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The photonic spin Hall effect (SHE) has been intensively studied and widely applied, especially in spin photonics.
However, the SHE is weak and is difficult to detect directly. In this paper, we propose a method to enhance SHE
with the guided-wave surface-plasmon resonance (SPR). By covering a dielectric with high refractive index on the
surface of silver film, the photonic SHE can be greatly enhanced, and a giant transverse shift of horizontal polari-
zation state is observed due to the evanescent field enhancement near the interface at the top dielectric layer and
air. The maximum transverse shift of the horizontal polarization state with 11.5 pm is obtained when the thick-
ness of Si film is optimum. There is at least an order of magnitude enhancement in contrast with the transverse
shift in the conventional SPR configuration. Our research is important for providing an effective way to improve
the photonic SHE and may offer the opportunity to characterize the parameters of the dielectric layer with the

help of weak measurements and development of sensors based on the photonic SHE.
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1. INTRODUCTION

The photonic spin Hall effect (SHE) refers to the displacements
perpendicular to the plane of incidence for the splitting of left-
and right-handed circularly polarized components when the
beam is reflected from or transmitted through a planar interface
[1-5]. It is the optical analogy of the SHE in an electronic
system in which spin electrons and an electric potential
gradient correspond to the spin photons and refractive index
gradient, respectively. Recently, the photonic SHE has attracted
significant attention due to the physical sights and potential
applications in nanophotonics [6]. It can be adopted to deter-
mine the optical thickness of a nanostructure [7], to identify
the layer numbers of thin 2D materials [8], to characterize
the material properties of magnetic thin film [9], chiral meta-
materials [10,11], nano-metal film [12], and topological insula-
tors [13,14].

To begin with the investigation of the photonic SHE in the
interface of airand prism [15,16] and metallic reflection [17,18],
it has been extended to complicated configurations and material
systems, such as air—uniaxial crystal interface [19], left-handed
materials [20], layered nanostructures [21], photon tunneling
structure [22], and metasurfaces [23-25]. However, the pho-
tonic SHE corresponding spin-dependent splitting is a tiny
phenomenon; in experiments, it is only dozens of nanometers
in general cases [15,16]. Thus, some methods have been
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proposed to enhance the spin-dependent splitting in photonic
SHE [26,27], such as Luo et al. who theorize an enhanced and
switchable SHE of light near the Brewster angle on reflection
and demonstrate it experimentally [26]. It is demonstrated
that the spin-dependent splitting reaches 3200 nm near the
Brewster angle, which is 50 times larger than previously reported
values in refraction; Zhu et /. found that the SHE can be en-
hanced when a linearly polarized Gaussian beam transmits
through a thin epsilon-near-zero slab due to the difference
between the Fresnel transmission coefficients t, and #, [28];
Zhou et al. theoretically investigate the enhancement of the pho-
tonic SHE through considering the surface-plasmon resonance
(SPR) effect in a three-layer structure composed of glass, metal,
and air [29]. The authors found the SPR can be excited by a
horizontal polarization beam, which will result in a huge trans-
verse beam displacement far greater than the previous reported
results observed at the air—glass interface. Tan ez a/. enhance the
photonic SHE by taking advantage of long-range SPR (LRSPR).
Under the optimal parameter setup, the largest transverse sep-
aration with a 632.8 nm incident Gaussian beam reaches
7.85 pm [30]. However, it is difficult to experimentally prepare
the LRSPR structure; hence, it is difficult to experimentally
demonstrate the giant photonic SHE’s phenomena.

In this paper, we theoretically investigate the photonic SHE
in the guided-wave SPR (GWSPR). It is demonstrated that the
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photonic SHE can be greatly enhanced, and a giant transverse
separation with 11 pm can be obtained by covering a layer of
dielectric thin film with 10-15 nm having a high value of the
real part of the dielectric function (silicon) on the conventional
SPR configuration. There is at least an order of magnitude
enhancement in contrast with the transverse shift in the con-
ventional SPR configuration.

2. MODEL AND METHOD

As shown in Fig. 1, the GWSPR model consists of a four layer
structure: the top layer is a prism; then a silver layer coating on
the prism constitutes the conventional SPR structures. In order
to enhance the photonic SHE, a thin silicon layer is coated on
the silver; in the meantime, it can be adopted to prevent the
silver from oxidizing in the air. In the next calculation,
we choose the following parameters: 7; = 1.73205, n, =
0.13 4+ 3.99i, n3 =3.9240.01, n; =1 for wavelength
A = 632.8 nm, the thickness of sliver and silicon should be
optimized to obtain the maximum transverse shifts.

