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Tunable reflective spin-decoupled encoding metasurface

based on Dirac semimetals
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Abstract: Multiple functional metasurfaces with high information capacity have attracted considerable atten-
tion from researchers. This study proposes a 2-bit tunable spin-decoupled coded metasurface designed for the
terahertz band, which utilizes the tunable properties of Dirac semimetals (DSM) to create a novel multilayer
structure. By incorporating both geometric and propagating phases into the metasurface design, we can ef-
fectively control the electromagnetic wave. When the Fermi level (Er) of the DSM is set at 6 meV, the elec-
tromagnetic wave is manipulated by the gold patch embedded in the DSM film, operating at a frequency of
1.3 THz. When the Ey of the DSM is set at 80 meV, the electromagnetic wave is manipulated by the DSM
patch, operating at a frequency of 1.4 THz. Both modes enable independent control of beam splitting under
left-rotating circularly polarized (LCP) and right-rotating circularly polarized (RCP) wave excitation, result-
ing in the generation of vortex beams with distinct orbital angular momentum (OAM) modes. The findings of
this study hold significant potential for enhancing information capacity and polarization multiplexing tech-

niques in wireless communications.
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1 Introduction

Metamaterials are a class of man-made com-
posites characterized by unique physical properties,
which are widely utilized for the control of electro-
magnetic waves. Metasurfaces, the two-dimension-
al counterparts of metamaterials, are distinguished
by their small size, low loss, and straightforward
manufacturing processes. They can effectively mod-
ulate the amplitude, phase, and polarization of elec-
tromagnetic wavefronts, enabling the realization of
abnormal electromagnetic phenomena?. By desi-
gning the structural parameters and material proper-
ties of metasurfaces with arrays of meta-atoms, a
variety of innovative devices in the field of electro-
magnetic waves have been developed, including an-
omalous reflections®, polarization conversion®,
radar cross-section (RCS) reduction!®, and vortex
beams?., In 2014, Cui et al. introduced the concept
of coded metasurfaces, which integrate coding with
digital signals. For instance, a 1-bit coded metasur-
face consists of two discrete meta-atom units, each
with phase responses of 0° and 180°, labeled as “0”

and “1”. These coding sequences are employed to

doi: 10.37188/CO.EN-2024-0037
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achieve different functions. Furthermore, 2-bit and
multi-bit coded metasurfaces can be realized, offer-
ing greater flexibility in the design of multifunction-
al metasurfaces!""'"). Generally, meta-atoms regu-
late the phase response under varying incident wave
irradiation through two pathways: the propagation
phase and the geometric phase. The propagation
phase can be controlled by adjusting the size of the
meta-atom under linearly polarized incidence, while
the anisotropic meta-atom operates in two orthogon-
ally polarized states, x-polarized and y-polarized, to
achieve the desired functionality!'?. In the context of
geometrical phase, the meta-atom can achieve vari-
ous orientation angles (a) to generate a specific
phase shift (¢) under circularly polarized incidence
through rotation. This relationship is expressed as
@ = + 20, where the “+” and “~" symbols denote
LCP and RCP incident waves, respectively!*'4.

However, the intrinsic characteristics of the geomet-
rical phase cause the metasurface to produce com-
pletely antisymmetric responses under LCP and
RCP incidences, which cannot be modulated inde-
pendently. This limitation results in a lack of func-
tional diversity in the metasurface concerning geo-

metrical phase, highlighting the urgent need to
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achieve independent manipulation of circularly po-
larized waves.

