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We propose a switchable vortex beam polarization state terahertz multi-layer metasurface, which consists of three-
layer elliptical metal crosses, four-layer dielectrics, and two-layer hollow metal circles, which are alternately superimposed.
Under the normal incidence of left-handed circularly polarized (LCP) wave and the right-handed circularly polarized (RCP)
waves, the proposed structure realizes three independent control functions, i.e., focused and vortex beam, vortex beam with
different topological charges, and polarization states switching, and azimuth switching of two vortex beams with different
polarization states. The results show that the proposed metasurface provides a new idea for investigating the multifunctional

terahertz wave modulation devices.

Keywords: terahertz wave, switchable vortex beam, polarization states, flexible manipulation
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1. Introduction

Metasurface can flexibly manipulate the phase, ampli-
tude, polarization, frequency, and wavefront propagation of
electromagnetic wave and possesses many applications in
holographic projection,!:?l' focusing,*>! photon spin Hall
effect,[0-9] Airy beam,[10-11] spectrum,m] etc. Recently, vor-
tex generators based on metasurface orbital angular momen-
tum (OAM) have attracted much attention.!'>~13] For exam-
ple, in 2019, Liu et al.!'®! proposed a multifunctional meta-
surface vortex beam generator to realize vortex beams with
reconfigurable polarization states. In 2020, Jiang et al.!'”) de-
signed a plasma metasurface vortex beam generator to gen-
erate near-field dual-channel vortex beam and far-field dual-
channel vortex beam. In 2021, Zheng et al.!'8 designed a
metasurface by changing the opening angle and direction an-
gle of the square split ring to obtain about 80% high-purity
mode vortex beams. More recently, some research teams
have drawn their attention towards Pancharatnam-Berry (PB)
metasurface vortex generator.“g’m In 2021, Gao et al.[**1
employed a four-layer metallic PB phase metasurface and a
three-layer dielectric PB phase metasurface to obtain a vortex
beam with a transmission efficiency of about 79%. Wang et
al.'>) utilized a flexible bilayer PB phase metasurface to gen-
erate vortex beams for circularly polarized waves incidence.
In 2022, Xiang et al.!**! proposed a TiO; elliptical cylinder
all-dielectric PB phase metasurface for generating annular fo-
cused optical vortices. However, PB-phase metasurfaces can
only realize spin-locked OAM beams or OAM beams with
specific helicity. This effect is the inherent characteristics of
geometric phase metasurfaces, which limit the device appli-
cation. Furthermore, independent control of OAM with two
different helicities remains a problem, especially in the tera-
hertz band, which is still a challenge.
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In this work, we combine propagation phase and geo-
metric phase to design a switchable vortex beam polarization
state multi-layer metasurface in terahertz region. By changing
the size parameters and rotation angle of the metal—particle at
the same time, the decoupling relationship between the inci-
dence of left-handed circularly polarized (LCP) wave and the
incidence of right-handed circularly polarized (RCP) wave is
established. Therefore, the two orthogonal circularly polar-
ized waves can generate mutually independent functions. The
designed metasurface generates switching between focused
beam and vortex beam, switching between vortex beams with
different topological charges, azimuth switching between two
vortex beams under different circularly polarized waves inci-
dent. The designed metasurface has potential applications in
terahertz control devices.

2. Device design

Figure 1 shows the schematic diagram of the switch-
able vortex beam polarization state terahertz multi-layer meta-
surface, which can exhibit different and independent func-
tions under the incidence of two different circularly polar-
ized waves. This metal particle is composed of three elliptical
metal cross layers, four dielectric layers and two hollow metal
circle layers. The metallic material is gold with a conductivity
of 4.561x 107 S/m. The thickness of metal layer is 3 um, and
the dielectric layer is polyimide with a thickness of 10 pum.
The arm lengths of the elliptical metal cross are marked as a
and b, respectively. The radius of the hollow metal circle is
r =20 wm, and the period of the metal particle is set to be
p = 130 um. We use the commercial CST Microwave Stu-
dio to optimize the coding particle under the incidence of LCP
wave and RCP wave. Both x axis and y axis are set to be of
periodic boundary conditions and z axis is fixed as open space.