A monochromatic Gaussian beam is incident from the
prism, and it will be reflected by the silver layer due to the ex-
citation of SPR. When there is only one silver dielectric layer
adjacent to the prism, the structure is a Kretschmann configu-
ration, which can support conventional SPR modes propagat-
ing along the metal—air interface [29]. The photonic SHE has
been investigated by Zhou ez al. [29]. However, the photonic
SHE can be improved by the GWSPR configuration. The
GWSPR configuration is similar to the SPR with an addition
of a thin film between the metal layer and the cover material,
which has been proposed to improve the sensitivity of the SPR
sensor because of the evanescent field enhancement near the
top layer-analyte interface [31,32]. The silicon film should
be optimized to support the guided optical waves so that an
asymmetric metal clad waveguide is produced.

In order to calculate the transverse displacements, a general
beam propagation model using angular spectrum theory is
employed. The incident Gaussian beam can be written as

~ w
E = Jz()—ﬂ exp[-w; (k5 + k7,) /4] (1

dzI Silver(n,)
ds4 Silicon(ns)
Air(n,)

Fig. 1. Schematic of the photonic SHE of a beam upon reflection
of a GWSPR configuration. §, and §_ indicate the transverse
displacements for left- and right-circular polarization components,
respectively.

where w is the beam waist, and #;, and £;, are the wave vector
components in the x; and y; directions, respectively. In the
spin basis set, the incident beam can be written as Ef =
(E;s + E)/2 and EY = i(E;,_ - E;.)/~/2; here H and
V' present the horizontal and vertical polarization states, respec-
tively. £, and £;_ denote the left- and right-handed circularly
polarized components, respectively.

By matching the boundary condition, the reflected light
beam can be given as [18,19]

B B 7, kyy(r,+7,) cot8;/ kg | [EH
|:E)’/:| - |:—kry(rp+ry)(:0t6i/k0 7s :| |:EZV:|)
2

where £ is the wave vector in free space and &, is the reflected
wave vector in the y direction. 7, and 7, are the Fresnel reflec-
tion coefficients for A- and V-polarization states.

For the GWSPR configuration, the reflection coefficients
can be written as

_ a7 exp(ik,,d,)
1+ riyry34 exp(iky,d,)’

3

T ps

where 7,34 is the reflection coefficient at the interface of films 2,
3, and 4. It is obtained from

723 + 134 expl(iks,d;3)
1+ ry3r34 exp(iks,ds)’

(4)

7234 =

where 715, 7,3, and 734 are the reflection coefficients at the sin-
gle interfaces, which is

k/z B kmz
Rt ©
for the s-polarization, and
_ klz/gl B kmz/gm (6)

PO

for the p-polarization, where /,m =1,2,3,4, respectively,

— /B2 2
and kl,mz = kOE[)m - /el»x.

By making use of a Taylor series expansion based on the

arbitrary spectrum components, 7, and 7, can be written as
0r,, (ki)
_ _ P,S x
rp,:(/eix) - rp,.f(/eix - O) + kix [Tlx] b=
N kN a/}’ :(/eix)
by Ml m
=L ok, 1y o

where k;, = k; sin 0.
If we confine our analysis to the first-order terms and neglect
the high-order infinitesimal, then Eq. (7) can be written as

arp,: (kix)
rp,:(kix) = rp,s(kix = 0) + kix Y > (8)
akix k=0

According to Egs. (2), (3), and (8), we can obtain the circular
components of the reflected fields as
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where zp = kowj/2 is the Rayleigh length. x,, y,, and z, are
the coordinate components of Cartesian coordinate system at
the reflected path.

The transverse displacements of reflected light can be

defined as

5:i: ff)’r|EHV 2dxrd)’r.
T NER Pddy,
Based on Egs. (9)—(11), the transverse displacement of the
reflected light beam can be expressed as

k 1 + Rer,]/R 0
gy = AR R ox0
/eéw(z)—}-’ (1 + a) cot 0‘

kowi (1 + Re[r 7,)/Re[r,]) cot €
R 3+‘01” )(1 +—") cot 9‘2'

If the reflection coefficient 7, and 7, are insensitive to the
incident angle 6, i.e., the FWHM of reflection coefficient
under the angle coordinate is not narrow; then, the transverse
displacement of the reflected light beam can be simplified by
only considering the zero-order Taylor series in Eq. (8):

5% = F(1 + Re[r,]/Re[r ) cot 0/ ko, (14)

(11)

5t =7F (13)

5t =TF(1 + Re[r,]/Re[r.]) cot 0/ kq, (15)

which have been utilized to calculate the transverse displace-
ment in simple structure, interface, or conventional SPR.

