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Dynamical optical beam produced in rotational metasurface based on

coherent spin hall effect
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Abstract: Based on the spin Hall effect of photons, a metasurface can be used to generate and control light
beams. In this paper, by means of one-dimensional chains of nanohole, a metasurface with rotational sym-
metry is designed. The Bessel beam can be produced by the spin Hall effect of Left-handed Circularly Polar-
ized (LCP) and Right-handed Circularly Polarized (RCP) light simultaneously. Through the excitation of lin-
early polarized light, we can dynamically control the intensity and polarization of Bessel beam by controlling
the coherent interference between two circularly polarized light excitation beams. At the same time, this

method has the advantage of broadband modulation range.
Key words: dynamically controllable bessel beam; metasurface; broadband modulation range
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1 Introduction

Light beams have important applications in op-
tical communications, optical manipulations, optic-
al imaging, laser processing and other fields!'?.
Therefore, the generation, detection and dynamic
control of light beams have attracted intensive re-
search interest in the field of optics. In recent years,
metasurfaces have been proposed to control the
propagation of electromagnetic waves®™®. Metasur-
faces are also used to generate optical beams
through the interaction between structural units and
light waves, and thus the generation and control of
various beams have been achieved® .. For example,
people use a metasurface to generate Bessel beams.

In addition to the two-dimensional metasur-
faces, another simpler one-dimensional chain of
metamaterials has also been proposed to control
light. For example, one can use a one-dimensional
nanohole chain to simulate Cherenkov radiation of
moving particles® or the bremsstrahlung of acceler-
ating particles”" through the photon spin Hall effect,
which can be used to generate and modulate SPP
beams. Furthermore, SPP surface wave holograms
can be dynamically controlled through the interfer-
ence between two beams of circularly polarized
light, LCP and RCP, based on the coherent spin Hall
effect®. In most work on the spin Hall effect, when
considering the interaction between incident light
and a metallic nanohole on the metasurface, the
cross-polarization term is controlled by the PB

2241 is most  of-

phase (Pancharatnam-Berry phase)!
ten considered, while the co-polarization term is of-
ten ignored. This is because this co-polarization
term traditionally plays the role of background noise
and should be eliminated. Here, we have a contrary
approach and utilize this term to interfere with the
cross-polarization term in order to build up a new
avenue to modulate the optical beam.

In this paper, we use one-dimensional chains of
nanoholes to construct a two-dimensional nanohole

metasurface with rotational symmetry through rota-

tion transformation. If we illuminate this metasur-
face with circularly polarized light, we can obtain a
Bessel beam. From the results, we demonstrate that
the co-polarization term has a non-negligible contri-
bution in the formation of the polarized modulated
Bessel optical beams in both theoretical and experi-
mental applications for the first time. By con-
trolling the polarization of the incidence, we can dy-
namically control the polarization and intensity of
the optical beam. Moreover, our sample can work in
a large range in wavelength with the wavelength-de-
pendent transmission distance. Therefore, the dy-
namically controllable Bessel beam realized by our
designed metasurface can be good candidates in
many applications such as modulators in optical

communications.

2 Theoretic design

In the previous work, we used one-dimension-
al nanohole metamaterials to generate SPP (Surface
Plasmon Polaritons) beams on metal surfaces by
simulating Cherenkov radiation in moving particles
based on spin Hall effect. Then, we asked whether
this one-dimensional metamaterial can be used to
generate a light beam in free space? In this paper,
based on one-dimensional metamaterials, we de-
signed a two-dimensional metasurface structure by
rotation transformation. More specifically, we de-
signed different one-dimensional metamaterial
chains for LCP and RCP light. Then, we trans-
formed these chains to form a two-dimensional
metasurface with rotational symmetry. Finally, we
combined the two kinds of metasurfaces to form a
structure that can generate light beams from both
LCP and RCP incident waves at the same time. In
the following part, we gave the specific theoretical
design process.

In paraxial approximation, we established a
cylindrical coordinate to describe the scattering
electric field near the z-axis of a metallic nanohole

at (p,,6,,0) when a circularly polarized light of fre-

quency w, was normally illuminated™:
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This equation was obtained according to the
paraxial condition: kr >>1 and was considered a
cross-polarization term only, where c is the speed of
light in a vacuum, k is the wave vector, a. is the
electric dipole moment of the antenna, r is the dis-
tance from the metallic nanoholes to any point
in space, and  is the refraction angle. E: =
(cosle, +oie,—sinle.) and o = +1(RCP: +1/LCP: -
1) describe the properties of the incidence.

