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We investigated the spin splitting of vortex beam on the surface of biaxial natural hyperbolic materials (NHMs)
rotated by an angle with respect to the incident plane. An obvious asymmetry of spatial shifts produced by the left-handed
circularly (LCP) component and right-handed circularly polarized (RCP) component is exhibited. We derived the analytical
expression for in- and out-of-plane spatial shifts for each spin component of the vortex beam. The orientation angle of the
optical axis plays a key role in the spin splitting between the two spin components, which can be reflected in the simple
expressions for spatial shifts without the rotation angle. Based on an &-MoQj3 biaxial NHM, the spatial shifts of the two
spin components with the topological charge were investigated. As the topological charge increases, the spatial shifts also
increase; in addition, a tiny spatial shift close to zero can be obtained if we control the incident frequency or the polarization
of the reflected beams. It can also be concluded that the maximum of the spin splitting results from the LCP component
at p-incidence and the RCP component at s-incidence in the RB-II hyperbolic frequency band. The effect of the incident
angle and the thickness of the &-MoQj film on spin splitting is also considered. These results can be used for manipulating

infrared radiation and optical detection.

Keywords: spin splitting, hyperbolic material, vortex beam, orbital angular momentum

PACS: 42.25.Gy, 41.85.Ct, 78.20.—e, 78.68.+m

1. Introduction

A polarization-dependent spatial shift in both in- and out-
of-plane directions is generated when linearly polarized light
combining a left-handed circularly polarized (LCP) compo-
nent and a right-handed circularly polarized (RCP) compo-
nent refracts or reflects at a dielectric interface; this was de-
fined as the spin Hall effect (SHE) of light by Onoda et al.
in 2004.111 In 2006, Bliokh et al. interpreted this concept and
proposed that the conservation of total angular momentum is
necessary.!?l It is well known that photons with two differ-
ent spins in linearly polarized light carry different spin an-
gular momenta. Generation of the SHE can compensate the
extrinsic orbital angular momentum of different spin states
to guarantee the conservation of angular momentum after re-
flection and refraction at the surface of materials. The SHE
has attracted much attention and been applied in the develop-
ment of new nanophotonic devices, such as plasmonics, >4
hyperbolic metamaterials (MMs),®! topological insulators, [©!
graphene, 8! black phosphorus,°! and so on.

Recently, a variety of spatially structured beams with
novel properties, such as vortex beams,!'%! Airy beams!'!! and
Bessel beams,[!?] have emerged, which provide a new path
for studying the tunable SHE. A vortex beam with a contin-
uous spiral phase and a vortex center phase singularity car-

ries the orbital angular momentum and phase singularity.[!3]

fCorresponding author. E-mail: shufangfu75@ 163.com
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Due to the consideration of orbital angular momentum, vortex
beams have been widely used in optical communication,!'#!
trapping!!>! and optical microscopy.!'®! The spatial shifts of
LCP and RCP components could be significantly enhanced
with increase in the topological charge, which leads to the
opportunity to observe the shifts directly.!!’-!°) Normally, the
spin splitting produced by linearly polarized light is symmet-
ric, i.e., the position and intensity of the shifts of RCP and LCP
components are equally separated. However, the asymmetry
of spin splitting is also an interesting phenomenon, showing
the powerful ability for multi-dimensional and flexible con-
trol of spin photons.?”l A vortex beam can be used to excite
asymmetric spin splitting and has been widely studied in var-

ious systems such as graphene metamaterials,[!”}

an air—gold
interface, 18 PT-symmetric metamaterials, ' etc.
Hyperbolic metamaterials (HMMs), a class of artificial
electromagnetic metamaterials, have been widely used in
many fields due to their strong anisotropy and hyperbolic dis-

21221 pegy.

persion, for example in super-resolution imagin,
tive refraction, 23! optical waveguides?*>! and ultra-sensitive
optical sensing.!?®! In contrast to HMMs, natural hyperbolic
materials (NHMs), represented by hexagonal boron nitride
(hBN) and alpha-phase molybdenum trioxide (-MoO3), ex-
hibit lower optical losses and are easy to prepare and highly

stable.*’] In recent years, due to its in-plane anisotropy char-
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acteristics and excellent energy storage performance, &-MoO3

n.[28-3% Compared with other

has received widespread attentio
hyperbolic materials, &-MoOj3 has two main advantages: one
is that the hyperbolic frequency interval of &t-MoOs is wider.
For example, for the c-axis ([001] crystal direction) the hyper-
bolic frequency interval of @-MoO3 is three times that of hBN,
which will be beneficial for broadband modulation of elec-
tromagnetic waves.?13?I The other one is that @-MoOj; has
three different hyperbolic frequency bands (RBs), and each
RB corresponds to a different crystal axis, making it possible