Two distinct angular momentum modes are ob-
served in photons: spin angular momentum (SAM),
which is associated with the spin state of the electro-
magnetic wave, and orbital angular momentum
(OAM), which pertains to the spatial phase of the
electromagnetic wavel'>'®. The combination of geo-
metrical and propagation phases can be employed to
facilitate the conversion from SAM to OAM. The
OAM carried by the vortex spin beam can signific-
antly enhance the data capacity of communication
systems, thereby providing new degrees of freedom
that are crucial for multichannel optical and wire-
less communications. In 2018, Xu et al. proposed a
strategy that integrates geometrical and propagation
phases to overcome the intrinsic limitations of geo-
metrical phases, thereby achieving the spin decoup-
ling function. They designed two multifunctional
circularly polarized bifunctional devices operating
in the microwave region to validate their app-
roach™. In 2019, Zhang et al. introduced an effi-
cient transport metasurface with switchable func-
tions for the independent manipulation of LCP and
RCP waves. They realized switchable focused
beams and the ability to switch between vortex
beams and focused beams within the microwave re-
gion". In 2022, Li et al. proposed a reflective spin-
decoupled metasurface in the terahertz band that
combines spin decoupling with the superposition
theorem. Based on this concept, they successfully
realized three types of metasurfaces: superpositions
of multiple vortex beams and focusing beams, four-
channel vortex beams, and four-channel focusing
beams!®l, Given that the functionality of purely
structured metasurfaces is constrained by fixed di-
mensions, dynamically tunable electromagnetic
waves have garnered considerable attention from re-
searchers. They aim to incorporate tunable materi-
als such as graphene!””, indium antimonide®”, vana-
dium dioxide™”, and DSMP? into metasurfaces,

leading to the design of actively tunable metasur-

faces with enhanced performance by varying extern-
al conditions such as temperature and voltage®®’. In
2021, Xu et al. proposed a graphene-based tunable
metasurface capable of achieving two distinct func-
tions: dynamic multibeam switching and dynamic
diffusion switching, by modulating the Er of
graphene®¥, In 2023, Ma et al. introduced a vana-
dium dioxide-based coded metasurface that facilit-
ates the switching of vanadium dioxide between in-
sulating and metallic states in response to temperat-
ure variations. This switching mechanism enables
RCS scaling at different frequencies™!. These tun-
able materials offer versatile dynamic tuning within
a single metamaterial device. Notably, DSM, as a
novel topological quantum material akin to 3D
graphene, exhibit high carrier mobility and provide
additional structural degrees of freedom for the con-
struction of functional devices. Furthermore, DSM
boasts stable performance, ease of preparation, and
rapid response times. Consequently, integrating
DSM into coded metasurfaces enhances the dynam-
ic modulation of electromagnetic waves.

In this study, a multilayer structure based on a
DSM is designed. By adjusting the size and rotation
angle of the cross-shaped meta-atom, we intergrate
propagation and geometric phases to create a 2-bit
meta-atom library, which serves as the foundation
for designing a tunable, spin-decoupled coded meta-
surface operating in the terahertz band. When the
Fermi energy level of the DSM is set to 6 meV, the
system operates at 1.3 THz. By varying the incid-
ence modes of LCP and RCP waves, we achieve the
switching of double vortex beams with topological
charges / = —2 and / = 1. Similarly, when the Ey of
the DSM is increased to 80 meV, the metasurface
operates at 1.4 THz, again facilitating the switching
of double vortex beams with the same topological
charges. In addition, the topological charge and de-
flection direction of the vortex beam can also be
realized by orderly arrangement of meta-atoms.
Consequently, the designed metasurface exhibits

switchable characteristics, functioning effectively as
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a multichannel vortex beam generator to meet the
needs of multifunctional applications, which is of
great importance to the development of multiple
fields.

2 Theory and method

When the incident wave illuminate on the
metasurface normally, the electric field component

of reflected wave can be described by formula™

Ef \_( RuRx \ [ E \_
Ey Ry Rrr Ey
—i2a i
ne 0 | EL
( 5 ne—iZa ) ( Ei{ ) > (1>

where E] and Ej are the orthogonal circular com-
ponents of the reflected electric field, E| and E} are
the orthogonal circular components of the incident
electric field. Where Ry;. Rir. Rrr. Rrr are reflec-
tion coefficients, which also denote four different
channels, subscripts are cross-polarization and co-
polarization. The first subscript is the incident wave
polarization mode while the second subscript is the
reflected wave polarization mode. The equations for
n and & are given by n=(R.e%— Re")/2,
6= (R.e” +Re”)/2. R,, Ry, ¢, and ¢, denote the
reflected amplitude and phase of the x- and y-polar-
ized wave, respectively. a is the rotation angle of the
metasurface resonant structure. When R, = R, = 1,
¢.—¢, = 180°, n and 6 can be represented by
n= (R —Rye’)[2=e" and 6 = (R.e’ +R, ™)/
2 =0, Therefore, the electric field of the reflected

wave can be simplified as

E[\_ (e 0 \[(E\_
Ep )7\ 0o e [\ EL)T

i(:~20) i
(e EL) . 2)
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The reflected LCP and RCP waves are as-

signed additional phases denoted as ¢; and ¢g:

