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Abstract: In this paper, we theoretically consider the magneto-optical spin Hall effect of light
(MOSHEL) in a graphene-gold heterojunction structure at terahertz frequencies, and determine
the maximum value of the transverse shift of the spin Hall effect of light (SHEL) in the designed
structure by varying the terahertz frequency, the thickness of the metal layer, the Fermi energy level
of the graphene, and the magnetic induction density. When the terahertz frequency was 1.2 THz, the
metal layer thickness 50 nm, the Fermi level 0.2 eV, and the magnetic induction density B was 10 T, the
SHEL shifts of left-handed circularly polarized (LHCP) and right-handed circularly polarized (RHCP)
components was greatest at the critical angle (58°), with as value of 498 um, 1000 times larger than
the visible light. At this point, graphene exhibited a significant magneto-optical effect, dramatically
enhancing the splitting extrema of LHCP and RHCP. This structure will provide possibilities for
enhancement of the transverse shift and efficient regulation of the optical spin Hall effect within the
terahertz range.

Keywords: magneto-optical spin Hall effect; graphene—gold heterojunction; terahertz frequency;
transverse shift

1. Introduction

When linearly polarized light reflects in the vertical direction of the incident plane,
there is a slight movement; that is, the left-handed and right-handed components of
the reflected light at the interface of the waveguide layer undergo a small lateral split
perpendicular to the incident surface, dividing into left-handed and right-handed circular
polarization; this phenomenon is called the spin Hall effect of light (SHEL) [1,2]. The
SHEL shift is usually tiny, representing only a fraction of the wavelength, and is very
difficult to measure directly by experiment [3]. The SHEL shift can be experimentally
observed with the introduction of weak measurement techniques, while many structures,
especially artificially designed nanomaterials and metamaterial waveguides, can increase
the transverse splitting of circularly polarized beams [4-9].

The terahertz (THz) range is widely defined as the portion of the electromagnetic
spectrum from 0.1 to 10 THz, corresponding to vacuum wavelengths of 3000 to 30 pm.
This portion of the electromagnetic spectrum lies between the photonic and electronic
ranges [10,11]. Graphene is a new two-dimensional material with a single sp2 hybridized
atomic layer; it has very high electron mobility and can be studied to observe the integer
quantum Hall effect even at room temperature [12]. In the terahertz band, the incidence
of the light beam on the graphene layer causes a significant magneto-optical Kerr effect
(MOKE), referring to the phenomenon of rotation of the line-polarized light after reflection
onto the surface of the magnetized medium [13,14]. The magneto-optical effect an effective
method for dynamic control of spin splitting and has been comprehensively studied at a
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theoretical level [15,16]. SHEL enhanced by the MO effect or controlled by an external mag-
netic field is known as MOSHEL. The metallic layer generates surface plasmon polaritons
(SPP) that are quasiparticles of electromagnetic waves in a collective oscillatory coupling of
free electron gases at the interface between materials with positive and negative dielectric
constants (usually dielectric and metal). These can propagate only when the resonance
conditions involving the incident light are met, allowing the diffraction limit to be broken
and localizing the light to the subwavelength dimension, thus achieving an increase in
field strength [17,18]. The anomalous Hall effect has been extensively studied and has been
observed in ferromagnetic materials [19]. Two extrinsic anomalous Hall effect phenomena
have been described: the so-called quantum side jump and skew scattering [20,21]. In
this paper, we propose a waveguide structure based on a graphene—gold heterojunction
with a larger gradient of refractive index variation between waveguide layers and stronger
spin-orbit interactions, which can be expected to enhance effectively the SHEL shift.

In this paper, we present for the first time a prism-coupled graphene-gold heterojunction-
based waveguide structure to study the photonic spin Hall effect of reflected light in the
terahertz band. At a terahertz frequency of 1.2 THz, the SHEL shift of the beam reached
498 um, according to analysis of the incident angle and with changes to the graphene
parameters and the thickness of the metal layer, providing new application potential for
novel terahertz devices. In the following sections, we theoretically analyze the proposed
prism-coupled graphene—gold heterojunction multilayer structure and calculate the SHEL
shift expressions within this structure. In the subsequent section, we analyze the SHEL
distribution under different physical parameters based on the simulation results. Finally,
we present the conclusion of this paper.

