicated. These solitons may be concentrated
into some specific points or create new hotspots. We present two unstable six-pole solitons with
d = 2, = 8.4 (the first row in Figure 9) and d = 2, u = 10.4 (the second row in Figure 9). For the
six-pole soliton with d = 2, u = 8.4, some humps of this soliton decay quickly, as shown in Figure 9a.
Then, its power will shift into other humps, which increases the power density in the medium and
may burn the medium. Figure 9b,c shows that the power of this soliton suffers a strong oscillation and
eventually is concentrated into the left two points. The spectrum of the perturbation growth rate is
plotted in Figure 9d, and max[Re(A)] = 0.0146. For the six-pole soliton with d = 2, u = 10.4, its initial
profile is a hexagon with a weak hotspot in its center, as shown in Figure 9e. However, the power of
that hotspot becomes stronger during propagation, which makes the soliton turn into seven humps,
as shown in Figure 9. From the evolution of power, which is plotted in Figure 9g, the power of this
soliton is maintained until z = 130. Thus, the six humps of the soliton and the hotspot together average
the initial power. Although the “7-pole” soliton can maintain its profile and power over a relatively
long distance, the perturbation growth rate that we calculate is max[Re(A)] = 0.0043, which means
this soliton has minor linear instability, as shown in Figure 9h. The physical mechanisms of these



Appl. Sci. 2019, 9, 3731 90f15

two different transverse instabilities are as follows. The strong nonlocality broadens the refractive
index distribution of each soliton hump, and those broadened areas mainly overlap on the center of
the six-pole soliton, which creates a hotspot of the refractive index. Then, the soliton energy “flows”
into this hotspot and enhances the overlap effect. Eventually, the power of this hotspot is equal to the
other humps of the soliton.
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Figure 8. The evolution dynamics of stable six-pole solitons with d = 0.5, u = 10. (a,b) correspond to
the transverse profile of the solitons at z = 0 and z = 140, respectively. (c) shows the phase structure of
the six-pole soliton. (d,e) correspond to A and P during propagation. (f) shows the spectrum of the
perturbation growth rates.
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Figure 9. The dynamics of strongly nonlocal six-pole solitons. The first row corresponds to the unstable
soliton with d = 2, u = 8.4, and the second row corresponds to the stable soliton with d = 2, u = 10.4.
(a,b,e,f) show their transverse profiles. (c,g) show the power of the soliton, P, during propagation. (d,h)
show the spectrums of their perturbation growth rates.
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It is worth emphasizing that the existence range of six-pole solitons is similar to the existence range
of dipole solitons in Figure 6, except that the existence range of six-pole solitons becomes narrower
more quickly when nonlocality becomes stronger.

3.3. Vortex Solitons

Unlike multipole solitons, vortex solitons have more complicated phase structures and carry
angular momenta. The main difference between the multipole solitons and vortex solitons is their phase
structures. For the multipole solitons that are discussed above, their phase structures are in-phase.
For vortex solitons, their phase structures depend on their topological charges, m. Moreover, the sign
of m denotes the direction of the angular momentum (counterclockwise for m > 0, clockwise for m < 0).

We find that the PT-symmetric triangular lattices with nonlocal nonlinearity can support vortex
solitons with different topological charges. To compare the phase structures of the vortex solitons,
we choose three solitons with m = 1, 2,3, as shown in Figure 10. Their other parameters are the same,
i.e.,d = 0.5, u = 10. They have the same profile as Figure 10a, which is composed of six humps. All
their phase structures have gradual phase differences in a spiral form. In Figure 10b,d, we show the
phase structures of these vortex solitons. For the vortex soliton with unity topological charge (m = 1),
its phase structure is restored to its original shape after rotating by 27. For a vortex soliton m = 2,
the phase structure is restored to its original shape after 7 of rotation. As for the one with m = 3,
the angle of phase structure recovery is 271/3. The circles in Figure 10 denote the positions of the soliton
humps. During the propagation of these vortex solitons, their phase structures rotate counterclockwise.
We take the vortex solitons with m = 3,d = 0.5, y = 9 as an example, which is shown in Figure 11.

Figure 10. The profile and the phase structures of vortex solitons with different topological charges.
(a) is their profile |UJ?, i.e., square of modules of soliton solution U. (b-d) correspond to the phase
structures of vortex solitons with m = 1,2, 3. m = topological charges.
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Figure 11. The phase structure evolution of vortex solitons with m = 3,d = 0.5, u = 9. (a—c) correspond
to the phase structures of vortex solitons with z = 0.25,1.2,2.15. The arrows point to the phases of one
specific peak.

