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Controlling photonic spin Hall effect by a symmetric hyperbolic metamaterial
waveguide

Ming-Xiang Gao, Wen-Qiong Zhang, Bin Guo∗
Department of Physics, Wuhan University of Technology, Wuhan 430070, China

(Dated: April 9, 2021)

We investigate the photonic spin Hall effect (PSHE) in a symmetrical hyperbolic metamaterial
(HMM) waveguide, which is constructed as an HMM/metal/HMM sandwich structure. We consider
both type I and type II HMM in the study. We confirm that the structure of alternating sub-
wavelength of plasma and dielectric or the structure of embedding plasma into a host dielectric
matrix can display effective dielectric, effective metal, type I and II HMM under different wavelength
ranges and different plasma fill fraction. This enable us to simultaneously realize type I and type
II HMM. We show that the reflectivity ration |rs/rp|, directly related to transverse shifts generated
by PSHE, greatly depends on the type and the thickness of HMM. Moreover, we find that the
horizontal PSHE shifts are enhanced several times, especially in type I structure; while the vertical
PSHE shifts are significantly suppressed in both type I and II structure. By making the effect of
metal type and thickness analysis, we further show that the impacts of these two factors on PSHE
shifts are mainly subject to HMM thickness.
Keywords: photonic spin Hall effect, hyperbolic metamaterial, transfer matrix method, reflectivity, transverse
shift

I. INTRODUCTION

When a Gaussian beam is reflected or transmitted at
a refractive index gradient interface, the left and right-
handed circularly polarized components split and yield
transverse shift. This interesting electromagnetic phe-
nomenon named the photonic spin Hall effect (PSHE) has
attracted extensive interest and has been widely studied
due to its worth seeing applications in spin-controlled
nano-photonic devices [1–4]. However, the spin-orbit
coupling, an essential physical mechanism of PSHE, is
very weak, which results in a slight PSHE [5]. There-
fore, the corresponding spin-splitting shifts generated by
PSHE are tiny and always at the sub-wavelength scale.
This brings us great challenges to observe the PSHE
shifts and advance the potential applications of PSHE.
Although it was recently developed by Hosten and Kwait
[5] that the weak measurements method [6–8] is success-
fully employed to characterize the PSHE shifts, enhanc-
ing and controlling PSHE shifts is still an important is-
sue. Many various architectures have been proposed to
enhance PSHE shifts, such as different material inter-
faces [9–12], optical systems [13–15], metasurfaces [16–
18], photonic crystals [19–22], metamaterials [23–33], and
other systems [34–42].

Among the above means to enhancing and controlling
PSHE shifts, using metamaterial [23–33] is the most at-
tractive way owing to its excellent tunable features and
superior properties. Hyperbolic metamaterial (HMM) is
a kind of metamaterials and can be assumed as a uniax-
ial metalcrystal whose effective permittivities for differ-
ent polarizations have different signs [43, 44]. HMM can
be realized by a sub-wavelength layered metal-dielectric
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structure with an extremely anisotropic dielectric tensor
diag(ε∥, ε∥, ε⊥). Generally, the isofrequency surface of
HMM is hyperbolic (ε∥ε⊥ < 0) when the uniaxial compo-
nents of the dielectric tensor are of opposite signs. There
are two possibilities of HMM. We classify these two possi-
bilities according to the number of negative components
of the dielectric tensor as type I (ε∥ > 0, and ε⊥ < 0)
and type II (ε∥ < 0, and ε⊥ > 0). Recently, HMMs are
introduced into the researches of PSHE because of their
higher degree of controlling the propagation of electro-
magnetic waves. However, almost all studies focus on by
using type I HMM to tune PSHE shifts [23–33] . The re-
ports of using type II HMM to enhance or control PSHE
shifts have rarely been investigated [32, 33]. The en-
hanced PSHE shifts in horizontally placed type I HMM
(parallel to the normal vector of the substrate) occur at
an extremely low efficiency below 0.01 [32], thereby in-
hibiting practical applications. Fortunately, in our previ-
ous work, we find that the horizontal PSHE shifts can be
enhanced by more than twenty times in a prism-coupling
waveguide with type II HMM. This brings us a new way
to enhancing or controlling PSHE shifts. Therefore, we
propose a symmetric HMM waveguide to explore how the
PSHE shifts behave. The waveguide is typically one en-
closed metal sheet cladded by two same HMM layers. As
a comparison, we consider both type I and type II HMM
waveguides in the study. We discuss how the type and
thickness of HMM affect the PSHE shifts. Moreover, we
further show the effect of the metal type and thickness
on the features of PSHE shifts.