http://iopscience.iop.org/cpb http://cpb.iphy.ac.cn
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Fig. 1. Schematic diagram of switchable vortex beam polarization state terahertz multi-layer metasurface.
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Fig. 2. Under linearly polarized terahertz wave incidence, (a) transmission amplitude and (b) phase of particle, (c) phase and (d) amplitude of 15

metal-particles with different sizes.

Under the incidence of circularly polarized terahertz
wave, the relationship matrix between the transmitted field and

the incident field can be expressed as

_ (T Tir E; )
TrL Trr EL )’

12
By
where T11, Tir, TrL, and Trg are the transmission coefficients
(the first subscript and the second subscript respectively repre-
sent the polarization state of transmitted wave and reflected
wave). After introducing propagation phase and geometric

phase, the relationship matrix can be given by

B\ _(ne ™ 5\ (H o

E} 5 mel™ E}

where o is the rotation angle of the unit cell, § = (T}eiq”‘ +
T,e'?)/2, n = (Le'% —T,e'?)/2. T, T, ¢y, and @y rep-

resent the transmission amplitude and transmission phase of
the x-polarized and y-polarized waves, respectively. When
the amplitude of the incident polarized wave is 1, the phase
difference is @ (i.e., Ry =R, =1, ¢ — ¢, = 180°), 6 =
(T 4 T,e19) /2 = 0,1 = (Tre 9 — Tye i) /2 = (197 -
ei(Pr—180%)y /3 — ¢i0¥ The transmission matrix can be given

by
e i(px—2a) 0 Ei,
Ey

123
E, 0
el ((px—2a)Ei

= . 3

ei((px+2a)Eli{

ei((px+2oc)

From the above equation, it can be found that the LCP wave
and the RCP wave of the transmitted field each acquire an ex-
tra phase (i.e., o, = @y — 20, Pr = @, +2a), which can be
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expressed as

a=(pr—L)/4,
0= (Pr+ L) /2, “4)
@y = (pr+ 1) /2 180°.

It can be seen from the above formula that the decoupling of
the relationship between the LCP wave and RCP wave can
be achieved by adjusting the rotation angle « of the metal-
particle, the transmission phase ¢, and ¢, of x- and y-polarized

waves.
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Fig. 3. The 64 kinds of metal-particles.

Figures 2(a) and 2(b) display the transmission amplitude
and phase of metal-particle under the incidence of linearly po-

(c)

360° RCP

f=1500 um (€}

larized terahertz waves. At a frequency of 0.97 THz, the metal-
particle has a high transmission amplitude, and the phase dif-
ference between the two linear polarizations is about 7. In
order to meet the phase requirement under the incidence of
RCP wave and LCP wave, 15 kinds of metal-particles cover
the 27 phase in steps of 22.5° as shown in Fig. 2(c). The cor-
responding amplitudes are shown in Fig. 2(d). The 15 kinds of
metal-particles rotate with different values of angle ¢ to form

64 kinds of metasurface arrays as displayed in Fig. 3.

3. Calculation and analysis of performance

3.1. Focused and vortex beam manipulation

The proposed metasurface phase distribution satisfies the
following relation:

o= (V@ 7),
&)
¢@r = [ -arctan <£>,

where ¢ and @R are the required phase distributions to gen-

360°
A

erate focused and vortex beams under the incidence of LCP
wave and RCP wave, and A, f, and [ represent operating wave-
length, focal length, and topological charge, respectively. Fig-
ures 4(a) and 4(b) show the phase distribution of generated fo-
cused beam and vortex beam under the incidence of LCP wave
and RCP wave, respectively. Figure 4(c) demonstrates the
function schematic diagram of the switchable focused/vortex

beam function.