3132 Recently,

to achieve a hyperbolic surface in the plane.!
Wang et al. studied the spin splitting of vortex beams irradi-
ated on semi-infinite uniaxial natural hBN.[*3 It was found
that the spin splitting is significant when the Brewster angle
or critical angle is satisfied, and the spin splitting can be en-
hanced by intrinsic orbital angular momentum. In contrast to
hBN, the anisotropy of a-MoO3 films is stronger, which is at-
tributed to their biaxial hyperbolic character. Meanwhile, the
RBs of a-MoOQj are continuous from 545 cm™! to 1004 cm !
and overlap at the adjacent regions, which are wider than the
separated ones of hBN. On the other hand, a rotation angle be-
tween the crystal direction of ®-MoO3 and the incident plane
is set, which will result in obvious asymmetry of spin splitting
between LCP and RCP components. However, for the spin
splitting of hBN, a pronounced asymmetry will emerge when
the polarization angle o # 0° and 90°.

In this work, we focus on the SHE of a reflected vortex
beam on the surface of &-MoQOj3 rotated by an angle with re-
spect to the incident plane for differently polarized beams. The
enhanced shifts can be realized by adjusting the correspond-
ing physical parameters, such as the topological charge, and
apparent asymmetry of spin splitting is observed. The organi-
zation of this article is as follows. In Section 2, the analytical
expressions for in- or out-of-plane spatial shifts are derived.
The spin splitting between LCP and RCP components is de-
fined. The analysis corresponding to the spin splitting and the
spatial shifts of LCP and RCP components under the effect of
orientation angle, incident angle and the thickness of a-MoO3,
as well as the topological charge, is given Section 3. Finally,
Section 4 summarizes the useful conclusions of this paper.

2. Theoretical description

The coordinate system and schematic diagram are shown
in Fig. 1(a). The principal axis coordinate system [a, b, c]
represents the [100], [010] and [001] crystal directions, re-
spectively, of ®-MoQOj3 with thickness d. The a- and c-axes of
a-MoOs are in the x—y plane of the experimental coordinate
system. The a-axis is rotated by an angle ¢ relative to the x-
axis, which also represents the direction of the incident plane.
A vortex beam is incident on the surface at an angle 0 in the
x—z plane. The reflected beam splits along the x- and y-axes

and produces the in- and out-of-plane spin splittings, respec-
tively. Figure 1(b) represents the real parts of the -MoOs3
permittivity, where the RBs are shown between epsilon-near-
zero (ENZ) and epsilon-near-pole (ENP). In the principal axis
coordinate system, the permittivity of &-MoO3 can be written
as a diagonal matrix [&, €, £]. The components of permittiv-

ity can be collectively expressed by !

2 2
fio,— fio,

8]' = goo,j <1+ M) ) (j:x,y,Z)7 (1)

where €. is the high-frequency dielectric constant, fro and
fLo indicate the transverse and longitudinal optical phonon
frequencies and 7; is the phonon-damping constant. In Eq. (1),
the frequency is generally measured in cm™! so that f actu-
ally represents @/(2mc). The regions with negative values of
permittivity along all three directions correspond to the hy-
perbolic frequency range. The frequency region 545 cm~! <
f < 851 cm~! is defined as RBI, where €, < 0; within the
range 822 cm~! < f < 972 cm™!, the hyperbolic frequency
range is defined as RBII, where &, < 0; and within the range
958 cm~! < f < 1004 cm ™!, the hyperbolic frequency range
with &, < 0 is RBIIIL. In fact, some overlapping areas exist be-
tween the boundaries of the RBs, as described by Fig. 1(b).
For example, in the overlapping area of RB-I and RB-II, it can
be found that & < g, < 0, while in the overlapping area of
RB-II and RB-III, the permittivity satisfies €, < & < 0.

Vortex-beams

(b) RB | : &
RB-11! &y
10} ‘_’: €z
z L RB-III
BB 0| S Y =
g I
—
o |
- 1
—10} :
|| BENZ
|, OENP
—20 . A L
600 800 1000 1200
f (em™1)

Fig. 1. The left graph illustrates the spin splitting of a reflected vortex beam
from the surface of an &-MoO3 film with thickness d. The incident plane is
the x—z plane. The red and blue rotating arrows represent the reflected LCP
and RCP components, respectively. [a, b, ¢] represents the principal axis co-
ordinate system and is rotated by ¢ with respect to the incident plane. The
right graph illustrates the real parts of permittivity of a-MoOs3.
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Since an angle ¢ is set between the a-axis and the x-axis,
a coordinate transformation is required. The equivalent matrix
of permittivity can be written as[3°]

Ex &y O
eE=¢g| & &y 0 |, ()
0 0 g

where €, = €,cos>Q + eysinz(p, &y = Sycosz(p +gsinQ, £, =

(& —
three components of electric fields satisfy the following rela-

€ and &, = & )cos@sing. With the Maxwell equation,

tionship:
kz - exxf 2 _Exyf 2 kxkz Ex

—&nf? K2k — €y f? 0 E,
kyk, 0 K2 — e f? E.

