™ |

Check for
updates

Research Article Vol. 29, No. 18/30 Aug 2021/ Optics Express 29116 |

Optics EXPRESS i N

Generation of gradient photonic moiré lattice
fields

CHUNLEI SHANG,':2® CHENGZHEN Lu,"2 SIWEI TANG, 2 YUANMEI
GAo0,'2:3 AND ZENGRUN WEN'2:4

! Center of Light Manipulations and Applications & Shandong Provincial Key Laboratory of Optics and
Photonic Device, Shandong Normal University, Jinan, 250014, China

2School of Physics and Electronics, Shandong Normal University, Jinan, 250014, China

3 gaoyuanmei@sdnu.edu.cn

4wenzengrun @]63.com

Abstract: We designed and generated gradient photonic moiré lattice fields comprising three
varying periodic moiré wavefields. Because of the common twisted angles between periodic
triangular and hexagonal moiré wavefields, gradient patterns can be easily obtained through
coherent superposition of hexagonal-triangular-hexagonal photonic moiré lattice fields. In
addition, two specific twisted angles of Aa|c=3 and Ada|c=5 are proposed, which not only
guarantee the periodicity of moiré fields but also provide an additional degree of freedom to
control the structural arrangement of the gradient photonic moiré lattice fields. Further study
reveals the non-diffracting character of the gradient photonic moiré lattice field generated using
the holographic method. This study proposes an easy way to generate and control the structures
of gradient moiré lattice fields that can be used to fabricate photonic lattices in optical storage
media for light modulation.

© 2021 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

Photonic crystals with periodically modulated refractive index configurations were designed to
manipulate the flow of light. Various optical phenomena have been successfully achieved using
photonic crystals with varying modulation modes, including discrete diffraction, anomalous
refraction, and discrete solitons, which have potential for application in optical switching and
signal processing [1]. Irrespective of complex microfabrication technology, photonic lattices
relying on discrete optical wavefields and photorefractive effect of storage media have been widely
adopted to study optical manipulation and nonlinear optical propagations such as localization,
discrete spatial solitons, and bandgap solitons [2-5]. The key to creating a photonic lattice
is to design the corresponding lattice wavefield, and the multi-beam interference method has
been the common mechanism for generating lattice light fields in the last two decades [6]. For
two-dimensional (2D) photonic lattices, discrete diffraction-free beams have often been adopted
as induced light waves. Among them, triangular, quadrangular, and hexagonal beams generated
by three, four, and six plane beams located at the vertices of regular polygons, respectively,
are periodic [7-9]. In addition, other quantities of plane light are superimposed to form a
quasi-periodic field [10,11]. Three-dimensional (3D) induced light fields for 3D photonic lattices
are easily realized by adding one on-axis plane beam on the basis of 2D nondiffracting beams
[12,13].

Beyond periodic and quasi-periodic configurations, photonic crystals with gradient structures
have also been studied to enhance the control of light propagation. These gradient discrete
crystals have been designed for complete bandgap [14], frequency-selective tunable bending [15],
and focus or self-collimate devices [16], as well as graded-index lens [17,18]. Correspondingly,
researchers have focused on obtaining photonic lattice fields. M. Kumar and J. Joseph designed
the intensities and phases of plane waves for hexagonal wavefields to generate gradient photonic
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lattice fields with three basis structures [19]. Thereafter, vector counterparts were obtained
for polarization studies [20]. By using 3 + 3 beam-interference and holographic techniques,
gradient-index-array and "dual-periodic motheye" photonic lattice fields were generated to
fabricate bio-inspired microstructures that improve the anti-reflection for solar energy harvesting
[21]. In addition, photonic supercrystals and super-quasi-crystals with complex gradients were
obtained through pixel-by-pixel phase engineering in a spatial light modulator, which has potential
application in light extraction efficiency and topological photonics [22,23].