According to numerical calculations, the vortex solitons can exist in both the first bandgap
(4.82 < p < 10.67) and the infinite bandgap (¢ > 10.75). For the multipole solitons discussed above,
the stable solitons have the same profiles (dipole or six-pole). For vortex solitons, however, their
profiles are influenced by the propagation constant, p, the degree of nonlocality, 4, and the topological
charges, m. These vortex solitons can maintain their initial profiles during the propagation past the
point where z = 140. To illustrate this novel property, we take vortex solitons with m =2 orm =3
and with different u as an example. The profiles of the vortex solitons under intermediate nonlocal
nonlinearity (d = 0.5) with m = 3 are shown in Figure 12. The upper row corresponds to the vortex
solitons in the first bandgap, and the lower row corresponds to the infinite bandgap. The shape of these
vortex solitons should be a six-pole profile in which the centers of each pole are arranged symmetrically
around a complete circle. However, as these solitons are coming from far from the edge of the bandgap
(u = 10.67 for the first bandgap and u = 10.75 for the infinite bandgap), their profiles cannot form
a complete circle. We will call this “incomplete”. In detail, the number of the poles decreases as u
is far from the edge, which indicates that u greatly affects the profiles of vortex solitons. Moreover,
the profiles of the vortex solitons with larger d tend to be incomplete.

n 4n -2n

Figure 12. The evolution of the profiles of vortex solitons with m = 3,d = 0.5. (a—f) are the profiles
of the vortex solitons with y = 8.2,8.4,10.6,11,11.4,12.2, respectively. The upper row corresponds to
solitons in the first bandgap, while the lower row corresponds to solitons in the infinite bandgap.
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As for the vortex solitons with d = 0.5,m = 2, the evolution of their profiles is similar to that of
the vortex solitons with d = 0.5, m = 3. To investigate the influence of the nonlocality, we consider
the vortex solitons under strong nonlocal nonlinearity (d = 2) with m = 2, which are shown in
Figure 13. For the vortex solitons near the edge of bandgap, additional humps are generated, as shown
in Figure 13b,c. Their profiles turn into diamond shapes. When the vortex soliton is far from the edge
of the bandgap, the profiles are complete (six poles arranged symmetrically around a circle) and then
become incomplete, as shown in Figure 13a,d.

2n dn -4 -2n 0 2n 4n

X

Figure 13. The evolution of the profiles of vortex solitons with d = 2,m = 2. (a—d) are the profiles of
the vortex solitons with y = 9.8,10.6,11, 12, respectively. The upper row corresponds to solitons in the
first bandgap, while the lower row corresponds to solitons in the infinite bandgap.

The evolution of these vortex solitons can be explained as follows. First, the strong nonlocality
enhances the internal interaction of vortex solitons. The vortex solitons under stronger nonlocal
nonlinearity have more potential to break the complete profile. Second, there are always linear modes
inside the optical energy bands. Thus, solitons are harder to be localized as they are close to the edge
of the bandgap. In the PT-symmetric triangular lattices, vortex solitons near the edge of the bandgap
are likely to have more humps. Third, the main difference between the vortex solitons with m = 2 and
m = 3 is the symmetry of their phase structures. From Figure 10, it is clear that the phase structure
with m = 3 has higher symmetry than the phase structure with m = 2, which indicates the vortex
solitons with m = 3 are more likely to maintain their profiles. The above analyses demonstrate that the
propagation constant, the degree of nonlocality, and the topological charge codetermine the profiles of
vortex solitons in nonlocal nonlinear triangular lattices.

4. Conclusions

Nonlocal dipole solitons, six-pole solitons, and vortex solitons can exist and propagate in the
PT-symmetric triangular lattices with different gain/loss coefficients and different degrees of nonlocality.



Appl. Sci. 2019, 9, 3731 130f 15

However, not all solitons are linearly stable during propagation. For the dipole solitons, they can be
stabilized when the degree of gain/loss is small enough. For the unstable six-pole solitons, there are
two different situations. When its propagation constant is small, the power of this six-pole soliton is
relatively large, which causes the collapse at the beginning of propagation. When the propagation
constant is large, a new hotspot will appear in the center of this six-pole soliton due to the interaction
of nonlocality and the refractive index. In addition, the existence range of these multipole solitons
shows that multipole solitons are harder to be found as the nonlocality becomes stronger. For vortex
solitons with different topological charges, we found that they exist in both the first bandgap and the
infinite bandgap. Their profiles are codetermined by the propagation constant, degree of nonlocality,
and topological charge. Although the profiles of these vortex solitons are different, all of them can
maintain their initial profiles during their propagation; in other words, they are stable. These results
reveal a feasible scheme for manipulating and stabilizing the beam in reconfigurable all-optical circuits
and improving the bandwidth of information transmission.