2. Materials and Methods

A linearly polarized Gaussian beam was coupled using a prism incident at 6 angle
from the graphene—gold layer structure and reflected at the dielectric interface, resulting in
the spin Hall effect of light, and the splitting of the beam into LHCP and RHCP components,
producing a SHEL shift in the y axis. Suppose the incident plane is the xoz plane, with an
angular spectrum [6]:

w3 (k2 + kfy)
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where E; (kiy, kiy) represents the angular spectrum propagating in the z-axis direction, k;,
and k;, are the x-axis component and y-axis component of the incident wave vector, with
“+” and “—" corresponding to the left and right circularly polarized beam, respectively.
The schematic diagram of the structure is shown in Figure 1.

Figure 1. Schematic of prism-coupled monolayer graphene-gold structure and representation of
SHEL shift.
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The dielectric tensor matrix of graphene at terahertz frequencies can be obtained from
the following [22]:
€xx €xy O
e=|—igyx gy O 2)
0 0 1

where the effective dielectric constant diagonal and non-diagonal elements of graphene are
defined by the following equations [23]:
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Exx = = 3)
wepte
and )
Oy
Exy = ——— 4
" (4)

where w is the angular frequency of the incident beam, ¢ is the vacuum dielectric constant,
and t, is the thickness of single-layer graphene (f; = 0.5 nm). The photoconductivity tensors
of diagonal and non-diagonal elements of graphene are defined by the following equations:
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where E; is the effective Fermi level, i = h/(27) is the approximate Planck constant, T
is the relaxation time (t = 0.2 x 107%), e is the elementary charge (¢ = 1.6 X 107190),

w, is the cyclotron frequency (w. = ev}B / ’E 7). v is Fermi velocity (vy = 9.5 X 10° m/s).
After determining the basic parameters, we calculated the reflection coefficients of the
incident and reflected light in the multilayer dielectric film structure following the nonlinear
magneto-optical transfer matrix method and then calculated the optical spin Hall effect
displacement of the whole structure [24-26].

According to the nonlinear magneto-optical transfer matrix method, the dynamic

matrix of elements is:

Dy Dy D1z Dy

D1 Dy Doz Dy %
D31 D3y D3z Dsy

Dy Dy Dy Dy

D@ —

Depending on the magnetization vector or the direction of the applied magnetic field,
as shown in Figure 2, the Kerr effect is divided into the longitudinal Kerr effect (LMOKE,
v = 1t/2, ¢pr = 0 or m), transverse Kerr effect (TMOKE, 0y = /2, 1 = 0 or 7), and
polar Kerr effect (PMOKE, 81 = 0 or 7), corresponding to different values of each element
in the dynamic matrix, where 6); and ¢ are the zenith angle and azimuthal angle in
the spherical coordinate, respectively. In TMOKE, D1; = D1y = 11, Dy1 = —D2y = Ny,
D33 = D3y = &5, — N?, Dy = —(Nyézy + Nz3ezz), Dyg = —(Nyezy + Nysezz), others are
zero. In PMOKE, Dl] = Dll = _Exy(ezz — Nﬁ), D21 = —D22 = N;Dll, D23 = —D24 =
N; D11, D31 = D3y = (€22 — Ny) (exx — Nj — NI2), D3z = D3y = (€22 — Nj) (exx — Ny —
N;2), Dy = =Dy = —N:ez(exx — N — NI'?), Dyg = —Dyg = —N; ezz(exx — Nj —
N;2) in which N, = n - sin6.
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Figure 2. Schematic diagram of the magneto-optical Kerr effect in three different directions.