Recently, in 2D materials, two materials were stacked together at a torsion angle under the
action of van der Waals forces [24,25] to form a new type of artificial material referred to as
moiré superlattices [26,27]. By adjusting the energy band structure, these materials exhibit novel
physical properties [28]. Correspondingly, photonic moiré superlattice fields (periodic patterns
resulting from the superposition of periodic structures that differ in frequency or orientation
from each other) were designed using superposition suppresses and creates new features like
defects (vacancies) and dark singularities [29,30]. Besides, two twisted discrete wavefields can
also generate moiré wavefields [31]. Researchers observed that photonic moiré lattice exhibits
a localization-delocalization transition that depends on the amplitude and twisted angle of the
sublattice in the linear regime [32,33]. When a nonlinear regime was considered, photonic moiré
lattices controlled the formation of spatial solitons [34]. The studies above show the broad
potential of wave excitations with photonic gradient lattices and moiré lattices. However, to the
best of our knowledge, the gradient structure of a photonic moiré lattice has not been studied.

In this study, we propose a method for obtaining gradient photonic moiré lattice fields by
calculating the twisted angle of the periodic triangular moiré wavefields, which is similar to that
of the hexagonal counterparts under the condition of Aa € (0,7/6). This principle makes it
possible to design gradient beams that contain three periodic structures as the basis of moiré
fields. Further studies focusing on the geometric symmetry of the hexagonal moiré wavefields,
where two special angles Aa|c=3 and A«a|c=s are calculated, and whose corresponding wavefields
have identical or swapped structures, but with a 30° bias, were conducted. On this basis, the
arrangement of patterns in the gradient wavefields became more flexible. Finally, the experimental
results revealed that the gradient wavefields can be obtained using the holographic method . In
addition, the non-diffraction character was measured experimentally.

2. Design of gradient photonic moiré wavefields

According to [19], gradient moiré structures comprising three 2D periodic lattice fields were
obtained as expressed in the following equation:

Y6 =WYoo —a W33 —b-Pge (D

where Y6, ¥3,3, and Y o represent three child photonic moiré fields superposed by two
hexagonal lattice fields, two triangular lattice fields, and two hexagonal lattice fields, respectively.
Arguments a and b denote the amplitude factors of the latter two moiré fields with the following
expression:
2x, 0, 0<x<0.5
a,b= . 2)
0,x-0.5, 0.5<x<1

where x dominates the normalized coordinates. To ensure that the obtained photonic moiré field
¥ ; has a gradient structure along the x axis and maintains periodicity in the orthogonal axis
simultaneously, the moiré field i 5,3 must be periodic and share an identical twisted angle with
Ve.6- When two lattice fields are coherently superimposed, the light fields can be expressed as
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follows [31]:

l N
Wyn(r) = Z Ejei(kj~r+¢j) + Z Ej{ez(kj.rﬂpj), )
J=1 J=1

where E; and E/ represent the amplitudes of the plane beams, whereas ¢; and <p]f represent the
initial phases. Term N denotes the number of plane beams, whereas r represents a position vector
expressing |r| = y/x2 + y2 + z2. To ensure the non-diffraction characteristics of the moiré field,
the wave vectors k; and k; are regulated as follows:

K; = k [cos (m;m) sin @, sin (m;x) sin 6, cos 6|

, “4)
kjf =k [cos (mj'-n) sin @, sin (mj'-zr) sin @, cos 9]

where k = 27/A and 6 represent the wavenumber and tilt angle, respectively. The coefficients
of the azimuthal angles are calculated as m; = (2j/N + Aa/m) and m]’ = (2j/N — Aa/m), whose
values affect the spectral distribution of the superimposed wavefield in the spectral space. Aa
denotes the twisted angle of the triangular and hexagonal wavefields from the £ axis (see Fig. 1),
whereas j is a positive integer.