The outline of the paper is organized as follows. In
Sec. II, we first introduce our model and then present the
corresponding formulas of calculating transverse shifts of
PSHE. The results and discussions are presented in Sec.
III. Finally, we give a summary in Sec. IV.



2

FIG. 1. (Color online) (a) Schematic diagram of PSHE of the
reflected light in the symmetric HMM waveguide. (b) HMM
engineered through multilayer realization consists of alternat-
ing subwavelength layers of plasma and dielectric. (c) HMM
engineered through embedding plasma in a host dielectric ma-
trix.

FIG. 2. (Color online) The engineered composite can be-
have as an effective dielectric, effective metal, type I HMM or
type II HMM depending on the wavelength and fill fraction of
the plasma. Optical phase diagrams for (a) one-dimensional
HMM, and (b) Two-dimensional HMM.

II. MODEL AND FORMULAS

We study the PSHE of reflected light in a symmet-
rical HMM waveguide, which schematic diagram of the
engineered structure is shown in Fig. 1(a). The geo-
metrical illustration of the transverse shifts of the beam
upon reflection of HMM waveguide is also shown in Fig.
1. The engineering of HMM waveguide is represented as
Air/HMM/Metal/HMM/Air, which the relative permit-
tivities are denoted as ε1, ε2, ε3, ε4, and ε5, respectively,
and d2, d3, and d4 are the thickness of the HMM layer,
metal sheet, and HMM layer, respectively. Because the
HMM waveguide is purely proposed for symmetric struc-
ture, the thicknesses and the kinds of these two HMM
layers are the same, which means d2 = d4. We herein use
a quantity d to signify d2 and d4. The permeabilities of
all layers are supposed to be non-magnetic media with
µ = 1 in the study.

The fundamental property of the HMM is that it has
dielectric properties in one direction but metallic prop-
erties in an orthogonal direction. The HMM layer can
be viewed as uniaxial metacrystals with an extremely

anisotropic dielectric tensor εi = diag(ε∥, ε∥, ε⊥), (i =
2, 4), which is extremely anisotropic and cannot be ob-
served in nature at optical frequencies. Notably, the
HMM considered in the study is horizontally placed,
which is parallel to the normal vector of the substrate.
It is well known that there are two prominent meth-
ods to engineer practical hyperbolic media. Herein, we
provide the details for the theoretical models of an ef-
fective medium. The first method employed for accom-
plishing the HMM is a one-dimensional structure, which
can be realized for a multilayer system with alternat-
ing plasma and dielectric layers, shown in Fig. 1(b).
The second method adopted for realizing the HMM is
a two-dimensional structure, which can be created by
embedding microplasma in a host dielectric matrix, as
seen in Fig. 1(c). The permittivity tensor components,
ε∥ and ε⊥, can be determined by employing the gen-
eralized Maxwell-Garnett approach [45–47]. Their spe-
cific expressions can be found in [33]. Herein, we assume
that the dielectric function of plasma is described by the
Drude model, i.e., εp = 1 − ω2

p/(ω(ω + iγ)), where ωp

is the plasma frequency, ω is the frequency of incidence,
and γ denotes the collision in plasma.