=0. (3)

According to Cramer’s rule, when the determinant of the coef-
ficient matrix is zero, the equation has a solution. In this case,
Eq. (3) leads to a quadratic equation with respect to the wave
vector. Then, using the quadratic formula, we have

1

ki = 5 (—a —4¢e.b),
T

“4)

with a = e (k2—&f?) + &k — &yf*) and b =
(k2 — &%) (exck? — €xc&yyf? + €L 7). k+ represents the two

Hence, we propose only the y-component of electric field in
the a-MoOs film, but the x- and y-components in the other
spaces as follows:

E (El lk'ZJrE;’ye_ik‘"'Z)eikxx_iwt, (Z < 0)’ (63)
E) (Aelk+z +Befik+z _’_Ceikfz +Defik7z)eikxx7ia)t7
(0<z<d), (6b)
Ex — erikzz+ikXX*iwl

E, = Feketikamion (o 5 g), (6¢)

In different spaces, the magnetic fields can be obtained from
H =V xE/(igo).
MoOs3 film, the electromagnetic boundary conditions can be

Then, at the upper surface of the a-

written as
Ey+E,=A+B+C+D, (7a)
Ey—Ey = [k (A—B) +k- (C—D)] /k, (7b)
EL+Ei=A{(A+B)+A_(C+D), (7¢)
E}—E, =2 (A—B)+A_(C-D), (7d)

where A+ = kikog,Ar /(€. f> —k2). At the lower interface be-
tween the a-MoQj3 film and the air, we find

Aeiktd  pe—ikid | coikd | pe—ik-d _ F,, (8a)
wave vectors of the z-component in ®-MoOs film. Incident ikod ikud
. . k+(Ael+ — Be 1 )
and transmitted wave vectors can be expressed as k, = fsin 0, " "y
1K— —1K— —
k; = fcos 6. The reflected wave vector is —k,. From Eq. (3), k_(Ce —De ) = k:Fy, (8b)
the electric fields components along the x- and z-directions can A (A eikrd 4 Be*‘k“l)
be expressed as a function of electric field component along (Celk d 4 pe~ik-d ) =F, (8¢)
the y-direction 7 (Aelker _ Be—lmd)
k2 k2 —& 2 ik_d —ik_d
Ei-% + gi r wf + _ ALEE (5a) +7-(Ce™“—De ) =F, (8d)
Xy
i kikyAr where Yy = ki fe. AL /(€,f> —k2). For convenience, we trans-
z ef2— k2 2wk (Sb) form Egs. (7) and (8) into matrix forms as follows:
|
E; Vtky fle 1—ky Jhe 1k Jke 1—k_ [k A A
Ev | 1 =kl kg fh 1=k fk, 14k [k, B | B ©8)
E- |l 2 Ay A A+ A A c | " ¢ |’
E)rc A+*l+ A++A+ Affl, A7+lf D D
£y (Itky/ke) L (1 —ky fho) py (1+k-/ke) p* (1—k-/k;) p~ A A
0 (1—ky k) pT (W ke /) py (1—k-/k:) pT (1+k-/k:) p~ B_.| B 9b)
Fy (A +r)pE Av—v)pr (A+y)pl (Ao—v)p- c | ¢ |’
0 (As=v)pl (Ar+r)pr A=y )pt (A +y)p- D D
where pT = exp(+ikid). Combining the two matrices of | E; F
Er
Egs. (9a) and (9b), we eliminate the electric field amplitudes Y =T 0 (10)
El Fo |’
A, B, C and D to obtain the relationship between incident, re- E: 0
X

flected and transmitted electric fields
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where T =T T{l. According to Eq. (10), the relationship be-
tween incident and reflected fields can be obtained as
11133 — 123131 1113 — 1021413

E'= E., (lla)
11833 — 113131 111133 — 113131
t41133 — a3t H1ta3 — 41t
E = 41133 — 14313] i 11143 — 141113 i (11b)
11133 — 113131 111133 — 113131
where t;; represents the elements of matrix 7. The z-

component of the reflective electric field is E] = tan@E}. For
the reflective beam, E}r denotes the component of the s-wave
(TE-wave), while E} and E] are the components that make up
the p-wave (TM-wave). In order to explain the spin splitting,
it is necessary to obtain the matrix expression for the reflective
electric field in the xyz coordinate system. Then, Eq. (11) is
changed into a matrix expression, %! i.e.,

Ej _ —ayy  —ajp/cos6 Eé,
E} azjcos 0 a E!