(b)

Fig. 1. Spectral components of superposition of two twisted light fields. Superposition of
two hexagonal lattice light fields (a) and two triangular lattice light fields (b).

When two triangular light fields are superimposed, N = 3 exists, and the Fourier spectrum is
shown in Fig. 1(b). The spectral components are recorded as 1, 1/, 2, 27, and 3, 3’, respectively.
Thus, Eq. (3) can be expanded as follows:

3
Usi3(x,y) = 2[E| ) cos

2
k sin 6 cos (% + Acx) X
j=1

2
cos [k sin @ sin (% + Aa) y} , (5

where |E| denotes the magnitude of the electric field vector. It can be observed from Eq. (5) that
the superimposed light field has similar periods in the x and y directions.

According to Eq. (5), ¥343(x, y) represents the sum of three periodic functions with periods of
T, = 2n/(ksin 6 cos Aa), Tp = 2nt/[k sin 0 cos(Aa+2n/3)], and T3 = 27 /[k sin 6 cos(Aa +7/3)],
respectively. We assume that 7,/7T3 = ¢; and T3/T| = ¢, and that y¥3.3(x, y) is a periodic
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function when ¢ and c; are integers. The angle Aa can be deduced as follows:

V312 z
A — arctan (1 Clcz) JAa € (0,%) ©)

arctan ‘/; (c%c% -1),Ac € (%, %)

Considering the twisted angle of ¥¢.6(x, y) [31], it is clear that the twisted angle of ¥3.3(x,y)
is consistent with that of Y¢,6(x, y), under the condition of Aa € (0, %). In Eq. (6), cic; is
expressed by C within a range of [2, +o0). The change in C corresponds to the rotation of the
hexagonal and triangular lattice fields whose spectral components are located in one circle, as
depicted in Fig. 1. Therefore, the above discussion confirms that Eq. (1) can be used to design

gradient photonic moiré wavefields.

3. Simulation and experimental results of gradient photonic moiré fields

Based on Eq. (1), three periodic moiré structures can be arranged in the gradient wavefields.
When C is set at 3 and all the plane waves in the three child periodic beams are in-phase (for
instance, zero-phase), the generated gradient wavefield is as shown in Figs. 2(d) and (e). Where (d)
is the simulated phase diagram and (e) is the experimental intensity diagram. It is evident that the
gradient photonic moiré field contains three periodic structures along the x axis, corresponding to
the child moiré fields depicted in Figs. 2(al-c1) (spectral components), (a2-c2) (phase diagrams),
and (a3-c3) (intensity graphs), respectively. Among the three child wavefields, there are two
hexagonal moiré fields superimposed by two simple hexagonal lattice beams [see Figs. 2(al-a3)]
and two honeycomb lattice fields [see Figs. 2(c1-c3)], respectively. In the middle of the gradient
moiré wavefield, the structure corresponding to the moiré lattice field shown in Figs. 2(b1-b3) is
composed of two triangular lattice beams with a twisted angle of 2Aa|c=3. Numerical simulation
and experimental results reveal that the triangular moiré lattice field is periodic when C = 3
is satisfied. In addition, although all the initial phases of plane waves that constitute the child
moiré wavefields are zero, m phases emerge in the spectral component of the right hexagonal
lattice field, as shown in Fig. 2(c1), which is different from that in Fig. 2(al). This phenomenon
originates from Eq. (1). In the in-phase situation, Eq. (1) represents the difference value of Y46
and gradually increasing 3.3 when x is set at (0, 0.5). If x is equal to 0.5, only ¥/}, exists as a
result of Ye+6 — ¥34+3. In the right part of the gradient moiré field, the wavefield is the difference
between 5, and y( . Finally, the amplitudes corresponding to the spectral components of
2, 2',4, 4’ and 6, 6’ are positive, whereas the components of 1, 1’,3, 3’, and 5, 5’ are negative.
When x is equal to 1, the absolute values of all the amplitudes are similar, indicating that a 7
phase is induced in the spectral components with negative amplitudes.