In isotropic layers:
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The propagation matrix of isotropic layers and magnetic layer is:
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in which d(™ is the thickness of nth layer. In the isotropic layers, Ngl) = NZ(S ) G=1,23,
4), N(n = N2 _ N;, and N = y(”)e(on). In the MO layer, N,; (i =1, 2, 3, 4) can be

obtamedby
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+£1 /880 Z()3( Z() COSZG() N2 sm9](w) smng)z)
N = N NNl

/880 Z(O )S(NZ(S) cos? 9( " _ N2 sin G(M")z sin 4)1(\2)2)
in which sgn) — Ny2 = Nz(o) , Ny =n-sin6.
We performed a non-periodic structure simulation to calculate the total transmission
matrix to obtain the reflection coefficient, combining the D matrix and P matrix of each
layer. The total transmission matrix Q is:

Q= DV D@ p@ p@-1pB) pB) HB3) " p4) (12)

in which matrix D" (n = 1,2,3) and P(") (n = 2,3) are the dynamic matrix and transmis-
sion matrix of each layer, respectively.

The matrix Q contains all the information about the distribution of the incident and
reflected light fields and allows calculation of the reflection coefficients of the multilayer

structure: 0210 0250
2133 — L2331
Tss = 13
® Q11Q3 — Q13031 (13)
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in which for the reflection coefficient 7;; (i, j = s or p), i indicates that the incident beam
is s-polarized or p-polarized, and j indicates that the reflected beam is s-polarized or
p-polarized.

By transforming the coordinates and applying each of the above parameters, the
angular spectrum expressions of the reflected and incident light can be correlated as:

(17)

Fﬁ} B [ Tpp — %y(rps —Tsp)cot;  rps — %y(rpp — Iss) cot 9,-] y [EZH}
EY Tsp — %(rpp — Tss)Tss COLO;  Fo5 — %y(rps — 7sp) cotb; Ei‘/
where H and V in the angular spectrum component of the reflected or incident beam
represent horizontally polarized light (H-polarization) and vertically polarized light (V-
polarization), respectively, kg denotes the wavenumber in the vacuum, k;, denotes the
y-axis component of the wave vector of all reflected beams after transformation to the
current coordinate system, 0; is the incident angle, r, and r; are the reflection coefficients
of the multilayer structure, and their subscripts represent different polarization states (p
for H and s for V), which can be obtained by the classical MO transfer matrix method.
Combining the interconnection of linearly and circularly polarized light (linearly polarized
light can be decomposed into a superposition of left- and right-handed circularly polarized
components):

~ 1 -~ ~
Efl = VAGSRES (18)
E;"/ = Li(E}’Jr - Erf) (19)

V2

where E,; and E,_ denotes the left- and the right-handed circularly polarized light compo-
nents of the angular spectrum, respectively. The expression of the electric field distribution
of the reflected beam can be obtained by inverting the Fourier transform of the angular
spectrum of the reflected beam:

Er(xrr Yr, Zr) = jf Er (er/ kry) exp [i<erxr + kryyr + krzzr>]derdkry (20)
By integrating over the centroid, the transverse shift of the reflected light can be

defined as: HE £ vdnd
5t — rd - Brgyaxdy 21
7 Evs - B dvdy D

in which “+” and “—" correspond the LHCP and RHCP components, respectively.

3. Results and Discussion

In the following, we describe the simulation and comparison of the optical field
transmission characteristics of the above structures in the visible and terahertz wavelengths
under an applied magnetic field. The effect of an applied magnetic field on the photonic
spin Hall effect of the designed structure was investigated in the presence of an applied
transverse magnetic field and a polar magnetic field, respectively. The results show that
the transverse and polar magnetic fields both affected the magnitude of the shift in the
SHEL of the reflected beam. A single layer of graphene with a thickness of t; = 0.5 nm was
utilized for the testing, with Au selected as the metal layer to analyze the effect of Au layer
thickness on the beam shift, in order to obtain the optimal waveguide structure.
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3.1. MOSHEL of Graphene—Gold Heterojunction Structure in Visible Light

The incident beam wavelength in PMOKE was 632.8 nm. Here we selected B =10 T,
Ef=02eV, 7 =02 ps. As indicated in Figure 3a, when the thickness of the gold layer
increased from 30 nm to 70 nm, the transverse shift of the left circularly polarized light
increased and then decreased, reaching its maximum when the thickness was 50 nm. As
the simulation curve of RHCP in Figure 3b is symmetrically distributed with the LHCP, the
changing trend is similar to that shown in Figure 3a. Figure 3 therefore shows that when the
thickness of the gold layer was 50 nm, the SHEL distribution of circularly polarized light
was at its maximum value is 330 nm. The theoretical distribution of the reflection coefficient
of the incident light is shown in Figure 3d, revealing that the reflection coefficient was at
its minimum at an incidence angle of 72°, at which the reflection coefficient R approached
0 corresponding with the maximum value of the SHEL shift, consistent with the three
preceding figures.