Author Contributions: Conceptualization, Y.W. and ]J.H.; methodology, H.W.; software, Y.W. and P.C.; validation,
H.W.; formal analysis, HW.; investigation, YW. and J.H.; resources, HW.; data curation, J.H. and YW,
writing—original draft preparation, J.H. and Y.W.; writing—review and editing, HW.; visualization, Y.W.;
supervision, H.W.; project administration, H.W.; funding acquisition, H.W.

Funding: This research was funded by the Science and Technologies plan Projects of Guangdong Province
(Nos. 2017B010112003, 2017A050506013), Applied Technologies R & D Major Programs of Guangdong Province
(Nos. 2015B010127013, 2016B01012300), Science and Technologies Projects of Guangzhou City (Nos. 201604046021,
201704030139, 201905010001), and Science and Technology Development Special Fund Projects of Zhongshan City
(Nos. 2017F2FC0002, 2017A1009, 2019AG014).

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Peccianti, M.; Conti, C.; Assanto, G. Interplay between nonlocality and nonlinearity in nematic liquid crystals.
Opt. Lett. 2005, 30, 415-417. [CrossRef] [PubMed]

2. Piccardi, A.; Residori, S.; Assanto, G. Nonlocal soliton scattering in random potentials. J. Opt. 2016, 18,
07LT01. [CrossRef]

3.  Assanto, G.; Peccianti, M.; Conti, C. One-dimensional transverse modulational instability in nonlocal media
with a reorientational nonlinearity. IEEE |. Sel. Top. Quantum Electron. 2004, 10, 862-869.

4. Rotschild, C.; Cohen, O.; Manela, O.; Segev, M.; Carmon, T. Solitons in nonlinear media with an infinite
range of nonlocality: First observation of coherent elliptic solitons and vortex-ring solitons. Phys. Rev. Lett.
2005, 95, 213904. [CrossRef] [PubMed]

5. Rotschild, C.; Alfassi, B.; Cohen, O.; Segev, M. Long-range interactions between optical solitons. Nat. Phys.
2006, 2, 769-774. [CrossRef]

6.  Dreischuh, A.; Neshev, D.; Petersen, D.E.; Bang, O.; Krélikowski, W. Observation of attraction between dark
solitons. Phys. Rev. Lett. 2006, 96, 043901. [CrossRef]

7. Fang, L.; Gao, J.; Shi, Z.; Zhu, X.; Li, H. Nonlocal defect solitons in parity-time-symmetric superlattices with
defocusing nonlinearity. Eur. Phys. |. D 2014, 68, 298. [CrossRef]

8. Alberucci, A.; Jisha, C.P.; Assanto, G. Breather solitons in highly nonlocal media. J. Opt. 2016, 18, 125501.
[CrossRef]

9.  Kartashov, Y.V,; Torner, L.; Vysloukh, V.A. Lattice-supported surface solitons in nonlocal nonlinear media.
Opt. Lett. 2006, 31, 2595-2597. [CrossRef]

10. Rotschild, C.; Segev, M.; Xu, Z.; Kartashov, Y.V.; Torner, L.; Cohen, O. Two-dimensional multipole solitons in
nonlocal nonlinear media. Opt. Lett. 2006, 31, 3312-3314. [CrossRef]

11. Izdebskaya, Y.V,; Shvedov, V.G.; Jung, P.S.; Krolikowski, W. Stable vortex soliton in nonlocal media with
orientational nonlinearity. Opt. Lett. 2018, 43, 66—69. [CrossRef] [PubMed]

12.  Bender, C.M,; Boettcher, S. Real spectra in non-Hermitian Hamiltonians having PT symmetry. Phys. Rev. Lett.
1998, 80, 5243-5246. [CrossRef]