SDLZ‘Px_ZCY
rR=¢y,— 20 (3

where a represents the cell rotation angle associated

with the geometric phase, and ¢, and ¢, denote the
reflected amplitude and phase of the x- and y-polar-
ized incidence. The equation above can be reorgan-

ized to yield the following

0 =(pr+¢L)/2
oy =(pr+¢L) /2
a=(pr—pL) /4 . 4

As there exists a reflection phase response
characterized by a phase difference of n between the
x- and y-polarizations (i.e., ¢, — ¢, =m), this indic-
ates a distinct reflection phase for the x- and y-polar-

ization incidences!"®!

or = (pr+¢L)/2
oy =(pr+eL)/2-71 . D)

By the above equation, the two reflection
phases, LCP and RCP, are independently controlled
by designing the parameters ¢,, ¢, and a.

The structure of the designed meta-atom is il-
lustrated in Fig. 1(a) (color online). The elements,
arranged from top to bottom, consist of a cross-
shaped DSM patch, a silica isolator with a dielectric
constant of 3.85, a DSM film, a cross-shaped gold
patch embedded within the DSM film, another silica
isolator, and a gold substrate. The DSM patch, DSM
film, and gold substrate each have a thickness of
0.5 um, while the gold patch embedded in the DSM
film has a thickness of 0.4 pum, and the silica isolat-
or has a thickness of 20 pm. The meta-atom can also
be viewed as having two metal-insulator-metal
(MIM) structures. Each MIM structure has three
layers, a cross-shaped metal patch, an intermediate
Si0O, spacer layer, and a metal substrate, in order
from top to bottom. When the DSM is in the metal-
lic state with Er = 80 meV, the top MIM structure
interacts with the linearly polarized incident wave,
and the phase response is modulated by the DSM
patch. When the DSM has an Er =6 meV, it changes
from a metallic state to an insulating state, and the
upper MIM is regarded as a dielectric covering the
lower MIM. The incident wave will pass through

the upper MIM structure and interact with the lower
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MIM structure, at which point the phase response is
modulated by the gold patch. The cross structure
aids in reducing crosstalk by minimizing variations
between the polarized reflection phases ¢, and g,.
Consequently, by adjusting the lengths of /; and 1,
as well as /; and /,, it is possible to select an appro-
priate coding unit at two distinct Fermi energy
levels. In this study, the simulation software CST
Microwave Studio is employed for modeling, utiliz-
ing periodic boundary conditions in the x and y dir-
ections, which can simulate the infinite array prop-
erties of the metasurface and facilitate the accurate
calculation of electromagnetic interactions between
meta-atoms. Open boundary conditions are set in the
z-direction to simulate the actual situation of electro-
magnetic wave propagation in free space, prevent-
ing the boundary reflection triggered by improperly
setting finite boundary conditions from affecting the
accuracy of the simulation results. The complex
conductivity of the DSM can be derived using

Kubo's formula within the framework of random

Fig. 1

Fig. 1(b)—1(c) present top views of the DSM
patch and the gold patch, respectively. The period of
the meta-atom is denoted as p = 100 um, while the
cross arm lengths of the DSM patch and the gold

patch are represented as [, [, l;, and /;,. The widths

phase approximation (RPA) theory. In the low tem-
perature limit (7<<Ey), the dynamic conductivity of

27-28]

the DSM can be expressed as'

2
Re(o-(Q)):%iTk;QH(Q—Z) T

Q

2
Im (o () = %%[4 n(IQjS—C4I)] , D
where e is the electron charge, 7 is the approximate
Planck constant, and kr = Er/five is the Fermi mo-
mentum. vy = 10°m/s is the Fermi velocity, Ep is
the Fermi energy level, Q=#hw/Ep+ifit™'/Ex,
where 7=puEg/evy is the relaxation time, u=3x
10*cm®>V~'s™!, g, = E./Ep, and E, is the cutoff en-
ergy. In this study, the AlCuFe quasicrystals that we
have chosen as DSM, g =40 is the simplex factor.
The complex relative permittivity & of the DSM can

be expressed as:
=g, +iocjwey (8

where g, = 1, g is the vacuum dielectric constant.