Fig. 4. (a) Focusing phase distribution under incidence of LCP wave, (b) vortex beam phase distribution under incidence of RCP wave, (c) function
schematic diagram of switchable focused/vortex beam under incidence of LCP wave and RCP wave.
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Fig. 5. Focusing effect under incidence of LCP wave: (a) energy distribution

on xoz and yoz planes, (b)—(c) focal spot electric field strength in xoz and xoy
planes, respectively, and (d) full width at half maximum in xoy plane.
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Figure 5 displays the focusing effect of the proposed
metasurface under the incidence of LCP terahertz wave at a
frequency of 0.97 THz. The designed metasurface generates
a terahertz focused beam with a focal length of f = 1500 pm
as shown in Fig. 5(a). Figures 5(b) and 5(c) show the electric
field intensity in the xoz plane and xoy plane, respectively. The
focused spot can be clearly observed, and the electric field en-
ergy is focused on the center point. Figure 5(d) gives the full
width at half maximum (FWHM) in the xoy plane, 0.224 mm
(i.e. 0.7211). That is to say, the proposed metasurface can ob-
tain high-quality terahertz focused beam under the LCP inci-
dence. Figure 6 describes the vortex beam effect with topolog-
ical charge [ = 1 when the RCP terahertz wave is vertically in-
cident on the metasurface. The transmitted electric field phase,
amplitude, three-dimensional (3D) far field, and mode purity
of the vortex beam are shown in Figs. 6(a)-6(d), respectively.
It can be seen from the figure that the mode purity of the vortex
beam is 65.3%. Combining Figs. 5 and 6, it can be seen that
the metasurface produces the focusing beam function and the
vortex beam function under the incidence of LCP wave and

RCP wave, respectively.

™

o 2
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T T
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e
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e
o
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-3 -2-10 1 2 3
Topological charge

Fig. 6. Vortex effect under incidence of RCP wave: (a) phase distribution,
(b) amplitude distribution, (c) 3D far-field, and (d) mode purity.

3.2. Vortex beam manipulation with different topological
charges

The metasurface phase distribution satisfies the following
relation:

¢@r = [, - arctan <X>,

X

(©)
¢, =1 - arctan (i) ,

where [ is the topological charge of the vortex beam, specif-
ically, Iy = —1 and I, = —2. The phase distributions of the
vortex beams with different topological charges are shown in
Figs. 7(a) and 7(b). Figure 7(c) shows the schematic diagram
of vortex beams with different topological charges. Under the
incidence of LCP wave, the proposed metasurface generates
terahertz vortex beam with topological charge [ = —1, and
under the incidence of RCP wave, it generates vortex beam
with topological charge [ = —2. Figure 8§ displays that the
proposed metasurface generates a terahertz vortex beam with
topological charge [ = —1 under the incidence of LCP tera-
hertz wave. At a frequency of 0.97 THz, the phase, amplitude,
three-dimensional far-field, and mode purity of the generated
vortex beam are shown in Figs. 8(a)-8(d). We can find that the
mode purity is 68.7%. Figure 9 gives terahertz vortex beam
with a topological charge number / = —2 under the illumina-
tion of the RCP wave. Figures 9(a)-9(d) represent the electric
field phase distribution, amplitude distribution, 3D far field,
and vortex beam mode purity of 55.4%, respectively. It can
be noted from Figs. 8 and 9 that the designed metasurface can
control vortex beam with different topological charge numbers
under the incidence of LCP wave and RCP wave.
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Fig. 7. (a) Vortex beam phase distribution with / = —1 under incidence of LCP wave, (b) vortex beam phase distribution with / = —2 under incidence
of RCP wave, (c) vortex beam manipulation with different topological charges under incidence of LCP wave and RCP wave.
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Fig. 8. (a) Phase distribution, (b) amplitude distribution, (c) 3D far-field, (d)

mode purity for vortex beam with topological charge / = —1 under incidence

of LCP wave.
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Fig. 9. (a) Phase distribution, (b) amplitude distribution, (c) 3D far-field, (d)

mode purity for vortex beam with topological charge / = —2 under incidence

of RCP wave.