Figure 2 shows the the optical phase diagram for the
HMM where the effective medium response is plotted
with the incident wavelength and the fill fraction of
plasma. The parameters are chosen as ωp = 1.5∗2πc/λ0,
and γ = 0.1 ∗ 2πc/λ0, where λ0 is the work wavelength
and c is the speed of the vacuum . The background di-
electric made from metamaterial is chosen as SiO2 with
the dielectric constant ε = 2.1. It is observed that there
are four regions of the effective medium response which
correspond to different forms of the engineered metama-
terials. The brown regions denote the effective dielectric
(ε∥ > 0 and ε⊥ > 0), the sky blue regions denote the
effective metal (ε∥ < 0 and ε⊥ < 0), the black regions
denote the Type I HMM (ε∥ > 0 and ε⊥ < 0), and
the white regions denote the Type I HMM (ε∥ < 0 and
ε⊥ > 0), respectively. From Fig. 2, we can conclude that
we can simultaneously realize Type I HMM and Type
II HMM both in one-dimensional and two-dimensional
structures if we choose the apposite incident wavelength
and plasma filling fraction. For example, taking the case
of plasma fill fraction ρ = 0.5, type I HMM can be created
in the regions of λ ∈ (424, 744)nm while type II HMM
also can be confirmed when λ > 752nm when engineered
for one-dimensional structure. Besides, when considered
the two-dimensional structure, the type I HMM can be
realized when λ > 1142nm while the type II HMM can
be created in the region of λ ∈ (555, 751)nm. Similar
results are also confirmed by Cortes et.al [47].

It is known that the transverse shift generated by
PSHE has a direct relationship with the reflectivity un-
der different polarizations [20, 40]. Thus, the reflection
coefficient at different polarization matures the primary
consideration. We assume that a monochromatic Gaus-
sian beam impinges from the air to the designed HMM
waveguide, seeing in Fig. 1(a). The Gaussian beam can
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be characterized by the angular spectrum theory, which
is expressed as

Ẽi =
w0√
2π

exp

[

−
w2

0(k
2
x + k2y)

4

]

, (1)

where w0 is the Gaussian beam waist, kx and ky are
the wave vector components in the x and y directions,
respectively.

The reflected and incident light can be correlated by
reflection coefficients, which can be signified by matching
the boundary condition as follows:
[

ẼH
r

ẼV
r

]

=

[

rp
ky cot θi(rp+rs)

k0

−ky cot θi(rp+rs)
k0

rs

]

[

ẼH
i

ẼV
i

]

,

(2)
where k0 = 2π/λ, H and V represent the horizontal and
vertical polarization, respectively. Herein, rp,s are the
Fresnel reflection coefficients, which can be determined
using the transfer matrix method (TMM). The beam is
incident from the air onto the HMM waveguide along
z−axis at a specified angle θ. By using the TMM, the
electric and magnetic fields at any position z and z+∆z
in the same layer can be related via a transfer matrix [48]

mj =

[

cos(kjzdj) − i
γj

sin(kjzdj)

iγj sin(kjzdj) cos(kjzdj)

]

, (j = 1, 2, 3, 4, 5),

(3)
where kjz is the z component wave vector in the layer.
The expressions of kjz have different forms for metal layer
and HMM layer. For metal layer, whether TE-mode
or TM-mode, kjz = k0

√

εj − ε1 sin
2 θ. However, for

HMM layer, kjz = k0

√

ε∥j − ε1 sin
2 θ for TE-mode, and

kjz = k0
√

ε∥j − ε∥j
ε⊥j

ε1 sin
2 θ for TM-mode. Besides, for

metal layer, γj = z0
√
εj

√

1− ε1 sin
2 θ/εj for TE-mode,

and γj = 1
z0

√

1− ε1 sin
2 θ/εj/

√
εj for TM-mode. More-

over, for HMM layer, γj = z0
√
ε∥j

√

1− ε1 sin
2 θ/ε∥j for

TE-mode, and γj = 1
z0

√

1− ε1 sin
2 θ/ε∥j/

√
ε∥j for TM-

mode. Herein, z0 = (µ0/ε0)
1/2 is the impedance of free

space, where µ0 and ε0 are the permittivity and perme-
ability in the free space, respectively.