To theoretically show the results of our de-
signed metasurface, we calculated the electric field
along the z-axis of our designed metasurface. The
metallic nanoholes on the radius at a given angle
were started at a specified orientation and then ro-
tated uniformly. Then, this action was repeated at
different angles with rotational symmetry in each of
the positions of the nanoholes. Thus, by the integral
of Eq.(1) in p, and 6,, the intensity of the x-compon-
ent of the electric field along the z-axis can be ob-

tained:

E.=E +E +E. 20k,p € Reals

ca k*

£=* @F(z)e’%(—nJo<Abs<2k¢p)>>
E =—0iEq = — \/_n F(z)e o( —nJ,(Abs(2k,p)))
CCj/fﬂG(z)e 4 (—nJ,(Abs(2k,p))) — ”A%%e =

F@) = %%e* \/g-Erfc((l i)k, \/%)
G(2) = (—é \/ﬁ? ) - Erfc((l D, \/é)

2

where 8= (1/w))—(ik/2z), v = —02k,, ¢(x,) is the
rotation angle of the nanoholes at x,, k, denotes the
absolute value of the gradient of the nanoholes’ ori-
entations along the radius, and k, = ok,. For F(z)
and G(z) in Eq. (2), E. can be ignored compared to
E. because of paraxial approximation. Similarly, the
field generated by the co-polarization term can also

be calculated without the PB phase:

4N2n

2

E = i S g, (kp )
\/_ 2n
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For the calculation results above, the cross-po-

(3

larization term and co-polarization term from the in-
teraction between circularly polarized light and di-
poles were both considered in order to construct the
optical beam. The utilization of the co-polarization
term provides another degree of freedom in the gen-

eration of a structured beam.

3 Experimental results

Fig. 1(a) and (b) show the schematic of de-
signed metasurface by rotated chains of nanohole
arrays, and the designed nanohole with configura-
tion angle. A fabricated sample is shown in Fig. 1(c).
A 30 nm layer of silver, a 50 nm layer of silicon di-
oxide and another silver layer of 70 nm were con-
tinuously deposited onto the silicon dioxide sub-
strate to form a sandwich multilayer structure of Ag-
Si0,-Ag. The nanohole pattern was fabricated on
the top silver layer using a focused ion beam (FEI
Strata FIB 201, 30 keV, 7 pA). Fig. 1(e) presents the
schema of the experimental setup used in our optic-
al measurement. We used a femtosecond laser to
generate near-infrared 1040 nm linearly-polarized
light to illuminate the metasurface sample, and then
the output laser beam was detected using a s-CMOS
camera.

We scanned the light field for a distance of z
with a s-CMOS camera, and measured the optical
field along the z-axis. For the two circularly polar-
ized lights, we designed two sets of chains on the
same sample, as shown in Fig. 1(d). There are eight
nanochains designed for left-handed circularly po-
larization intersecting with another eight

nano-

chains for right-handed circularly polarization. Each
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chain contains 20 nanoholes. The first nanohole of
each chain is 3.6 um away from the center of the
pattern. The distance between each of the two nano-
holes is 600 nm. For the chain designed for the left-
handed spin, the (n+1)-th nanohole rotates /5 coun-

terclockwise relative to the n-th nanohole. For the

5 pm

(@)
Rotatable

Linearly
Polarized
Light

chain designed for the right-handed spin, the (n+1)-
th nanohole rotates n/5 clockwise relative to the n-th
nanohole. Fig. 1(c) is the lateral view of the sample
obtained by an SEM (Scanning Electron Micro-
scope), and the insert of Fig. 1(c) shows the period-

ically distributed nanoholes.

Laser 0 ! g \)\‘
Linear . |
polarizer 2/4

Rectangular

ki
z

(a) Schematic of designed metasurface from the rotated chains of the nanohole arrays; (b) designed nanohole with con-

Fig. 1

D S |
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linear  Objective

. x4 4
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figuration angle ¢; (c) sample picture of the rotated metasurface fabricated by a focused ion beam; (d) illuminating ro-

tated metasurface with a circularly polarized laser beam; (¢) Optical experiment setup

The captured two-dimensional light field pat-
tern of the optical beam through a s-CMOS camera

is the result of the circularly polarized light interact-

distribution in the x-y plane (at z=15 um) is presen-
ted in Fig. 2(a, ¢) while the matching experimental

results are shown in Fig. 2(b, c).

ing with the sample. The calculated light intensity

z=15 pm
(C) 1.0F )
0.8 F Jﬁ
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N 1in
\{ I/\
= i | Ww»r
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Fig. 2 Beam spot profile at z=15 um produced by the rotated metasurface illuminated by circularly polarized incident light. (a)
From theoretical calculation; (b) from experimental measurement; (c) intensity distribution curves of beam spot along a

central line (blue dots: from measurement; orange curve: from calculation)
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In the experiment, we designed two kinds of
nanohole chains. One is to generate Bessel beams
for LCP excitation, and the other is to generate the
same Bessel beams for RCP excitation. Then we ro-
tated the two chains alternately to obtain the com-
posite metasurface with rotational symmetry. The
structural design and experimental samples are
shown in Fig. 1(a, b) and Fig. 1(c), respectively. In
this composite structure, both LCP and RCP can ex-
cite the sample to produce the same Bessel beam.
Fig. 2 shows the output beam field profile excited
by LCP. Fig. 2(a) gives the theoretically calculated
result, and Fig. 2(b) gives the experimentally meas-
ured result. Both theoretical and experimental res-
ults show that RCP and LCP can produce the same
beam separately for our composite structure, and the
theoretical and experimental results agree. We know
that the linearly polarized light can be regarded as
the superposition state of LCP and RCP light.