13. Bender, C.M. Making sense of non-Hermitian Hamiltonians. Rep. Prog. Phys. 2007, 70, 947-1018. [CrossRef]


http://dx.doi.org/10.1364/OL.30.000415
http://www.ncbi.nlm.nih.gov/pubmed/15762446
http://dx.doi.org/10.1088/2040-8978/18/7/07LT01
http://dx.doi.org/10.1103/PhysRevLett.95.213904
http://www.ncbi.nlm.nih.gov/pubmed/16384143
http://dx.doi.org/10.1038/nphys445
http://dx.doi.org/10.1103/PhysRevLett.96.043901
http://dx.doi.org/10.1140/epjd/e2014-50266-4
http://dx.doi.org/10.1088/2040-8978/18/12/125501
http://dx.doi.org/10.1364/OL.31.002595
http://dx.doi.org/10.1364/OL.31.003312
http://dx.doi.org/10.1364/OL.43.000066
http://www.ncbi.nlm.nih.gov/pubmed/29328198
http://dx.doi.org/10.1103/PhysRevLett.80.5243
http://dx.doi.org/10.1088/0034-4885/70/6/R03

Appl. Sci. 2019, 9, 3731 140f 15

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

Guo, A.; Salamo, G.J.; Duchesne, D.; Morandotti, R.; Volatier-Ravat, M.; Aimez, V.; Siviloglou, G.A.;
Christodoulides, D.N. Observation of PT-symmetry breaking in complex optical potentials. Phys. Rev. Lett.
2009, 103, 093902. [CrossRef] [PubMed]

Petrov, A.; Jalas, D.; Eich, M.; Krause, M.; Renner, H.; Brinkmeyer, E.; Doerr, C.R. Nonreciprocal light
propagation in a silicon photonic circuit. Science 2011, 333, 729-733.

Huang, J.; Weng, Y.; Wang, H. Stability and internal interaction of multipole solitons in nonlocal PT-symmetric
lattices. Opt. Express 2018, 26, 11667-11677. [CrossRef] [PubMed]

Shi, Z.; Xue, J.; Xing, Z.; Li, Y.; Li, H. Discrete multipole dark solitons in saturable nonlinearity media with
parity-time symmetric lattices. Eur. Phys. J. Plus 2017, 132, 79. [CrossRef]

Li, C,; Huang, C.; Liu, H.; Dong, L. Multipeaked gap solitons in PT-symmetric optical lattices. Opt. Lett.
2012, 37, 4543-4545.

Ren, X.; Wang, H.; Wang, H.; He, Y. Stability of in-phase quadruple and vortex solitons in the
parity-time-symmetric periodic potentials. Opt. Express 2014, 22, 19774-19782. [CrossRef]

Leykam, D.; Konotop, V.V.; Desyatnikov, A.S. Discrete vortex solitons and parity time symmetry. Opt. Lett.
2013, 38, 371-373. [CrossRef]

Chen, Z.; Liu, J.; Fu, S.; Li, Y.; Malomed, B.A. Discrete solitons and vortices on two-dimensional lattices of
PT-symmetric couplers. Opt. Express 2014, 22, 29679-29692. [CrossRef] [PubMed]

Fleischer, ].W.; Segev, M.; Efremidis, N.K.; Christodoulides, D.N. Observation of two-dimensional discrete
solitons in optically-induced nonlinear photonic lattices. Nature 2003, 422, 147-150. [CrossRef] [PubMed]
Poli, F.; Cucinotta, A.; Selleri, S. Guiding properties. In Photonic Crystal Fibers: Properties and Applications;
Springer: Dordrecht, The Netherlands, 2007; Chapter 2; pp. 53-98.

SeyedShirazi, S.Z.; Solaimani, M.; Farnam, B.; Ghalandari, M.; Aleomraninejada, S.M.A. Spatial soliton
propagation through a triangular waveguide: A Runge Kutta study. Optik 2017, 129, 200-206. [CrossRef]
Wang, H.; Shi, S.; Ren, X.; Zhu, X.; Malomed, B.A.; Mihalache, D.; He, Y. Two-dimensional solitons in
triangular photonic lattices with parity-time symmetry. Opt. Commun. 2015, 335, 146-152. [CrossRef]

Zhu, X.; Wang, H.; Wu, T.; Zheng, L. Defect solitons in triangular optical lattices. J. Opt. Soc. Am. B 2011, 28,
521-527. [CrossRef]

Friedrich, L.; Stegeman, G.I; Millar, P.; Aitchison, J.S. 1 x 4 optical interconnect using electronically controlled
angle steering of spatial solitons. IEEE Photonics Technol. Lett. 1999, 11, 988-990. [CrossRef]