(b)

B oswms

Sio, ' L
Au p
[QAN 1
¥ 1

\

X

(©

(a) 3D schematic of the designed meta-atom. (b) Top view of the DSM patch in 2D. (c) Top view of the gold patch in 2D

are defined as w; = 15 yum and w, =11 um. By ad-
justing the cross arm lengths /,, /5, /5, and /;, we can
control the propagation phase, while the rotation
angles a; and a, allow for the control of the geomet-

ric phase. Consequently, the design of our desired
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meta-atom, which meets the conditions for both the
propagation phase and geometric phase, is achieved
through the variation of the aforementioned para-
meters.

To obtain ideal meta-atoms, the amplitude and
phase responses of meta-atoms at various DSM
Fermi energy levels are investigated. The simula-
tion software CST Microwave Studio is employed
to model the designed meta-atoms, applying period-
ic boundary conditions in the x and y directions and
open boundary conditions in the z direction. Apply-
ing a suitable voltage to the ends of a device con-
taining a DSM can change the distribution of elec-
trons within it, thereby modulating the Fermi en-
ergy levels. At a DSM Ep =6 meV, the phase re-
sponse is modulated by the gold patch. Consequ-
ently, the design of the gold patch parameters is
streamlined, as there is no need to consider addition-
al specific parameters or variations in the rotation
angle of the DSM patch. Low crosstalk between x-
and y-linear polarization is observed due to the cross
structure; when the rotation angle a, in Fig. 1(c) is
set to 0°, the parameters /5 and /; determine the re-
flection phase response for x- and y-polarizations,
respectively. With parameter /, fixed between 15 um
and 95 um and a, held at 0°, varying parameter /;
adjusts the reflected phase of the x-polarized waves,
while the reflection amplitude and phase for y-polar-
ization remain largely unaffected by changes in
parameter /5. Fig. 2(a) (color online) demonstrates
that simulations of meta-atoms at a DSM Ep of
6 meV yield amplitude and phase results obtained
by varying parameter /5 of the gold patch. The eight
values of parameter /; are 67.5 um, 61.5 um, 56.9 pum,
53.2 ym, 52.8 pm, 49.2 um, 42.5 um, and 15 pm,
denoted by the numbers 1 to 8. As illustrated in the
Fig 2(a), the reflection amplitudes of the meta-atoms
exceed 0.6 at 1.3 THz, with reflection phases vary-
ing from 0° to 360°. Fig. 2(b) (color online) shows
that eight coding units with a phase difference of ap-
proximately 180° between ¢,, and ¢,, are identified
by adjusting the cross arm length at 1.3 THz, satis-

fying the requirement for 360° phase coverage in

both x- and y-polarizations.

(a) 800 1.0
600} '

Phase/(°)
apmydury

7800 L L L L 0
0.6 0.8 1.0 1.2 1.4 1.6
Frequency/THz
® 180
0 T Ok
Pyy
~180 | ooy

Phase/(°)

—360 P /
540 /

—-720

2 3 4 5 6 71 8
Unit cell number
Fig. 2 (a) Simulated reflectance spectral amplitude and
phase of 8 cell parameters of gold patches at x-po-
larized incidence. (b) 8 meta-atoms covering a 27w
phase range at 45°intervals under linearly polarized
wave incidence. (Er = 6 meV)

The objective of the meta-atom design is to fa-
cilitate the generation of two independent coding
states for LCP and RCP light. It is evident from the
previous derivation in Eq.(5) that RCP/LCP wave
incidence must achieve 360° phase coverage to meet
the phase requirement. The phases ¢y cp and @rcp are
discretized into 0°, 90°, 180°, and 270° within a 2-
bit code, corresponding to propagation phases of 0°,
45°, 90°, and 135°, respectively. By rotating eight
meta-atoms at 22.5° intervals and combining the
four states of LCP and RCP, we can create a library
of 16 meta-atoms, as shown in Fig. 3 (color online).