Similarly, the gradient moiré wavefields contain three varying periodic moiré structures when
the phases of adjacent spectral components are opposite, as shown in Fig. 3, respectively. The
spectral components, phase diagrams, and intensity patterns of the three periodic moiré beams
are as shown in Figs. 3(al-cl), (a2-c2), and (a3-c3), respectively. From Fig. 3(a3), the coherence
of two simple hexagonal lattice fields with inverse phases forms an intensity pattern consisting of
periodic loops. Each loop comprised 12 light spots. The patterns in Figs. 3(b3) and (c3) are
quite similar, but there are complex vortex structures in the phase diagram shown in Fig. 3(b2),
yet no vortex phase exists in ¢ , according to Fig. 3(c2). The spectral components are the same
as in the case of in-phase superposition, where there is a 7 phase difference in plane beams
1, 17,3, 3’,and 5, 5’ compared to ¥¢+¢ shown in Fig. 3(al). As shown in Figs. 3(d) and (e),
the generated gradient moiré wavefield contains three phase patterns in Figs. 3(a2-c2) and three
intensity patterns in Figs. 3(a3-c3).
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Fig. 2. Moiré lattice wavefield generated by in-phase superposition of two twisted hexagonal
wavefields (al-a3) and (c1-c3), and a triangular wavefield (b1-b3); (al), (a2), and (a3)
schematics of interferometric sources; (d) simulated phase diagram of gradient moiré lattice
wavefield superposed by wavefields (a-c); (e) experimental intensity diagram of gradient
moiré lattice wavefield superposed by wavefields (a-c).
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Fig. 3. Moiré lattice wavefield generated by out-phase superposition of two twisted
hexagonal wavefields (al-a3) and (c1-c3), and a triangular wavefield (b1-b3); (al), (a2),
and (a3) schematics of interferometric sources; (d) simulated phase diagram of gradient
moiré lattice wavefield superposed by wavefields (a-c); (e) experimental intensity diagram
of gradient moiré lattice wavefield superposed by wavefields (a-c).
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4. Structural arrangement of the child moiré fields

In the previous section, all the child moiré fields are six-fold symmetric, indicating the existence
of two varying twisted angles that generate identical moiré beam structures. Figures 4(a) and (b)
show the spectral components of the child moiré fields with varying twisted angles 2Aa; and
2Aa;. If the generated moiré fields are identical, the spectral components (including intensity
and phase) in the red dotted box must be similar, resulting in the angles of Aa| and A«; satisfying
the following relation:

Aa; + Aap = 30°. 7

Once Eq. (7) is satisfied, there is a 30° bias between the spectral components in the two red
dotted boxes [see Figs. 4(al) and (b1)]. According to the periodic condition of the moiré fields,

the following hold:
V3 2
tanag = T(l - C_)
{ g )

Combining Eqgs. (7) and 8, one can easily determine the following relation:

C2=2+ (9)

c -2

The periodic condition of moiré lattice fields limits the values of C; and C; are integers in
[2, +00); thus, there are two solutions to Eq. (9), which are C; = 3 and C; = 5 or C; = 5 and
Cy =3.

0(m)

om | O o(m)

Fig. 4. Geometric symmetry of the child moiré fields. Schematic of the superposition
source with a twisted angle of 2Aa| = 2Aa|c=3 (a) and 2Aa; = 2Aa|c=5 (b) .