Irpp

V[(rps —rep)cot 0 + r"p] Tps —

EH —H5g
EV ars
T —v[(rpp+rss)cot6+W] Fes —

where the terms related to u denote the in-plane momentum
gradient of the Fresnel coefficients and the terms related to v
denote the geometric spin—orbit terms.

For convenience, we use a simple vortex beam as the in-
cident beam to simulate the spin-splitting. The simple vor-
tex beam is equal to the first-order Laguerre-Gaussian beam
whose radial index is equal to zero and its envelope does not
depend on the radial coordinate at all. The angular distribution
of electric field is explicitly expressed by 3336

By = [0

Im|
it W(—lu + sgn[m]v)]

2.2
X exp [—

@(u2 - v%} : (15)
where m is the azimuthal quantum number characterizing the
optical vortex and its sign indicates the direction of the vor-
tex. wq is the width of the beam waist and kg is the vacuum
wave number. The field amplitude components corresponding
to any branch wave in the reflected beam can be expressed as

H H
(i&) :Eo(u,v)F(év). (16)

In the spin basis set, the incident beam can be rewritten as the
superposition of the LCP and RCP components, i.e., ? )=

(Ie%)+1e2)/ V2. |EY) = —i(lef) —e)) /v/2. | ) and |e" )

represent the LCP and RCP components, respectively. There-

fore, the reflective matrix (15) can be rewritten as

1
— (FER + FoEY

(u,V)ﬂ

|EL) = E°

() (e (12)
Tsp Tss E; ’

_ hilaz — 13
itz =ty
_ his —D0ihi3
itz — it

with

_Int33 — 143131
iz — 363
_ hilzz — stz
itz —hat

(13a)

(13b)

The incident beam, as a near-axial beam, has a narrow
plane wave distribution along the center wave in momentum
space. If u and v indicate the in-plane and out-of-plane de-
flections of non-central wave vectors, respectively, the reflec-
tive electric field components can be rewritten with the angular

spectrum theory for the ordinary situation3%-37!

Irps

EV

Irps

U5 + V[(rpp +res)cotO — —F H H

56 +V[(rpp +1ss) aa(p] (E) F<E1>, (14)
y—ag + V[(rsp —rps)cot O — —a’;‘]

1

\
:FinlEiH:FingEiv) |€£t>

= EO(u,v)[0x +Pipi+Quv]|ey),  (17)
with
01 = rppEl + rpsEY FirgE! FirgEY, (18a)
B Orpp .11 . 9rps v 8r5p Ho 8rbb v
Py = SREN G SREY FiSRE FiS 2 EY, (18)
ar,
= { | —(rys—rsp)cot O P gH
O+ {[ (rps — rsp) €O +9(P]
Irps | v
+ | (rpp +7s) cOt 0 — P E;
Irep | u
Fi (rpp+rss)c0t6+aq) E;
. or
¥1{(rsp—rps)cot6— 3(;5]Eiv}, (18¢)

where F;; represents the elements of matrix F, O4 represents
the terms regardless of y and v, Pyonly includes pt and omits
v and O+ only includes v and omits pt. Therefore, the spatial
shifts of either spin-state component can be defined as!°!

B <Ei\ o |EL)
el = (EL||EL)

Taking Eq. (18) into Eq. (19), we have

(EL| 25 |EL)
= . (19
< :t> EiHEi ( )

b

1 me3+ +12f1+

ko 2e1+ + (ea+ +es+) (ﬁ) (m+1)
1 meyy +12f21
ko 2e14 + (eqs +es54) (ﬁ)(’”*‘ 1)

(xx) = , (20a)

ve) = (20b)
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Here e+ = |O+|*, err = O%Ps 4+ PiO4, €32 = 010+ +
0404, ey = |Pel? ese = |QL%, fie = O°LPy, and foi =