Similar to Fig. 2, Fig. 4 (color online) presents
the simulation results of the meta-atom at 1.4 THz,
specifically at the DSM Er=80 meV, during which
the DSM exerts a dominant influence over the elec-
tromagnetic wave. When the rotation angle a;, as

shown in Fig. 1(b), is fixed at 0°, the parameters /;
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and /, dictate the reflection phase response for x-
and y-polarizations, respectively. With the paramet-
er [, fixed at one of the values ranging from 11 pm
to 95 um and a; set at 0°, varying the parameter /,
allows for the control of the reflection phase of x-
polarized waves. Fig. 4(a) illustrates that simula-
tions of meta-atoms at a DSM Fermi energy level of
80 meV yield amplitudes and phases that are ob-
tained by varying the DSM patch parameter /,. The
eight values of the parameter /; are 80 um, 56.4 um,
52 pm, 46.3 pm, 46 pm, 43 um, 38.8 pm, and 17 pm,
corresponding to the integers from 1 to 8. As illus-
trated in the Fig. 4(a), the amplitude phase of the
coding unit exhibits significant changes under x-po-
larization when compared to 6 meV. The reflection
amplitudes of the meta-atoms consistently exceed
0.6 at 1.4 THz, with the reflection phases varying
correspondingly within the range of 0° to 360°.
Fig. 4(b) demonstrates that at 1.4 THz, by adjusting
the cross arm lengths, eight coding units are identi-
fied with a phase difference of approximately 180°
between ¢, and ¢,,. These eight coding units
achieve 360° phase coverage in both x- and y-polar-
izations.

Utilizing the previously mentioned method, the
four LCP and RCP states are combined to create an
additional library of 16 meta-atom, as shown in Fig. 5
(color online).

E:=6 meV
RCP

LCP

Fig.3 Selected 16 meta-atoms in a 2-bit phase-modulated
gold patch structure in x-polarization and y-polariza-

tion

(a) 800

600
400
200

o=

opmyrjdury

Phase/(°)

-200
~400
~600 |-

—800
0.

(b) 180 a x e 3 =

—180

Phase/(°)

-360

—540

7720 1 1 L L L L
1 2 3 4 5 6 7 8

Unit cell number
Fig. 4 (a) Simulated reflectance spectral amplitude and
phase of 8 cell parameters of DSMs patch at x-po-
larized incidence. (b) 8 meta-atoms covering a 27w
phase range at 45° intervals under linearly polar-

ized wave incidence. (Er = 80 meV)

E:=80 meV
RCP

LCP

== /4
| %
x %

L IWAR AR
% ==\ %

N ¢ +

Fig. 5 Selected 16 meta-atoms in the 2-bit phase-modu-

lated DSMs patch structure in x- and y-polarizations

3 Results and discussion

The vortex beam enhances communication sys-

tem performance by improving traffic volume and
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rate, while also facilitating multi-channel commu-
nications. To assess the feasibility of the model and
elaborate on the design flow, several coded metasur-
faces for generating helical OAM are demonstrated
alongside their corresponding simulation results.
The phase distribution of the vortex beam generator
must conform to a spiral phase distribution, repres-
ented as ¢(x,y) = lp = larctan (y/x), where / denotes
the topological charge of the vortex beam, ¢ is the
azimuthal angle along the propagation direction™",
and x and y represent the horizontal and vertical co-
ordinates of the center of any meta-atom, respect-
ively. For a 2-bit coded metasurface, the phase dif-
ference between neighboring coded areas is 90°.
When the Ey is set to 6 meV for the DSM, Figs. 6(a)—
6(b) illustrate the coding sequence with topological
charge [ = —2 is along the y-direction “ 00002222
00002222”. Fig. 6(c) illustrates the LCP wave cod-
ing sequence plot after convolution of Fig. 6(a) with
Fig. 6(b). Similarly, Figs. 6(e)—6(f) represent the
coding sequences with topological charge / = 1 and
along the x-direction is “0000222200002222” , re-
spectively. Fig. 6(g) displays the coded sequence
obtained after convolving Fig. 6(e) with Fig. 6(f) for
the RCP wave design. Meta-atoms with suitable