In Fig. 5, all the moiré lattice fields with six-fold symmetry (rotational symmetry of order
6) are displayed when the phases of the plane waves are 0 or m. In addition, according to
the above calculation, we set the twisted angles of sub-wavefields 2Aa|c=3 [upper two rows]
and 2Aa|c=s (bottom two rows), respectively. In comparison with Figs. 5(a2) and (g2), if the
phases of plane waves are zero, the structures of the two moiré fields coincide with only a 30°

bias. The same situation exists when the phases of the plane waves are {0, «, 0, &, ---} [see
Figs. 5(b2) and (h2)]. This phenomenon is consistent with the above calculation. Otherwise, the
structures of the moiré lattice fields with plane wave phases of {0, 0, n, «, ---} in Fig. 5(c1)

and {0, n, &, O, ---} in Fig. 5(d1) are identical to those in Figs. 5(j1) and (il). For triangular
moiré lattice fields, as shown in Figs. 5(el-fl) and (k1-11), there is no clear similarity between
the two twisted angles.

In the previous section, the gradient moiré wavefield generated by in-phase superposition
contains two hexagonal child moiré structures, as shown in Figs. 5(a2) and (c2), and the triangular
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Fig. 5. Child moiré lattice wavefields with two twisted angles and different phases. Optical
source distributions (al-d1) and intensity patterns (a2-d2) of child moiré lattice wavefields
superimposed by two hexagonal wavefields with a twisted angle of 2Aa| = 2Aa|c-3; optical
source distributions (e1-f1) and intensity patterns (e2-f2) of child moiré lattice wavefields
superimposed by two triangular wavefields with a twisted angle of 2A@| = Aa|c=3. Bottom
two rows correspond to the upper two rows with a twisted angle of 2Aa; = 2Aa|c=5.

structure is shown in Fig. 5(e2). The out-phase superimposed counterpart contained two hexagonal
moiré structures [Figs. 5(b2) and (d2)], as well as triangular [Fig. 5(f2)]. Based on the principle
shown in Fig. 5, a new arrangement that contains Figs. 5(a2) and (d2) can be designed by altering
the twisted angle to 2Aa; = 2Aa|c=5 and 30° rotation, based on the in-phase superposition in
Fig. 2. The phase and intensity distribution corresponding to the gradient moiré wavefields are
shown in Figs. 6(a2) and (a3), where the triangular child moiré wavefield corresponds to that in
Fig. 5(k2). Similarly, the assembly of the two hexagonal child moiré wavefields in Figs. 5(b2)
and (c2) are achieved based on the out-phase superposition in Fig. 3, as shown in Fig. 6(b3). In
this gradient moiré wavefield, the intermediate triangular structure corresponds to that shown in
Fig. 5(12). The remaining combinations of the hexagonal moiré wavefield are shown in Figs. 5(a2)
and (b2), as well as in Figs. 5(c2) and (d2). According to the relation of the left and right
hexagonal structures, the phases of plane beams for generating intermediate wavefields remain
invariant, whereas those of others possess a 7 phase change. Therefore, to achieve both residual
combinations, the intermediate structures belong to the hexagonal lattice wavefields. From
Fig. 6(c3), it is clear that the two hexagonal moiré wavefields in Figs. 5(a2) and (b2) are arranged
together. In addition, the intermediate structure is a hexagonal lattice wavefield. Using the same
method, the two hexagonal moiré wavefields shown in Figs. 5(c2) and (d2) are combined, and the
intermediate structure is a honeycomb lattice wavefield, as shown in Fig. 6(d3).
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Fig. 6. Gradient wavefields with controllable moiré patterns. In-phase (al-a3) and
(b1-b3) out-phase superposition of three moiré lattice wavefields with a twisted angle of
2Aa) = Aalc=s5; (c1-c3) and (d1-d3) superposition wavefields containing the moiré patterns
in Figs. 5(a2) and (b2), as well as Figs. 5(c2) and (d2), respectively.