The total transmission matrix is usually accomplished
by multiplying a single layer transmission matrix, which
can be presented by the following formula

M =

N
∏

i=1

mj =

[

m11 m12

m21 m22

]

. (4)

Hence, the reflection coefficients rp,s at different polar-
ization can be obtained as

r =
m11γ0 +m12γ0γn+1 −m21 −m22γ0
m11γ0 +m12γ0γn+1 +m21 +m22γ0

, (5)
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FIG. 3. (Color online) The ratio of reflection coefficients
|rs/rp| as a function of incident angle θ at different thick-
ness of HMM layer with (a) d = 200nm, and (b) d4 = 40nm.
he parameters are selected with λ = 632.8nm, ρ = 0.5 and
d3 = 40nm.

where γ0 = γn+1 applies for the vacuum before the in-
cidence and after the exit for the designed symmetrical
HMM waveguide.

The PSHE shifts of the reflected beam are defined as
follows [12]:

δ±H,V =

∫ ∫

Ẽ
∗i∂kry

Ẽdkrxdkry
∫ ∫

Ẽ∗Ẽdkrxdkry
. (6)

Expanding the first-order Taylor series of the Fresnel
reflection coefficient rp,s and neglecting the high-order
expansion, taking the real part of Eq. (6), combining
Eqs. (2) and (5), then the PSHE shifts can be directly
calculated as below [12, 42]

δ±H = ∓
k0w

2
0Re(1 +

rs
rp
) cot θ

k20w
2
0 + |∂(ln rp)

∂θ |2 + |(1 + rs
rp
) cot θ|2

, (7)

δ±V = ∓
k0w

2
0Re(1 +

rp
rs
) cot θ

k20w
2
0 + |∂(ln rs)

∂θ |2 + |(1 + rp
rs
) cot θ|2

. (8)

In the following, we investigate the properties of PSHE
shifts by applying Eqs. (7) and (8).

III. RESULTS AND DISCUSSION

It can be seen clearly from Eqs. (7) and (8) that the
PSHE shifts mainly depend on the ratio of reflection co-
efficients |rs/rp|. Therefore, we first show the behavior
of |rs/rp|, as shown in Fig. 3. Fig. 3(a) presents the
ration of rs/rp as a function of the incident angle θ with
the thickness of HMM layer d = 200nm, and Fig. 3(b)
presents the ration of |rs/rp| as a function of the incident
angle θ with the thickness of HMM layer d = 400nm,
respectively. The metal sheet is chosen as Ag and its
thickness is valued as d3 = 40nm in both type I and
type II HMM waveguides. It is observed that the type
of HMM waveguide and the thickness of HMM layer sig-
nificantly affect the ratio |rs/rp|. For the type I HMM
waveguide case, the value of ratio |rs/rp| is almost the
same and does not change nearly in the whole incident
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FIG. 4. (Color online) PSHE shift as a function of thickness
of HMM layer. (a) Horizontal PSHE shift. The parameters
are selected with λ = 632.8nm, ρ = 0.5, θ = 40◦ and d3 =

40nm. (b) Vertical PSHE shift. Herein, the PSHE shifts are
normalized as the incident wavelength.
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FIG. 5. (Color online) PSHE shift as a function of the incident
angle θ with a different metal sheet thickness. The parame-
ters are selected with λ = 632.8nm, ρ = 0.5 and d = 200nm.
(a), (b) type I HMM waveguide. (c), (d) type I HMM waveg-
uide. (a), (c) horizontal PSHE shifts. (b), (d) vertical PSHE
shifts. Herein, the PSHE shifts are normalized as the incident
wavelength.

angle regions under the case of the thickness of HMM
layer with d = 200nm. However, when the thickness of
HMM layer increases from 200nm to 400nm, the value
of ration |rs/rp| first increases rapidly then fall rapidly
with increasing the incident angle. The value can arrive
at almost 40 multiples. On the contrary, the behavior
of |rs/rp| in the case of type II HMM waveguide is to-
tally different. When the HMM layer thickness is 200nm,
the value of ratio |rs/rp| first increases rapidly and then
falls rapidly with increases of incident angle θ. The max-
imum value can be reached to 20 multiplies. However,
the value of ration |rs/rp| has a slight change under the
case of HMM layer thickness 400nm. There is a small
fluctuation near the incident angle θ = 50◦. From the
results of Fig. 3, we can undoubtedly conclude that the
PSHE shifts can be tuned by the type of HMM layer and
the thickness of HMM layer.