z=18 ym

(b)

Therefore, if we use the linearly polarized light to
excite the metasurface sample, the generated beam
can also be regarded as the coherent superposition
state of LCP and RCP light. The phase difference
between LCP and RCP depends on the polarization
direction of linearly polarized light. As long as we
continuously change the polarization direction, we
can continuously change the interference between
the beams generated by LCP and RCP, which can
continuously change the beam intensity. Fig. 4
shows that the curve of the beam center intensity in-
creased with the polarization angle . The corres-
ponding results for the three polarization angles are
shown in Fig. 3 (¢ = 0,7/2,m). We can see from the
photo of the intensity profile of the beam spot pro-
duced by the sample excited with the varied lin-
early polarized angle y that the intensity of the light

spot decreases continuously with an increase of .

MAX

I MIN

Fig. 3 Beam spot profile at z=18 um produce by the rotated metasurface illuminated by a linearly polarized incident light with

polarized angle ¥ = 0,7/2,n. (a-c) From theoretical calculation; (d-f) from experimental measurement

Using our metasurfaces, we can dynamically
control the intensity and polarization of a Bessel
beam. In order to detect the polarization character-
istics of the beam, we put a polarizer in front of the
sample and an analyzer behind the sample as shown
in Fig. 1(e). In the experiment, we rotated the polar-
izer to change the polarization direction of the incid-

ent light on the sample. At the same time, we detec-

ted the polarization state of the output light through
the analyzer behind the sample. The intensity of the
beam spot under different incident polarizations is
given in Fig. 5, which includes both the theoretical
calculation (Fig. 5(a, b)) and experimental measure-
ment (Fig. 5(c, d)). The experimental results show
that when the polarizer is parallel to the analyzer,

the intensity of the light spot is at its strongest (in
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Fig. 5(a, c)), and when the polarizer is perpendicu-
lar to the analyzer, the intensity of the light spot is at
its weakest (in Fig. 5(b, d)). For other polarization
angles, the intensity of the light spot decreases con-
tinuously with an increase in the polarization angle.
By comparison, our theoretical calculation is in
good agreement with the experimental results. This
dynamic control of light beams is quite simple and

efficient through changing incident polarization.

090} T
0.85}
0.80 |
075}
0.70

0.65 | \
0 /2 n
W

Intensity/a.u.

Fig. 4 Intensity of beam spot produced by rotated metasur-
face with varied polarized angle  (blue dots: from

measurement; orange curve: from calculation)

In addition to the intensity and wavelength reg-
ulation discussed above, another advantage of the
metasurface we designed is that it is insensitive to
different wavelengths and has the characteristics of
broadband regulation. In the theoretical calculation,
we selected three laser illuminating samples with
different wavelengths of 690, 865, and 1040 nm.

y=0 um

The calculated x-z section of the output beam is giv-
en in Fig. 6. The results show that the metasurface
can produce good Bessel beams at these three
wavelengths. Although their transmission is re-
duced with the increase of wavelength, the beam is
still able to maintain good non-diffractive transmis-

sion.

z=12 um

Fig. 5 Detecting the polarization state of the output beam
spot from rotated metasurface with linearly polar-
ized light. A polarizer is put in front of the sample
and an analyzer is put behind the sample. (a, c) the
analyzer is parallel to polarizer; (b, d) the analyzer

is perpendicular to the polarizer

MAX

\ e r —

SRl H2in 10 pm

MIN

Fig. 6 The calculated laser beam produced by the rotated metasurface illuminated by a circularly polarized light with three
different incident wavelengths. (a) A=690 nm; (b) 2=865 nm; (c) A=1040 nm

4  Conclusion

In conclusion, one-dimensional nanohole

metamaterials were used to construct a rotationally
symmetric metasurface by rotation transformation.
Using the interference between two beams pro-

duced by LCP and RCP, we have realized a Bessel
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beam whose intensity and polarization can be dy- kind of metasurfaces with a dynamic control func-

namically controlled. The control function can be tion, which has potential future applications in

achieved in the wide-frequency band. The rotating photonic communication, dynamic imaging and oth-

metasurfaces reported in this paper provides a new er optical applications.
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