400 T 400 T T T
— d,,=30nm
(a) — d, =40nm (b)
— d,,=50nm
7 2004 . g 297 | — 4,~60nm |
£ < d, ,=70nm
& & Au
J = 7
= 0 1 % o0 .
[ [
o o
]
2 2
2 200 - - “2 -200 - -
—400 T T T —-400 T T T
65 70 73 80 65 70 75 80
Incident angle(deg) Incident angle(deg)
400 . . : :
—— LHCP () 1.04|— Ry d) T
—— RHCP
200 0.8 1
£
E 0.6 J
5 0 S
- 0.4+ 4
[Sa)
7
=200+ 0.2 4 J
0.0 1
—400 i . & 60 70 80
. Incident angle(deg)
Incident angle(deg)

Figure 3. (a) Variation of SHEL shift of LHCP component with the incident angle at different
thicknesses of gold layer; (b) variation of SHEL shift of RHCP component with the incident angle
at different thicknesses of gold layer; (c) variation of SHEL shift versus incident angle when the
thickness of gold layer was 50 nm; (d) Variation of reflection coefficient R versus incident angle when
the thickness of gold layer was 50 nm.

The direction of the applied magnetic field was changed to transverse (TMOKE),
and the same structural parameters selected as were used for PMOKE. The curves of the
SHEL shift with the incident angle for LHCP and RHCP are shown in Figure 4a,b. Similar
to PMOKE, with the increase of the gold layer’s thickness, the SHEL shift showed an
increasing and then decreasing trend. When the thickness of the gold layer was 50 nm,
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the SHEL shift was at its largest, reaching 546 nm, which was 1.65 times the maximum
value under PMOKE. We selected the TMOKE mode for all subsequent simulations. The
theoretical coefficient values of the incident light reflection and incident angle for different
thicknesses of gold layer are shown in Figure 4c. The lowest values of reflection coefficient
from 30 nm to 70 nm, respectively, were 0.41, 0.11, 0.002, 0.16, and 0.42. At Au layer
thickness of 50 nm, the curve of the theoretical value of the reflection coefficient had its
lowest minimum value (near 72°), and the R tended towards 0, corresponding to the
SHEL peak.

T T T

600 T T T
= dAu:30nm (a) 6009 | — dAu730nm (b) b
g —_ dAu=4OHm | — dAu:40nm
& — d,,=50nm g 401 d,,=50nm ]
& 200{ | da60nm 1 & gogs] |— e
T d, =70nm 2 —du0m
— =, LN
“ " a | “ 0 _$ —
&€ &€
= 3=
k: @ 200 1 1
m—ZOO 1 b —
= m
2 % 400 .
-400 .
—600 7
—600 T T T T T T
65 70 75 80 65 70 75 80
Incident angle (deg) Incident angle (deg)
1.0 T T T T
(<)
0.8 B
0.6 &
N9
Q% 049 | = d, =30nm 7
d,,=40nm
029 | = d,,=50nm T
= d,,~60nm
009 | = d,,=70nm 1
60 65 70 75 80
Incident angle(deg)

Figure 4. (a) Variation of SHEL shift of LHCP component with the incident angle, at different
thickness of gold layer; (b) variation of SHEL shift of RHCP component with the incident angle, at
different thickness of gold layer; (c) variation of reflection coefficient R with the incident angle, at
different thickness of gold layer.