3.3. Vortex beam direction manipulation

When the designed metasurface phase distribution satis-

fies the following formula:

elq)R — elq)Rl + el(PRZ,
elfL — ity | i

y
— 1/ -arctan |
Pr1 1 -arctan ()C)’

@r2 = b - arctan (i) ) @)

@13 = I3 - arctan (X>,
x

QL4 = Iy - arctan (i)

\

Here, [ is the topological charge of the vortex beam, /| = /3 =
1,1, =14 =2. Figures 10(a) and 10(b) show the phase distribu-
tion of the proposed metasurface for generating vortex beams
with different topological charges. Figure 10(c) shows that
two vortex beams with different topological charges are gen-
erated along the x axis direction and the y axis direction under
the incidence of LCP wave and RCP wave.

Figures 11(a) and 11(b) show the 3D far-field distribution
and phase distribution of the terahertz vortex beam generated
under the incidence of LCP wave at a frequency of 0.97 THz.
It can be seen that the two terahertz vortex beams (marked
as VBI1 and VB2) with different topological charges (I = 1
and [/ = 2), in which the VB1 and VB2 are located in the
—x-axis direction and the —y-axis direction, respectively. The
VB2 aperture is slightly larger than the VB1 aperture, which
is caused by the increase of the topological charge value. Un-
der the incidence of the RCP wave, the 3D far-field distribu-
tion and the far-field phase distribution of the terahertz vortex

114201-5



Chin. Phys. B 31, 114201 (2022)

beams are given in the following Figs. 12(a) and 12(b), re-
spectively. Two terahertz vortex beams with the +x-axis di-
rection (named as VB3) and with +y-axis direction (named
as VB4). It can be seen from the figure that the direction of
the terahertz vortex beam can be effectively regulated under

(c)
360°
RCP
1=1
o°
360°
o°

| JLCP RCP !'

the incidence of the THz waves with different polarizations
(i.e., LCP/RCP). A comparison with other reported articles is
shown in Table 1. According to Table 1 shown below, one can

see that the designed metasurface has a relatively good perfor-

mance and multi-function.

RCP
=2

Fig. 10. Vortex beam phase distribution under (a) incidence of LCP wave, (b) RCP wave, and (c) function schematic diagram for directions switchable
vortex beams with different topological charges under incidence of LCP wave and RCP wave.

(a) (b)

Z0—p 2 O—>T

360°

00
360°

00

Fig. 11. (a) The 3D far-field and (b) phase distribution of generated vortex beam in —x direction and —y direction under incidence of LCP

terahertz waves.

Z0—> 2 0—>T

(b) 360°
OO
360°

Y
00

Fig. 12. (a) The 3D far-field and (b) phase distribution of generated vortex beam in +x-axis direction and +y-axis direction under incidence of

RCP terahertz wave.
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Table 1. Comparison of performance between proposed metasurface and
some previous research results.

Ref. Frequency (GHz)  Channel number Mode of beams
[25] 9.5/15 2 (frequency) 1
[26] 8.7 2 (transmission & 1
reflection)
This work 0.97 2 (LCP and RCP) -2/-1/1/2

4. Conclusions

In this work, we proposed a diversified function meta-
surfaces under the incidence of LCP terahertz wave and RCP
terahertz wave. The structure consists of three-layer ellipti-
cal metal crosses, four-layer dielectrics, and two-layer hollow
metal circles, which are alternately superimposed. Under the
incidence of LCP wave and RCP wave, the designed meta-
surface can independently control focusing beam and vortex
beam, vortex beams with different topological charges, and
two vortex beams with topological charges (I = 1, [ = 2) lo-
cated in different azimuths. The proposed metasurface can
independently manipulate two orthogonal circularly polarized
waves, which has great application values in the future multi-
functional terahertz wave control devices.
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