Piccardi, A.; Alberucci, A.; Bortolozzo, U.; Residori, S.; Assant, G. Readdressable Interconnects with Spatial
Soliton Waveguides in Liquid Crystal Light Valves. IEEE Photonics Technol. Lett. 2010, 22, 694-696. [CrossRef]
Zhang, H.; Xu, D.; Zou, ].; Zeng, H.; Tian, Y. Soliton control in inhomogeneous nonlocal media. Opt. Commun.
2011, 284, 1370-1378. [CrossRef]

Jakubowski, M.H.; Steiglitz, K.; Squier, R. State transformations of colliding optical solitons and possible
application to computation in bulk media. Phys. Rev. E 1998, 58, 6752-6758. [CrossRef]

Al-Khawaja, U.; Al-Marzoug, S.M.; Bahlouli, H. All-optical switches, unidirectional flow, and logic gates
with discrete solitons in waveguide arrays. Opt. Express 2016, 24, 11062-11074. [CrossRef]

Wu, Y. New all-optical switch based on the spatial soliton repulsion. Opt. Express 2006, 14, 4005-4012.
[CrossRef] [PubMed]

Ghadi, A.; Sohrabfar, S. All-Optical Multiple Logic Gates Based on Spatial Optical Soliton Interactions.
IEEE Photonics Technol. Lett. 2018, 30, 569-572. [CrossRef]

Kheradmand, R.; Aghdami, K.M.; Khiaban, B.H. Tunable all-optical gates in 2D discrete cavity solitons with
local defect. Eur. Phys. ]. D 2015, 69, 274. [CrossRef]

Scheuer, |.; Orenstein, M. All-optical gates facilitated by soliton interactions in a multilayered Kerr medium.
J. Opt. Soc. Am. B 2005, 22, 1260-1267. [CrossRef]

Rosberg, C.R.; Neshev, D.N.; Sukhorukov, A.A.; Krolikowski, W.; Kivshar, Y.S. Observation of nonlinear
self-trapping in triangular photonic lattices. Opt. Lett. 2007, 32, 397-399. [CrossRef] [PubMed]

Rasmussen, P.D.; Bang, O.; Krélikowski, W. Theory of nonlocal soliton interaction in nematic liquid crystals.
Phys. Rev. E 2005, 72, 066611. [CrossRef] [PubMed]


http://dx.doi.org/10.1103/PhysRevLett.103.093902
http://www.ncbi.nlm.nih.gov/pubmed/19792798
http://dx.doi.org/10.1364/OE.26.011667
http://www.ncbi.nlm.nih.gov/pubmed/29716085
http://dx.doi.org/10.1140/epjp/i2017-11348-5
http://dx.doi.org/10.1364/OE.22.019774
http://dx.doi.org/10.1364/OL.38.000371
http://dx.doi.org/10.1364/OE.22.029679
http://www.ncbi.nlm.nih.gov/pubmed/25606899
http://dx.doi.org/10.1038/nature01452
http://www.ncbi.nlm.nih.gov/pubmed/12634781
http://dx.doi.org/10.1016/j.ijleo.2016.10.055
http://dx.doi.org/10.1016/j.optcom.2014.09.034
http://dx.doi.org/10.1364/JOSAB.28.000521
http://dx.doi.org/10.1109/68.775322
http://dx.doi.org/10.1109/LPT.2010.2043730
http://dx.doi.org/10.1016/j.optcom.2010.10.074
http://dx.doi.org/10.1103/PhysRevE.58.6752
http://dx.doi.org/10.1364/OE.24.011062
http://dx.doi.org/10.1364/OE.14.004005
http://www.ncbi.nlm.nih.gov/pubmed/19516547
http://dx.doi.org/10.1109/LPT.2018.2805769
http://dx.doi.org/10.1140/epjd/e2015-60373-3
http://dx.doi.org/10.1364/JOSAB.22.001260
http://dx.doi.org/10.1364/OL.32.000397
http://www.ncbi.nlm.nih.gov/pubmed/17356665
http://dx.doi.org/10.1103/PhysRevE.72.066611
http://www.ncbi.nlm.nih.gov/pubmed/16486082

Appl. Sci. 2019, 9, 3731 150f 15

38. Yang, J. Numerical Methods for Nonlinear Wave Equations. In Nonlinear Waves in Integrable and Nonintegrable
Systems; SIAM: Philadelphia, PA, USA, 2010; Chapter 7; pp. 327-397.

@ © 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).



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

	Introduction 
	Theoretical Model 
	Numerical Results 
	Dipole Solitons 
	Six-Pole Solitons 
	Vortex Solitons 

	Conclusions 
	References