3.2. MOSHEL of Graphene—Gold Heterojunction Structure at Terahertz Wavelengths

This study investigated the optical spin Hall effect in a prism-coupled graphene-metal
metamaterial waveguide structure (with a SiO; substrate) at terahertz wavelengths. Here
we selected Ef = 0.2 eV, 7 =0.2 ps, B=10T. Because of its high magnetic field response,
graphene exhibits a large magneto-optical effect in the terahertz band. Calculations showed
that the splitting value of SHEL jumped from the nanometer to the micron scale, and as
shown in the color intensity plot of SHEL with incident angle and terahertz frequency in
Figure 5a, the peak was close to 500 pm, a 1000-fold increase compared to that at visible
wavelengths. According to its intensity projection map in the xoy plane, the peak region
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SHEL shift(pm)

for SHEL was in the incident angle range of 55-60°, the frequency of the incident terahertz
waves in the range 0.8-1.8 THz, and its transverse shift was prominent. When the incidence
angle was about 58°, they all exhibited large amplitude distribution. As shown in Figure 5b,
the variation curve of the SHEL shift with the incident angle was irregular at different
terahertz frequencies, and with the increase of frequency f, the splitting value of SHEL
showed an increase and then a decrease, and the maximum splitting value of SHEL reached
498 um at a frequency of 1.2 THz.

~ 600 T T T T T T T T
500.0
—— v=I1THz
4112
3224 400 i
233.6 .
144.8 _§L 200 4 i
56.00 L\g
-32.80 ﬁ o
] 0 B &E—,;
-121.6 m
)
2104 %)
—200 R
2992
-388.0
—400 .
T T T T T T T T T T T T
15 20 25 30 35 40 45 50 55 60 65 70 75 80
Incident angle(deg)
(a) (b)

Figure 5. (a) Three-dimensional distribution of the beam centroid displacement of SHEL with the
incident angle at different frequencies; (b) variation of SHEL shift with the incident angle at different

frequencies.

We investigated the effect of an applied magnetic field on the magneto-optical effect
of graphene under terahertz waves by varying the applied magnetic induction strength.
In Figure 6, the magnitude of the magnetic induction intensity exerts different effects on
the shift of SHEL for different Fermi energy levels of graphene. With the increase of E,
the extreme value of SHEL increased and then decreased. The SHEL shift was close to
500 um when E ¢ = 0.2 eV. Furthermore, when E f was a constant value, as in Figure 6a, the
SHEL shift decreased gradually as the magnetic induction density B increased when Ef
= 0.1 eV. When E; increased, as shown in Figure 6b—d, the SHEL presented an irregular
distribution with magnetic induction density. Meanwhile, with the increase of B, the
asymmetry distribution of SHEL was more obvious and the gap between positive and
negative extreme values increased. This phenomenon is largely because the non-diagonal
element varies when B increases, resulting in variation of the Faraday rotation angle and
the SHEL peak value. Meanwhile, the spin shift of SHEL is related to the ratio of the Fennel
reflection coefficient, and the ratio changes under different magnetic induction intensity so
the angular spectrum distribution changes accordingly.
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Figure 6. At different Fermi levels (Ef), variation of the beam centroid displacement of SHEL
at different magnetic induction densities with the incident angle (a) E r=01eV;(b) Ef =02eV;

(0) Ef=03eV;(d) Ef =04 eV.
3.3. MOSHEL of Graphene—Gold n-Layer Periodic Structure at Terahertz Wavelengths

From the above discussion, we were able to define the specific parameters d4; = 50 nm,
B=10T, E f= 0.2eV,v=12THz, T = 0.2 ps, to explore the effect of periodic graphene—gold
structure on the transverse split of the optical spin Hall effect within this system. Graphene
alternates periodically with gold layers to form a metamaterial, essentially an artificial
structure with dimensions much larger than conventional atoms and much smaller than
the wavelength of incident light, thus giving it the desired optical properties to generate
new capacity to manipulate light waves. A schematic diagram of the periodic structure is
shown in Figure 7. In combination with the D and P matrices of each layer in the periodic
structure, the Q matrix connecting the electric field amplitudes of the incident and reflected
light is:
Q= p»™! [D(Z)p(Z)D(Z)ﬂD@)p(3)D(3)71]nD(4) (22)

in which 7 denotes the periodic numbers of graphene and Au layers.
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Figure 7. Schematic diagram of n-layer periodic structure.