LCP

—63.4

dB/m? R
—28.4 360 360°

phase responses are selected from the library estab-
lished in Fig. 3 to model the corresponding coding
patterns. The designed coded metasurface com-
prises 16x16 cells, and simulations of the metasur-
face were conducted using CST Microwave Studio,
applying open spatial boundary conditions in the x,
v, and z directions. 3D normalized far-field scatter-
ing maps for the incidence of LCP and RCP waves
are presented in Fig. 6(d) and 6(h). The vortex beam
splitting with topological charge / = —2 occurs un-
der LCP wave incidence, while the vortex beam
splitting with topological charge / = 11is observed
under RCP wave incidence. This result indicates
that it is possible to independently manipulate LCP
or RCP waves by utilizing a pre-designed reflection-
encoded metasurface, enabling the generation of dis-
tinct independent OAM modes for different circular
polarization wave incidences. Fig. 6(i), 6(j) illus-
trate the corresponding 2D far-field scattering maps
for the incidence of LCP and RCP waves, while
Fig. 6(k), 6(1) present the corresponding vortex pha-
ses. From these figures, it is evident that the reflec-
ted beams achieve phase coverage of 720° and 360°,
respectively, which aligns with the topological
charges / = -2 and / = 1 associated with the OAM.

dB/m?
3 ) -28.4
2
1 z
0
-63.4
y dB/m?

, . 284
2
1 z
0 ‘ —63.4
X

~63.4 Hge oo

Fig. 6 (a, e) Vortex phase distributions for / = —2 with / = 1. (b, f) Phase distribution of gradients varying along the y-axis as

well as the x-axis. (c, g) Reflection coding map under LCP wave and RCP wave incidence. (d, h) 3D far-field map un-

der LCP wave and RCP wave incidence. (i, j) 2D maps under the incidence of LCP wave and RCP wave. (k, 1) Vortex

phases under incidence of LCP wave and RCP wave. (Er = 6 meV)
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When the Er is set to 80 meV in the DSM,
Fig. 7(a) (color online) illustrates the convolution of
the topological charge / = —1 with the coding se-
quence of the periodic pattern “0000222200002222”
along the y-direction for the LCP wave design. Con-
versely, Fig. 7(e) (color online) depicts the RCP
wave design for / = 0, where the coding sequence
along the x-direction is also “0000222200002222".
Appropriate meta-atoms with the necessary phase
response are selected from the library presented in
Fig. 5 to model the corresponding coding patterns.
The designed coded metasurface comprises 16x
16 cells. The simulation of the metasurface was
performed using the commercial software CST

Microwave Studio, applying open and spatial

LCP dB/m?

I*28.4 (c)

(a) 3 (b)

3§

2

1 z

b i
X

—63.4
¥ dB/m?
—28 4

I—63 4

boundary conditions in the x, y, and z directions.
The 3D normalized far-field scattering maps for the
incidence of LCP and RCP waves are presented in
Fig. 7(b), 7(f) (color online). At LCP wave incid-
ence, a splitting of the vortex beam with topological
charge / = —1 occurs, while a similar splitting is ob-
served for the RCP wave incidence. Figs. 7(c), 7(g)
(color online) depict the corresponding 2D far-field
scattering maps for LCP and RCP waves, respect-
ively, while Figs. 7(d), 7(h) (color online) illustrate
the associated vortex phases. Notably, Fig. 7(d) in-
dicates that the reflected beam exhibits a 360° phase
coverage, which aligns with the topological charge
/=-1 of the OAM.

360°

(h)

I63 4 o

—28 4 360°

Fig. 7 (a, e) Reflection coding map under LCP wave and RCP wave incidence. (b, f) 3D far-field map under LCP wave and

RCP wave incidence. (c, g) 2D maps under the incidence of LCP wave and RCP wave. (d, h) Vortex phases under in-

cidence of LCP wave and RCP wave. (Er = 80 meV)

4  Conclusions

In summary, this paper presents a multi-func-
tional metasurface. The switching of terahertz wave-
band functions is achieved by incorporating geomet-
rical and propagation phases within the metasurface
structure. At Er of 6 meV for DSM, the gold patch
effectively controls the electromagnetic wave, gen-
erating vortex beam splitting with a topological
charge of / = —2 for the LCP wave, and vortex beam
splitting with a topological charge of / = 1 for the

RCP wave. At Er of 80 meV for DSM, the DSM ex-
erts complete control over electromagnetic waves,
resulting in vortex beam splitting with a topological
charge of / =1 for the LCP wave, and beam split-
ting for the RCP wave. Thus by changing the polar-
ization state of the incident wave and the Ey of the
DSM, the function of the metasurface can be dy-
namically tuned. The findings of this study breaks
the limitations of the spin-decoupled metasurface
untunability in previous studies, which holds prom-
ising applications in the field of terahertz commu-

nication.
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