From the above results, we can readily conclude that
the type of HMM layer and the thickness of HMM layer
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FIG. 6. (Color online) PSHE shift as a function of the incident
angle θ with a different metal sheet thickness. The parame-
ters are selected with λ = 632.8nm, ρ = 0.5 and d = 400nm.
(a), (b) type I HMM waveguide. (c), (d) type I HMM waveg-
uide. (a), (c) horizontal PSHE shifts. (b), (d) vertical PSHE
shifts. Herein, the PSHE shifts are normalized as the incident
wavelength.
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FIG. 7. (Color online) PSHE shift as a function of thickness of
HMM layer. The parameters are selected with λ = 632.8nm,
ρ = 0.5, θ = 40◦ and d = 200nm. (a) Horizontal PSHE
shift. (b) Vertical PSHE shift. Herein, the PSHE shifts are
normalized as the incident wavelength.
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FIG. 8. (Color online) PSHE shift as a function of thickness of
HMM layer. The parameters are selected with λ = 632.8nm,
ρ = 0.5, θ = 40◦ and d = 400nm. (a) Horizontal PSHE
shift. (b) Vertical PSHE shift. Herein, the PSHE shifts are
normalized as the incident wavelength.
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FIG. 9. (Color online) PSHE shift as a function of the incident
angle θ with a different type of the metal sheet. The param-
eters are selected with λ = 632.8nm, ρ = 0.5 and d = 200nm.
(a), (b) type I HMM waveguide. (c), (d) type I HMM waveg-
uide. (a), (c) horizontal PSHE shifts. (b), (d) vertical PSHE
shifts. Herein, the PSHE shifts are normalized as the incident
wavelength.
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FIG. 10. (Color online) PSHE shift as a function of the inci-
dent angle θ with a different type of the metal sheet. The
parameters are selected with λ = 632.8nm, ρ = 0.5 and
d = 400nm. (a), (b) type I HMM waveguide. (c), (d) type
I HMM waveguide. (a), (c) horizontal PSHE shifts. (b), (d)
vertical PSHE shifts. Herein, the PSHE shifts are normalized
as the incident wavelength.

significantly alter the PSHE shifts, especially the HMM
layer thickness results in two different behavior for type
I and type II HMM waveguide. So we proceed to plot
the Fig. 4, which shows the PSHE shifts as a function of
the thickness of HMM layer. The metal layer is taken as
Ag and its thickness is fixed as d3 = 40nm and the inci-
dent angle is valued as θ = 40◦ in all the cases. We can
see that the PSHE shifts δH,V under the case of type I
HMM waveguide is a monotonic function of the thickness
of HMM layer d. However, the impact of the thickness
of HMM layer is insignificant. Comparing with the case

of type II HMM waveguide, we observe that the hori-
zontal and vertical PSHE shifts under the case of type I
HMM waveguide exhibit peak values. Especially for the
horizontal PSHE shifts, they are enhanced by more than
several times. However, the vertical PSHE shifts are all
suppressed by more than several percent.

We further introduce the influence of the metal sheet
thickness on the PSHE shifts, seeing Figs. 5 and 6. Fig.
5 presents the case of metal sheet thickness d3 = 200nm,
and Fig. 6 presents the case of metal sheet thickness
d3 = 400nm, respectively. From Fig. 5, we see that only
the horizontal PSHE shifts δH under the case of type II
HMM waveguide have a great change. The horizontal
PSHE shifts δH has a dramatic change near the incident
angle θ = 50◦. Moreover, the horizontal PSHE shifts
δH under the case of type II HMM waveguide increase
considerably along with the increases of the metal sheet
thickness d3. However, both the horizontal and vertical
PSHE shifts under the case of type I HMM waveguide,
and the vertical PSHE shifts under the case of type I
HMM waveguide, are almost the same while varying the
metal sheet thickness d3. From Fig. 6, we witness that
the effect of the metal sheet thickness has a strong impact
on both the horizontal and vertical PSHE shifts under
the case of type I HMM waveguide while having a slight
effect on both the horizontal and vertical shifts under the
case of type II HMM waveguide. Especially, the horizon-
tal PSHE shifts under the case of type I HMM waveguide
can be enhanced by more than twenty times. Moreover,
the effect of the metal sheet thickness on the performance
of the horizontal and the vertical PSHE shifts under the
case of type I HMM waveguide is quite different. We ob-
serve that the horizontal PSHE shifts first increase then
decrease, while the vertical PSHE shifts first decrease
then increase, by increasing the metal sheet thickness.