We simulated structures with different numbers of layers, and the simulations of the
SHEL shifts of the LHCP and RHCP components with the incident angles are shown in
Figure 8. The maximum values of the SHEL shifts were 498 um, 218 um, 276 pm, and
80.5 um at the period numbers 1, 3, 7 and 11, respectively, showing an oscillating trend

from decreasing to increasing and finally decreasing again.

600 . T : T '
—— LHCP (a) —— LHCP (b)
4004 |——RHCP 4 2004 |——RHCP 4
| £
< 0 4 = 0 =
:
& 200 1 1 2
—400 - ~200 4
-600 T T T T T
45 50 55 60 65 70 55 60 65
Incident angle(deg) Incident angle(deg)
400 : . 100 T
—— LHCP (0 — LHCP (d)
—— RHCP ——RHCP
200 i 50 4 i
L g
G 04 = 04 E
= o
Z %
—200 B —50 4 i
—400 . . 100 .
60 62 64 66
Incident angle(deg)

Incident angle(deg)

Figure 8. Variation of SHEL shift with incident light at different periods (n). (a)n=1(b)n=3(c)n=7
(d)n=11.
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The simulation curve of the SHEL shift with the incident angle at different terahertz
frequencies for the period n = 7 is shown in Figure 9a, for which the maximum value of
the SHEL shift was near the incident angle of 61°, corresponding to a terahertz frequency
v = 1.2 THz. This is consistent with the results discussed above. From the variation curve
of the SHEL shift and the number of periods shown in Figure 9b, it can be seen that as the
number of periods n increases, the overall SHEL value decreased, with a smaller change atn
=7. It can be concluded that, under this structure, when the period number n is less than or
equal to 10, the value of the SHEL shift oscillates with the increase of the period number. In
contrast, when n exceeds 10, the value of the SHEL shift gradually decreases. This is because
although the anisotropy of the multilayer periodic metamaterial structure significantly
increases the transverse splitting of the left- and right-handed circularly polarized light,
the multi-stroke absorption of light between the layers increases with the increase of the
skinning depth, leading to a step-by-step decrease of the SHEL effect, and thus also the
splitting value of its beam, but remaining in the order of um.

—7——— ()  SHELShifitm) 600 S
T 276.0 B
2306 N —a— SHEL shift| ( )
185.2
1398 e
400 .
94.40 i
=
49.00 &
3.600 &
— \A
-41.80 m /
8720 % 200+ A\A\A/‘ \ ]
1326 \
-1780 \
‘\‘\A-‘A
0 T T T T T T T
0 2 4 6 8 10 12 14
N

Figure 9. (a) Three-dimensional distribution of the beam centroid displacement of SHEL at different
frequencies with the incident angle, when the number of periods was seven; (b) SHEL shift versus

number of periods.

4. Conclusions

For the first time, the transverse splitting of the optical spin Hall effect in a prism-
coupled graphene-gold structure has been studied and calculated at terahertz frequencies
by introducing a nonlinear magneto-optical transfer matrix method. The magnetic field
size was found to affect the size of the optical spin Hall effect splitting of the reflected beam,
whether an applied transverse magnetic field or polar magnetic field was used. Based on
derivation of the theory and discussion of the simulation results, we analyzed the effects
of the thickness of the gold layer, the Fermi energy level of the graphene, the terahertz
wave frequency, and the period number of the graphene-gold layer structure on the SHEL
displacement distributions of the LHCP and RHCP components. The results showed that
when the thickness of the gold layer was 50 nm, the Fermi energy level 0.2 eV, and the
terahertz frequency 1.2 THz, the maximum spin splitting value of SHEL was 498 um, 1000
times higher than that in the visible wavelength band. Although the anisotropy of the
multilayer periodic metamaterial structure significantly increased the transverse splitting
of the left- and right-handed circularly polarized light, the multiple absorptions of light
between the layers increased with the increase of skinning depth, leading to a step-by-
step decrease in the SHEL effect. Thus, the splitting value of the beam also decreased,
but remained in the order of um. Due to the magneto-optical properties of graphene,
it is possible to modulate the SHEL shift by changing the magnitude and direction of
the applied magnetic field. This structure will provide the possibility of enhancing the
transverse shift and effectively regulating the optical spin Hall effect in the terahertz band.
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