5. Experimental setup and non-diffraction characteristics of gradient moiré wave-
fields

In this study, the gradient structures were superimposed by three child moiré lattice fields. The
complex intensities and phases of the interference beams make it difficult to achieve them using
simple intensity and phase masks. Therefore, the holographic method, which is also known as
the one-step imaging method, is utilized to generate these light fields. The experimental setup is
shown in Fig. 7. A continuous-wave laser beam with a wavelength of 532 nm passes through
lenses L and L, to be expanded as a parallel beam. The beam thereafter passes through the
polarizer LP; to irradiate the phase-only spatial light modulator (SLM), and the modulated light
is subsequently filtered by a 4f system to produce the required gradient wavefields. Finally,
the intensity distributions of the wavefields were recorded using a CCD camera near the back
focal plane of the 4f system. In the setup, the SLM controlled by a computer was utilized to
perform the gray phase diagrams of the simulated gradient wavefields, as shown in the blue
box in Fig. 7(a). The phase diagrams in Figs. 2(d), 3(d) and 6(a2-d2) are used to generate the
corresponding gradient wavefields after being converted into gray images. If there is no phase
diagram in the SLM, there is only one bright spot on the spectral plane of the 4f system, whereas
several bright spots emerge around the central spot [see Figs. 7(b) and (c)]. In the spectral plane,
a circular filter was used to percolate 12 bright spots between the two white circles in Fig. 7(c).
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In addition, two polarizers, LP; and LP,, with orthogonal polarization directions, were used to
eliminate the background light to improve the contrast ratio of the gradient wavefields.

(a) Laser

Lensl (b)
v Lens2

Polarizerl
v

Lens3 Polarizer2 e

- =
gV

Spatial filter

©

Lens4

CCD Camera

Fig. 7. Schematic of experimental setup on non-diffraction gradient moiré wavefields (a);
(b) and (c) spectral distribution without and with phase diagram in SLM, respectively. CCD:
charge coupled device; SLM: spatial light modulator; PC: personal computer.

The spectral components of the generated gradient moiré lattice fields are located on a circle,
thereby maintaining the non-diffraction characteristic. The simulated results are as shown in
Fig. 8(a). To verify the non-diffraction property of the generated gradient moiré wavefields in the
experiment, the CCD camera is shifted along the z axis and it records the wavefield at different
positions at the front and back of the back focal plane of the 4f system. The cross-sections of the
simulation results are selected at the corresponding positions and compared with the experimental
results [see Fig. 8(b)]. The gradient structure of the light field maintains its pattern from f -6 to f

Fig. 8. Non-diffraction transmission of gradient moiré wavefield by (a) simulation and (b)
comparison of light cross-sections between simulation and experimental results.
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0+15 cm, indicating that the nondiffracting length of the generated gradient moiré lattice field is
at least 21 cm. Generally, the thickness of the photorefractive crystal used to fabricate photonic
lattices is less than 10 mm; thus, the gradient moiré lattice fields satisfy the requirements of
studying light modulation in photonic lattices.

6. Conclusion

We deduce the periodic condition of the triangular moiré lattice field, which is coincident with that
of the hexagonal moiré wavefield if the angle A« is in the range (0, £). Based on the precondition,
the gradient moiré wavefields containing three periodic child moiré patterns superimposed by
hexagonal, triangular, and hexagonal wavefields are easily obtained. Three-child photonic moiré
wavefields generated by in-phase and out-phase superposition are coherently stacked to generate
different gradient photonic moiré beams. In addition, for the hexagonal moiré wavefields, with
proper phase modulation, their intensity patterns with Aa|c=3 are identical to those with Aa|c=s.
This principle increases the flexibility of arranging the child moiré lattice fields. Experimental
results demonstrate that the designed gradient photonic moiré lattice fields can be achieved
by using the holographic method, and the nondiffracting length of the gradient wavefield is
measured to be at least 21 cm. Existing experiments have proved that the non-diffraction
wavefields can be used to make photonic lattices in photorefractive crystals, and the refractive
index of photorefractive crystals is sensitive to light intensity. Therefore, the obtained gradient
photonic moiré lattice fields have great potential in two-dimensional photonic lattices and moiré
quasicrystals, enhancing the ability of light control and new optical devices.
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