0404 Axy = (x4, y+)— (x_, y_) is the shift difference be-
30]

tween LCP and RCP components, i.e., the spin splitting.|
When ej1 > (m+1)(ess +ess)/(k*w3), the second term of
the numerator in Egs. (20a) and (20b) represents the primor-
dial shifts which are caused by the Gaussian beams. The first
term represents the dependence on the intrinsic orbit angular
momentum, which results in the linear increase of the spa-
tial shifts with increase in the azimuthal quantum number. If
e1+ < (m+1)(ess +esw)/(k*w}), the beam shifts tend to
zero due to |O4| < |Py| and |O+| < |Q+|. When ey is of
the same order of magnitude as (m + 1)(eas +es4)/(K*w3),
the effect of the topological charge number on the spin split-
ting becomes more complex. If we replace «-MoO3 with an
isotropic medium, the effect of orientation angle ¢ on the per-
mittivity matrix will disappear, which causes the reflection co-
efficient 7 = 5, = 0. In this case, Eq. (17) can be transformed
as

1 d .
E;t = ﬁ |:er 7“%rpp:|:1\/(rss +}/‘pp)COtG:|

(p-incidence), (21a)

1 ) d
E;t = ﬁ [—v(rSs +rpp)cot® Fi (rSs — ,uaerssﬂ

(s-incidence). (21b)

Substituting Eq. (22) into Eq. (20), the spatial shifts of p- and
s-incidences can be achieved, which will be reduced to the
well-known result shown in Ref. [33].

3. Numerical results and discussion

The relevant physical parameters for -MoO;3 film are
as follows: along the x direction ([100] crystal direction),
£.=4.0, fio=972cm™!, fro=822cm ! and 7, =4 cm™!;
along the y direction ([001] crystal direction), &. =5.2, fio =
851 cm™!, fro =545 cm™! and 7, =4 cm™!; along the z di-
rection ([010] crystal direction), €. = 2.4, fro = 1004 cm~ L,
fro =958 cm™! and 7, = 2 cm~!. The thickness of the a-
MoOs film is fixed at d = 1.3 um. Two typical linearly polar-
ized vortex beams are considered to investigate the spin split-
ting between LCP and RCP components.

3.1. Spin-splitting for p-incidence

The reflection spectra for LCP and RCP components
with varying orientation angle and frequency are illustrated in
Figs. 2(a) and 2(b), where we select wy = 404y, 0 = 45° and
m = 1. From the color bar, it can be seen that the yellow region
in the reflection spectra represents higher reflection, while the
blue region corresponds to relatively lower reflection. The dif-
ferences in the reflection spectra are evident for different spin
components, where an asymmetric phenomenon is observed in

RBs. As shown in Fig. 2(b), the reflection of the RCP compo-
nent exceeding 50% can be achieved in the range of ¢ > 20°
for RB-I and ¢ < 40° for RB-II. However, the reflection of the
LCP component in Fig. 2(a) is very small and even approaches
zero in the region of ¢ > 40° in RB-IL It is well known that
a larger spatial shift generally corresponds to a smaller reflec-
tivity, especially where the reflection is close to zero. In this
way, it is possible that this apparent asymmetry of reflectance
will lead to a different distribution of the spin splitting with the
frequency. Figures 2(c) and 2(d) present the spin splitting for
the LCP or RCP component versus the orientation angle and
frequency, where the maximum and minimum distribution of
spin splitting are obviously related to the reflectance. From the
color bar, the red region relates to a larger spin splitting, while
the blue region indicates that the spin splitting is small or even
tends to zero. In the spin-splitting spectra, the dark blue line
indicates that the spin splitting is equal to zero, which means
that the spatial shift of LCP and RCP components may be dis-
placed in the same direction and with the same magnitude.
The dark red line shows the maximum of the spin splitting due
to the spatial shift of LCP and RCP components along the dif-
ferent directions. For example, the in-plane spin splitting can
reach 254, while out-of-plane spin splitting can be 104y. As
is evident from a comparison with Figs. 2(a) and 2(b), the max-
imum value of spatial shift is produced by the LCP component
and the minimum value is due to the RCP component.