3. RESULTS AND DISCUSSION

Figure 2 describes the role of the metal film thickness and the
incident angle in photonic SHE under 45 = 0. It can be found
that the beam transverse displacements varying with the
incident angles and the metal film thickness, and there are
optimum parameters with the thickness of metal film due to
the excitation of the surface plasmon polariton (SPPs). The
enhanced SHE with SPPs has been investigated by Zhou ez al.
[25]; however, the authors only considered the zero-order
Taylor series of the reflectance in Eq. (8); hence, Egs. (14)
and (15) have been employed to calculated the beam transverse
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Fig. 2. Dependences of transverse beam shifts on the metal film
thickness and the incident angle with &5 = 0: (a) H-polarization state;
(b) V-polarization state.

displacements. In Fig. 2, we have considered the first-order
Taylor series of the reflectance, so that Egs. (12) and (13) have
been employed to calculate the beam transverse displacements.
It is clear that the maximum A beam transverse displacement
0y is about 1.2 pm, and the maximum A beam transverse dis-
placement is about 0.25 pm. Though the beam transverse
displacement &7, is larger in comparison with the SHE in
the air—glass interface, the values are still tiny, which will restrict
the potential applications. In the following research, we will
study the enhancement of the transverse separation.

To study the influence of the thickness of Si film on the
enhanced photonic SHE under the condition of SPR, we first
analyze the influence of the silicon film on the SPR. Hence, in
Fig. 3 we give the Fresnel reflectance changing with the
incident angles when the silicon film thickness are 0, 8, and
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Fig. 3. Dependences of the Fresnel reflectance R, and R, on the
incident angle with the different thickness of silicon, where the silicon
film thickness (d,; = 3) is fixed to the three values: 0, 8, and 12 nm,
when 4, = 46 nm.
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12 nm, respectively. When the thickness of the Si film is zero,
the behavior of the Fresnel reflective coefficients is the same as
the condition in which a light beam reflects at the pure glass—
metal—air interface [27]. It can be found that 7, changes very
little with the increasing incident angles and even keeps almost
stable under the large incident angles; for the p-polarization, 7
has a narrow resonant dip near the resonant angle due to the
excitation of the SPPs. According to Egs. (14) and (15),
the transverse displacement of the reflected light for the
H-polarization is proportional to the ratio of |r,/7,|, the large
ratio |r,/7,| near the resonant dip leads to the enhancement of
the transverse shifts of H-polarization. However, it is found
that the ratio |r,/7,| is not big enough so that the maximum
5% appears on a relatively limited range.

In order to enhance the ratio of |r,/7,| and hence the trans-
verse shifts 575 we present a GWSPP structure by covering a
tiny film of silicon on the metal film. As shown in Fig. 3, with
the increasing Si film thickness, there are no significant changes
of reflectance of s-polarization; however, the Si film has a major
impact on the reflectance of p-polarization. Here the resonant
angle is moving to the larger angle, and the FWHM of reflec-
tance becomes broadened. Figure 4(a) shows the minimum
value of 7, and the corresponding resonant angle under differ-
ent thicknesses of the Si film. It is demonstrated that, as &3 con-
tinue to increase, the resonant angle [incident angle at Min(R)]
change from 36° in the absence of silicon film to 69° with
d5 = 15 nm. However, the minimum reflectance of p-polari-
zation is decreased to a minimum value and then increased with
the increase of 43. The optimum thickness of Si film is 12 nm
for the minimum reflectance of p-polarization. Compared with
the reflectance of the SPR, the GWSPR can decrease the reflec-
tance dip of the p-polarization remarkably by covering a thin
film with high refractive index on the silver film and increase
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Fig. 4. (a) Relation of minimum value of 7, and incident angle at
the minimum value of 7, with the thickness of the Si film. (b) Value of
|,/ 7,| changing with the incident angles under the Si film thickness

are fixed to four values: 8, 10, 12, and 14 nm, where 4, = 46 nm.

the evanescent field near the interface of the top dielectric layer
and air. Hence, the addition of a silicon layer with appropriate
thickness can significantly improve the ratio of |r./r,| and
enhance the transverse shift of photonic SHEs.