Figures 7 and 8 are presented for the PSHE shifts as a
function of the metal sheet thickness. Herein, the metal
sheet is elected as Ag, and the thickness of HMM layer is
fixed to d = 200nm in Fig. 7 and d = 400nm in Fig. 8, re-
spectively. The incident angle is fixed as θ = 40◦ in these
two figures. From Fig. 8, we can see that the horizon-
tal PSHE shifts first increase then decrease by increasing
the metal sheet thickness when the HMM layer thickness
is planned to d = 400nm for type I HMM waveguide.
However, the horizontal PSHE shifts in both type I and
type II HMM waveguide almost stay constant with the
increase of the metal sheet thickness. We also observe
that the metal sheet thickness has a slight impact on the
vertical PSHE shifts whether the thickness of HMM layer
d = 200nm or d = 400nm. It is very interesting to remark
that the vertical PSHE shifts for the type I HMM waveg-
uide in the case of d = 200nm [see Fig. 7(b)] increase
while the vertical PSHE shifts in the case of d = 400nm
[see Fig. 8(b)] decrease by increasing the metal sheet
thickness.

Finally, we further reveal how the type of metal affects
the PSHE shifts, as shown in Figs. 9 and 10. Fig. 9
shows the case of the thickness of HMM layer d = 200nm,
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and Fig. 10 shows the case of the thickness of HMM
layer d = 400nm, respectively. The four kinds of metal
sheet are picked in the work, as the following: Cu with
ε = −11.6 + 1.69i, Au with ε = −12.8 + 1.4i, Ag with
ε = −14.45+1.929i, and Al with ε = −56.25+20.8i. All
the metal sheet thicknesses are fixed as d3 = 40nm. The
results sound impressive. We can find that the kinds of
metal sheets have a slight effect on both the horizontal
and vertical PSHE shifts under the case of type I HMM
waveguide when the thickness of HMM layer is valued as
d = 200nm. However, for the type II HMM waveguide,
the effect on the horizontal PSHE shifts is influential, but
the effect on the vertical PSHE shifts is tiny. Besides,
when the thickness of HMM layer is converted to d =
400nm, the results are different. We can see that the
effect is completely reversed. The horizontal and vertical
PSHE shifts under the case of type I HMM waveguide are
greatly changed by the kinds of the metal sheet, while in
the case of type II HMM waveguide the effect of the kinds
of the metal sheet is small. Moreover, we observe that
the effect on the horizontal PSHE shifts for the type II
HMM waveguide largely depends on the real part of the
dielectric constant of the metal sheet [see Fig. 9(c)]. This
result can also be obtained for the horizontal PSHE shifts
under the case of type I HMM waveguide [see Fig. 10(a)].

IV. CONCLUSIONS

In conclusion, we have investigated the features of
PSHE shifts when a Gaussian beam impinges from the
air to the surface of a three-layered sandwich symmetric
HMM waveguide. The waveguide is typically one en-
closed metal sheet cladded by two same HMM layers.
Two types of HMM waveguide, type I and type II HMM
waveguide, are considered in the study. We find that

two ways, alternating subwavelength layer of plasma and
dielectric or embedding plasma in the host dielectric ma-
trix, can be employed to realize simultaneously type I
and type II HMM. Moreover, the structures engineered
in these two ways can exhibit the behavior of effective di-
electric, effective metal, I and type II HMM with specific
plasma fill fraction and operation wavelength. We show
that the ratio of reflectivity, |rs/rp|, which is directly re-
lated to PSHE shifts, is significantly dependent on the
type and the thickness of HMM. We also show that the
horizontal PSHE shifts can be enhanced by more than
several times, especially in the type I HMM waveguide.
However, the vertical PSHE shifts are suppressed in both
type I and type II HMM waveguide. Besides, we exam-
ine the effect of the thickness and the type of the metal
sheet on PSHE shifts. We find that it is the thickness of
HMM layer to determine how the thickness and the type
of the metal sheet affect the PSHE shifts. The influence
is weak when the thickness of HMM layer is small. On
the contrary, the influence is strong when the thickness
of HMM layer is large. Therefore, we can easily conclude
that both the type and the thickness of HMM layer are
the two most important factors in enhancing and control-
ling PSHE shifts. Finally, we remark that we only con-
sider the case of a horizontally placed HMM waveguide,
while the case of a vertically placed HMM waveguide is
beyond the scope of the study. We will study it in the
near future.
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Figures