Next, we simulated the curve of spin splitting as a func-
tion of frequency under different incident angles, as shown
in Figs. 3(a) and 3(b). Based on Figs. 2(c) and 2(d), we set
¢ = 45°, where the maximum of spin splitting can be ob-
served. For in-plane spin splitting, shown in Fig. 3(a), three
peaks can be found, located near ENP of RBI and RBII, as
well as ENZ of RBIII. The maximum of the spin splitting,
about Axyax /Ao 25 occurs near ENP of RBII at 6 = 45°.
A transition between positive and negative spin splitting is
achieved at the first peak, with only needing to change the in-
cident angle from 75° to 60°. In addition, the spin splitting
is very small when 6 < 45°. For out-of-plane spin splitting,
a negative maximum of about Ay/Ay ~ —16.5 is obtained at
6 = 60° and ENP of RB-I, where a positive maximum of about
Ay/Ap == 8.9 can be observed if the incident angle is set to 75°.
The relatively larger spin splitting also can be generated in the
other two RBs. With decreasing incident angle, the spin split-
ting will quickly tend to be zero, especially for 6 < 30°. Two
cases may cause the spin splitting to be zero. One is when the
shifts of both the LCP and RCP components are very small
and the other is when the shifts of the LCP and RCP compo-
nents have the same amplitude and direction although larger
shifts are produced. Therefore, if we focus on the polarization
of the reflected beam, we have to control the incident angle to
be larger than 30°. Of course, if we only hope for large spa-
tial shifts regardless of the polarization of the reflected beam a
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smaller incident angle should be also considered. Figures 3(c)
and 3(d) present the spin splitting as a function of frequency
for different thicknesses of @-MoOs at @ = 0 = 45°. Obvi-
ous spin splitting also occurs in or near the RBs, particularly
in RB-II near ENP; the maximum of the in-plane spin split-
ting, about 201, is observed at d = 1.3 um, and also about
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—6.5) for the out-of-plane spin splitting. In or near RB-I, the
spin splitting will move to the lower frequency with increasing
thickness; however, in RB-III, the spin splitting will be inde-
pendent on the thickness of @-MoOs3. From Eq. (10b), a zero
reflection will be obtained if k+d = n7, leading to significant
spin splitting.
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Fig. 2. Reflection of LCP and RCP components in (a) and (b), respectively, versus frequency and orientation angle at 8 = 45° for p-incidence.
The yellow region represents higher reflection while the blue region corresponds to relatively lower reflection. The corresponding in-plane and
out-of-plane spin splittings are presented in (c) and (d), respectively. To better illustrate the trends, we have utilized a logarithmic coordinate
system. The red region is related to a larger spin splitting, while the blue region indicates a small spin splitting close to zero.
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Fig. 3. (a), (b) In-plane and out-of-plane spin splitting for various incident
angles at @ = 45°, respectively. (c), (d) In-plane and out-of-plane spin split-
ting for various thickness of &-MoO3 6 = ¢ = 45°, respectively.

In order to more intuitively illustrate the possible rela-
tionship between the spatial shifts and the spin splitting pro-
duced by LCP and RCP components, Fig. 4 shows the varia-
tion of the spatial shifts with frequency under different topo-
logical charges. The orientation and incident angles are fixed
at @ = 6 = 45° since the maximum of spin splitting can be

achieved, as shown in Figs. 2 and 3. When a Gaussian beam
is incident on the surface of ®-MoQOj3, namely, m = 0, the spa-
tial shifts of LCP and RCP components are also presented.
In-plane spatial shifts only can be excited by the LCP compo-
nents, but the spatial shifts of the RCP components are almost
zero. In addition, the spatial shifts generated by the LCP com-
ponents are located in the three RBs; in particular, the max-
imum magnitude about x; . /Ao &~ 33 at m = 3 lies in RB-II,
as shown in Fig. 4(b). The inset in Fig. 4(b) further shows
that the spatial shifts will increase with increase in topological
charge. We can conclude that the spin splitting also will in-
crease with topological charge. The spatial shifts of LCP and
RCP components exhibit apparent asymmetry. In this way,
we can choose different reflected polarized beams according
to the requirements of practical applications. For example, if
a zero or tiny spatial shift is anticipated, the RCP component
can be selected. However, if a large spatial shift is needed
we can consider the LCP component. The out-of-plane spatial
shifts in RB-II (see Fig. 4(e)) are complicated and sensitive to
the frequency. When m = 0, the spatial shifts of the LCP com-
ponent present two positive peaks and one negative dip. But
as the topological charge increases, one of the positive peaks
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jumps to the negative one. The positive and negative maxima
about y;h, /A0 & £20 can be obtained at ® = 813 cm~! and
814 cm~!. Therefore, the direction of the spatial shifts can be
adjusted by precisely controlling the incident frequency. In the
other two RBs presented in Figs. 4(d) and 4(f), the relatively

1.0

small spatial shifts that can also be observed are produced by
the RCP component. It is obvious that the maximum of spin
splitting occurs at the maximum positive and negative spatial
shifts, where the spatial shifts of the RCP component disap-
pear.
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Fig. 4. In- or out-of-plane spatial shifts of the reflected vortex beam for p-incidence under various topological charges at ¢ = 6 = 45°.
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Fig. 5. (a) Electric-field distribution (simulated using the commercial
software Comsol Multiphysics) of the p-incidence on the surface of an
a-MoQs; film at £ = 814 cm™!. The other parameters are the same
as those in Fig. 4(b). (b) Distribution of z-components of incident, re-
flected and transmitted electric fields. (c) Comparison of |E| profiles
between the center of the incident and reflected beams.