But what is the effect of the introduction of Si film on the
ratio of |7, /,| and the transverse shifts 552 To disclose the role
of Si film on the transverse beam displacement, we will first
analyze the variation of |r,/7,| on the thickness of the Si film;
as shown in Fig. 4(b), the value |r,/7,| changing with the in-
cident angles under the Si film thickness is fixed to the four
values: 8, 10, 12, and 14 nm. It is found that the ratio
|7/7,| is decreased to a minimum value and then increased
with the increase of d/3; there is an optimum thickness to obtain
the largest |r,/7,|. It is clearer that the coupling of SPPs and
waveguide mode due to the introduction of the Si film leads to
the varying of |r,/7,[; hence, it is possible to enhance the
transverse shift of photonic SHEs.

Equations (14) and (15) show that the value of the spin-
dependent splitting mainly depends on the part |r,/7,|, and
the maximum spin-dependent splitting occurs when the
|7/7,| is max, and then we can derivate the corresponding in-
cident angle. Usually, when analysis Eq. (7), researchers only
consider the zero-order terms and neglect the other order infini-
tesimal. In this paper, we meanwhile consider the first-order
term. From Fig. 5, it can be found that the peak displacements
of the transmitted beam are obtained near the resonant
angles because the ratios |r,/r,| are larger near these angles.
Comparing Figs. 5(b) and 5(c) with 5(a), the transverse
displacement is enhanced by a large margin with the
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Fig.5. Photonic SHE in GWSPR model for A- and V-polarization
state; we show the spin-dependent splitting varying with the incident
angles under &, = 46 nm. Here, we choose three different thick-
nesses: (a) 0 nm; (b) 8 nm; (c) and the optimal thickness 12 nm.
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introduction of Si film, which is far greater than the previous
reported results observed at the air—glass interface or the air—
metal—glass interface. Whether or not adding the Si film,
the influence of the first-order term is especially obvious, which
indicates that the first-order term cannot be neglected. Notably
in regards to the narrow angle of reflectance, the influence of
the first-order term is even more significant. According to
Fig. 3, we find that the SPPs have a narrower angle of reflec-
tance; hence, there is a significant reduction of transverse shift if
we use the first-order term, as shown in Fig. 5(a). However, the
influence of first-order term will become weaker and weaker
due to the broader angle of reflectance with the introduction
of Si film, as shown in Figs. 5(b) and 5(c). We also find that the
first-order term will generate a dip for the transverse shifts of
V-polarization, which will suppress the transverse shifts of
V-polarization.

In order to optimize the parameters to achieve the maxi-
mum transverse shifts of H-polarization, in Fig. 6 we give
the contour map of the transverse shifts of the H-polarization
state and V-polarization state on the incident angle and the
thickness of Si, respectively. Here we have adopted the first-
order approximation to calculate the displacement. For
H-polarization input, a large positive transverse shift peak
appears (~11.5 pm) when the incident angle 8 & 47.92° and
the thickness of Si 43 = 12 nm due to the largest ratio
|7,/7,]. It can be observed that, when the thickness of Si is close
to zero, that is the conventional SPR structure; thus, there is the
minimum transverse shift peak in Fig. 6(a). Hence, the
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Fig. 6. Dependence of the displacements (a) H-polarization state
and (b) V-polarization state on the incident angle and the thickness

of Si.
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introduction of the Si film can significantly enhance the trans-
verse shifts of the H-polarization state. This phenomenon
occurs due to the great enhancement of the ratio |r./7,|
achieved by the coupled of the SPPs and waveguide mode.
For V-polarization input, as shown in Fig. 5(b), the maximum
transverse shift peak appears when the incident angle 8 &~ 36.7°
in the absence of Si film. With the increasing thickness of Si
film, the transverse shift is suppressed. In this case, the increas-
ing ratio |r,/7,| leads to the smaller and smaller transverse shift
with the increasing angle of incidence. It can be concluded that
the transverse shift is determined by the reflectance of light.
Thus, by controlling the reflectance of incident light with
the introduction of Si film, the SHE of reflectance light can
be enhanced or suppressed and actively manipulated.

4. CONCLUSION

In summary, we analyzed the enhanced photonic SHE, while
the coupled SPPs and waveguide mode is excited. The enhance-
ment is affected by the thicknesses of the silicon layer and the
silver layer. The maximum transverse shifts of the H-polariza-
tion state with 11.5 pm have been obtained by optimizing the
parameters of the thicknesses of the silicon layer and the silver
layer. Our results are much greater than formerly reported val-
ues. Thus, by manipulating the properties of the added Si film,
the SHE of reflectance light can be enhanced or suppressed.
Our findings also will likely have potential applications for de-
veloping nanophotonic devices based on spin optics and the
control of photons.
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