Figure 1

(Color online) (a) Schematic diagram of PSHE of the re�ected light in the symmetric HMM waveguide. (b)
HMM engineered through multilayer realization consists of alternating subwavelength layers of plasma
and dielectric. (c) HMM engineered through embedding plasma in a host dielectric matrix.



Figure 2

(Color online) The engineered composite can behave as an effective dielectric, effective metal, type I
HMM or type II HMM depending on the wavelength and �ll fraction of the plasma. Optical phase
diagrams for (a) one-dimensional HMM, and (b) Two-dimensional HMM.

Figure 3

(Color online) The ratio of re�ection coe�cients |rs/rp| as a function of incident angle θ at different
thickness of HMM layer with (a) d = 200nm, and (b) d4 = 40nm. he parameters are selected with λ =
632.8nm, ρ = 0.5 and d3 = 40nm.



Figure 4

(Color online) PSHE shift as a function of thickness of HMM layer. (a) Horizontal PSHE shift. The
parameters are selected with λ = 632.8nm, ρ = 0.5, θ = 40  and d3 = 40nm. (b) Vertical PSHE shift.
Herein, the PSHE shifts are normalized as the incident wavelength.

Figure 5



(Color online) PSHE shift as a function of the incident angle θ with a different metal sheet thickness. The
parameters are selected with λ = 632.8nm, ρ = 0.5 and d = 200nm. (a), (b) type I HMM waveguide. (c), (d)
type I HMM waveguide. (a), (c) horizontal PSHE shifts. (b), (d) vertical PSHE shifts. Herein, the PSHE
shifts are normalized as the incident wavelength.

Figure 6

(Color online) PSHE shift as a function of the incident angle θ with a different metal sheet thickness. The
parameters are selected with λ = 632.8nm, ρ = 0.5 and d = 400nm. (a), (b) type I HMM waveguide. (c), (d)
type I HMM waveguide. (a), (c) horizontal PSHE shifts. (b), (d) vertical PSHE shifts. Herein, the PSHE
shifts are normalized as the incident wavelength.



Figure 7

(Color online) PSHE shift as a function of thickness of HMM layer. The parameters are selected with λ =
632.8nm, ρ = 0.5, θ = 40  and d = 200nm. (a) Horizontal PSHE shift. (b) Vertical PSHE shift. Herein, the
PSHE shifts are normalized as the incident wavelength.

Figure 8

(Color online) PSHE shift as a function of thickness of HMM layer. The parameters are selected with λ =
632.8nm, ρ = 0.5, θ = 40  and d = 400nm. (a) Horizontal PSHE shift. (b) Vertical PSHE shift. Herein, the
PSHE shifts are normalized as the incident wavelength.



Figure 9

(Color online) PSHE shift as a function of the incident angle θ with a different type of the metal sheet.
The parameters are selected with λ = 632.8nm, ρ = 0.5 and d = 200nm. (a), (b) type I HMM waveguide. (c),
(d) type I HMM waveguide. (a), (c) horizontal PSHE shifts. (b), (d) vertical PSHE shifts. Herein, the PSHE
shifts are normalized as the incident wavelength.



Figure 10

(Color online) PSHE shift as a function of the incident angle θ with a different type of the metal sheet.
The parameters are selected with λ = 632.8nm, ρ = 0.5 and d = 400nm. (a), (b) type I HMM waveguide. (c),
(d) type I HMM waveguide. (a), (c) horizontal PSHE shifts. (b), (d) vertical PSHE shifts. Herein, the PSHE
shifts are normalized as the incident wavelength.