The simulation results for in-plane spatial shifts using
the commercial software Comsol Multiphysics at m = 0 for
p-incidence with f = 814 cm™'are presented in Fig. 5. The
center of the reflected beam, marked by the black dotted line,
moves obviously to the right along the interface between air
and the -MoOs film. In addition, the electric field inten-
sity is significantly enhanced at the interface. According to
Fig. 4(b), it can be seen that the in-plane spatial shifts only
result from the LCP component, which also can be further re-
flected through the z-component of electric field in Fig. 5(b).
A comparison of the |E| profile between the incident and re-
flected beams is made in Fig. 5(c). The movement along the
x-direction is approximately x/Ao = 0.8, which exactly satis-
fies the theoretical result shown in Fig. 4(b).

3.2. Spin-splitting for s-incidence

The reflective spectra versus frequency and orientation
angle of two spin components for s-incidence are shown in
Figs. 6(a) and 6(b).

incidence, the reflection of the LCP component in RB-I and

Unlike the reflective spectra for p-

RB-II is obviously larger than that of the RCP component.
The maximum of reflection, almost exceeding 50%, lies in
the range 20° < ¢ < 70° for RB-I and in the range ¢ > 20°
for RB-II, as shown in Fig. 6(a). However, the reflection of
the LCP component in RB-III achieves a minimum of R* ~ 0
once ¢ > 20°; in addition, with increasing ¢ the minimum of

the reflection moves to a high frequency and approaches the
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right boundary of RB-III. For the reflection of the RCP compo-
nent shown in Fig. 6(b), the maximum appears near ¢ = 0° for
RB-I and ¢ = 90° for RB-II. Similar to the reflective spectra
for p-incidence, the reflected intensity exhibits an asymmet-
ric property and varies with the orientation angle. Figures 6(c)
and 6(d) present the spin-splitting spectra corresponding to the
reflection of the LCP or RCP components, where the asymme-
try of the reflectance will result in obvious zero or larger spin
splitting. Compared with Figs. 6(a) and 6(b), in or near RB-I
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and II it can be predicted that the zero spin splitting repre-
sented by dark blue lines should originate from the relatively
small spatial shifts with the same direction, but the one in RB-
IIT may result from large spatial shifts in the same direction.
The dark red lines also represent the distribution of significant
spin splitting, which mainly lies in RB-II and RB-III; in addi-
tion, at the boundary of these, the maximum of spin splitting

can be easily obtained when ¢ = 0° or 90°.
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Fig. 6. Reflection of LCP and RCP components in (a) and (b), respectively, versus frequency and the orientation angle at 8 = 45° for s-incidence. The
yellow region corresponds to higher reflectance while the blue region corresponds to relatively lower reflectance, approaching zero. The corresponding
in-plane and out-of-plane spin splittings are presented in (c) and (d), respectively. To better illustrate the trends, we have utilized a logarithmic coordinate
system. The red region corresponds to a larger spin splitting, while the blue region corresponds to a spin splitting close to zero.
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Fig. 7. (a), (b) In-plane and out-of-plane spin splitting for various incident
angles at ¢ = 45°, respectively. (c), (d) In-plane and out-of-plane spin split-
ting for various thicknesses of @-MoOs3 at 8 = ¢ = 45°, respectively.

The effect of the incident angles for s-incidence on the

spin splitting is investigated at ¢ = 45° in Figs. 7(a) and 7(b).
For in-plane spin splitting, as shown in Fig. 7(a), three peaks
are just consistent with the results in Figs. 2(c) and 2(d). The
spin splitting is smaller than that produced by p-incidence,
where the positive maximum is about Axpax /Ao ~ 3.8 at 6 =
45° and @ = 794 cm~! in RB-II. Another relatively large spin
splitting of about Axmax /Ao ~ 2.0 at @ = 75° appears in RB-IIL.
It can be seen that if ¢ < 45°, the spin splitting will be less than
Ao in all the RBs. For out-of-plane spin splitting, as shown
in Fig. 7(b), the positive maximum of spin splitting is about
Aymax /Ao = 15 at 6 = 45°; obviously is larger than that shown
in Fig. 3(b). The negative maximum of spin splitting of about
Aymax /Ao = —2 can be achieved only by changing the incident
angle to 60°, which is far from that generated by p-incidence.
In RB-III, the spin splitting increases monotonically with in-
creasing incident angle and reaches about 2.5 at 6 = 75°.
Therefore, the magnitude and incident frequency of the spin
splitting can be adjusted by the incident polarization. As an
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example, if the maximum of in- or out-of-plane spin splitting
appears in RB-I, we have to choose p-incidence; however, if
the maximum occurs in RB-II, s-incidence will be considered.
Figures 7(c) and 7(d) show the dependence of the spin split-
ting on the thickness of @-MoOs3. With increasing thickness,
the spin splitting in RB-I and RB-II near ENP increases to a
maximum at d = 1.3 pum and then decreases again. However,
in RB-III near ENZ, the produced spin splitting hardly changes
with thickness. It can be found from Fig. 1(b) that the wave
vector changes rapidly due to the significant variation of per-
mittivity near ENP, which results in the condition k1d = nw
being easily satisfied. On the other hand, the wave vector in
the ENZ region changes more smoothly, which weakens the
effect of thickness on spin splitting.

Finally, the in- or out-of-plane spatial shifts of the LCP
and RCP components at ¢ = 6 = 45° are presented in Fig. 8.
Compared with Fig. 4, the maximum in- and out-of-plane spa-
tial shifts are mainly generated by RCP components in RB-II
near ENZ (see Figs. 8(b) and 8(e)). On the contrary, the cor-

responding spatial shifts of LCP components approach zero.
The apparent spin splitting should appear due to the asymme-
try of spatial shifts of RCP and LCP components. For an in-
plane spatial shift, positive and negative spatial shifts of about
+10Ag are achieved at m =3 at @ = 794 cm ™! and 795 cm ™!,
For m = 0, a relatively large spatial shift can also be observed
in RB-II. In the other two RBs presented in Figs. 8(a) and 8(c),
the spatial shifts are relatively smaller. In RB-I, the sign of the
maximum spatial shifts excited by LCP and RCP components
is opposite, and the magnitude of shifts is less than Ay. How-
ever, in RB-III near ENZ, the positive maximum of about 2
can be achieved by the LCP component. For out-of-plane spa-
tial shifts, the negative maximum of about y,,, /Ao = —20 is
observed at m = 3 at @ =794 cm~! and the positive one is
about Ag at @ = 813 cm ™!, as shown in Fig. 8(e). In Figs. 8(d)
and 8(f), the spatial shifts are less than Ay and the polarized
components can be selected according to the requirement for
the direction of the spatial shift.
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Fig. 8. In- or out-of-plane spatial shifts of the reflected vortex beam for s-incidence under various topological charges at ¢ = 6 = 45°.
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In order to further examine the in-plane spatial shift for s-
incidence, Fig. 9 shows the electric field distribution at m = 0
with f =793 cm™!. Figure 9(a) indicates that the center of the
reflected beam moves slightly to the left across the null point
along the interface between air and the @-MoO3 film, which
means that a negative spatial shift occurs. The z-component
distribution of the magnetic field is presented in Fig. 9(b).
Combined with Fig. 8(b), it further demonstrates that the in-
plane spatial shifts come from the RCP component due to the
zero shift of the LCP component. Finally, the movement of the
|E| profile between the incident and reflected beams is about
x/Ay = —0.2, as shown in Fig. 9(c), which agrees with the
calculated value in Fig. 8(b).

4. Summary

In this work we investigated the spin splitting of reflected
vortex beams on the surface of an &-MoOj3 film rotated by an
angle ¢ with respect to the incident plane. Two typical po-
larizations of vortex beams, namely p- and s-incidence, were
considered for discussing the spin splitting of LCP and RCP
components along the x- and y-directions. The analytical ex-
pression for the spatial shifts for the two spin components in
the reflective beam was derived, with the spin splitting defined
as the shift difference between the two spin components. The
sign of the spin splitting indicates the relative positions of the
spatial shifts in the xyz coordinate system. We found that ob-
vious spatial splitting normally occurs in the RBs of &-MoO3
crystal, particularly near ENZ or ENP. For p-incidence, the in-
or out-of-plane spin splitting mainly comes from the spatial
shift of the LCP component since that of the RCP component
approaches zero. However, for s-incidence, in- or out-of-plane
spin splitting results from spatial shifts of the RCP compo-
nent due to the zero shift of the LCP component. The orien-
tation of the optical axis of ®-MoOs3 plays an important role
in the appearance of the asymmetry. With increasing topolog-
ical charge, the spatial shifts are greatly enhanced. The ef-
fect of the incident angle and the thickness of @-MoOs3 on the
spin splitting was also examined, and the optimum incident
angle and thickness of @-MoOs crystal were determined. The
present work may provide a new way for modulating the beam
shift and a possibility for developing new tunable anisotropic
optoelectronic devices.
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