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We theoretically investigate a switchable spin Hall effect of light (SHEL) in reflection for three specific dispersion

relations at an air-anisotropic metamaterial interface. The displacements of horizontal and vertical polarization compo-

nents vary with the incident angle at different dispersion relations. The transverse displacements can be obtained with

the relevant metamaterial whose refractive index can be arbitrarily tailed. The results of the SHEL in the metamaterial

provide a new way for manipulating the transverse displacements of a specific polarization component.

Keywords: spin Hall effect of light, metamaterials, horizontal polarization, vertical polarization

PACS: 42.25.–p, 42.79.–e, 41.20.Jb, 78.20.Ci DOI: 10.1088/1674-1056/32/12/124201

1. Introduction

The spin Hall effect of light (SHEL) is the pho-

tonic version of the spin Hall effect in electronic

systems,[1−3] in which the spin photons play the role

of spin charge, and a refractive index gradient plays

the role of the electric potential gradient.[4−6] Such

a spatial gradient of refractive index could occur at

an interface between two materials. The SHEL mani-

fests itself as a spin-dependent shift of the beam cen-

troid perpendicular to the refractive index gradient

when photons pass through the interface. The SHEL

appears as a very small but detectable polarization-

dependent displacement perpendicular to the plane of

incidence relative to the position predicted by geomet-

rical optics.

The SHEL was first proposed by Onoda et al. in

2004.[4] Subsequently, Bliokh et al. investigated the

SHEL in detail,[5,7] where the SHEL could be consid-

ered as a result of the total angular momentum con-

servation of photons. More recently, there has been

a keen interest in the SHEL both in theory[8−15] and

experiment.[7,16−21] It is well known to us that the

electrodynamic properties of anisotropic materials are

significantly different from those of isotropic materi-

als. The anisotropic metamaterial does not require

that all the elements of the permittivity and perme-

ability tensors are negative. And the studies of such

anisotropic metamaterials have received much atten-

tion due to their unusual properties.[22−29] The elec-

tromagnetic plane waves propagating in the conven-

tional anisotropic medium exhibit spherical or ellip-

soidal wave-vector surfaces.[30,31] In the anisotropic

metamaterial, however, the electromagnetic plane

wave can exhibit a new hyperboloidal wave-vector

surface.[22,23,32] As a result, some new wave propaga-

tion characteristics appear. Because of the importance

in achieving some potential applications, we will focus

our attention on an anisotropic metamaterial whose

refractive index can be arbitrarily tailored. It is now

possible to obtain a metamaterial whose permittiv-

ity and permeability can be varied independently and

arbitrarily.[33]

In this work, we explore the SHEL by consider-

ing the reflection at an air-anisotropic metamaterial

interface for different dispersion relations. First, we

establish a general diagram of a propagation model

describing the beam reflection at the interface and de-

rive the Fresnel reflection coefficients for horizontal

and vertical components. Next, we reveal how the

SHEL affects the transverse displacements for three

specific dispersion relations. Then, we examine the

amplifying displacements and the field distributions

for different incident angles. These provide us with a

new way to manipulate the SHEL in the anisotropic

metamaterial.
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2. Theoretical analysis

In this section, we give a brief description of

the propagation characteristic of an electromagnetic

wave in uniaxially anisotropic metamaterials. For

anisotropic materials, one or both of the permittivity

and permeability are second-rank tensors.[34] In the

following, we assume that both the permittivity and

permeability are uniaxially anisotropic. For an uniax-

ially anisotropic medium, if we take the optical axis as

the z axis, the permittivity and permeability tensors

will have the following forms according to Ref. [35]:

ϵ =


ϵ⊥ 0 0

0 ϵ⊥ 0

0 0 ϵ∥

 , µ =


µ⊥ 0 0

0 µ⊥ 0

0 0 µ∥

 , (1)

where ϵ∥, µ∥ and ϵ⊥, µ⊥ are the permittivity and per-

meability constants in the directions parallel and per-

pendicular to the optical axis, respectively.
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Fig. 1. (color online) Schematic diagram of SHEL at an

air-anisotropic metamaterial interface, where θi is the in-

cident angle; δ± are the displacements of right-circularly

and left-circularly polarized spin components. Subscripts

i and r represent incident and reflected light, respectively.

We will discuss the SHEL of the reflection of light

passing from one isotropic right-handed material into

a second uniaxially anisotropic metamaterial, the op-

tical axis of the anisotropic metamaterial is normal

to the interface of the two media, which is shown in

Fig. 1. In the following, we will denote the permit-

tivity and permeability of the isotropic right-handed

medium as ϵr and µr, respectively. The permittiv-

ity and permeability tensors of the metamaterial have

been given in Eqs. (1) and (2). Since the system is

isotropic in the x–y plane, we can assume that the

isotropic right-handed material is the top of the x–

y plane and the wave vectors of the incident and the

reflected fields are in the x–z plane without lose of gen-

erality. Consider the propagation of a plane wave of

angular frequency ω with E = E0 exp(ik · r − iωt)

and H = H0 exp(ik · r − iωt) from an isotropic

right-handed material into an anisotropic metamate-

rial. The field can be described by Maxwell’s equa-

tions

∇×E = −∂B

∂t
, B = µ0µH, (2)

∇×H =
∂D

∂t
, D = ϵ0ϵE. (3)

For the plane waves in the isotropic right-handed

material, Maxwell’s equations yield the corresponding

dispersion relation in the familiar form

k2x + k2y + k2z =
ω2

c2
, (4)

where ki is the i-th component of the incident wave

vector in the isotropic right-handed material, and c

is the speed of light in vacuum. We can obtain the

dispersion relations in the anisotropic medium with a

more careful calculation of Maxwell’s equations[36]

q2x
ϵ⊥µ||

+
q2y

ϵ⊥µ||
+

q2z
ϵ⊥µ⊥

=
ω2

c2
, (5)

q2x
ϵ∥µ⊥

+
q2y

ϵ∥µ⊥
+

q2z
ϵ⊥µ⊥

=
ω2

c2
, (6)

where qi represents the i-th component of the wave

vector in the anisotropic metamaterial. The above

equation can be represented by a three-dimensional

surface in the wave-vector space. This surface is

known as the normal surface and consists of two

shells. It can be easily shown that there are two

types of linearly polarized plane waves in Eqs. (5) and

(6), namely vertical polarized and horizontal polarized

plane waves.[36]

We can easily obtain the Fresnel reflection coeffi-

cients according to the corresponding boundary condi-

tions and Maxwell’s equations. For the vertical polar-

ized plane wave component, the reflection coefficient

can be expressed as

rs =
kzϵ⊥ − qzϵr
kzϵ⊥ + qzϵr

. (7)

Similarly, we can obtain the reflection coefficient

for the horizontal polarized plane wave component

rp =
kzµ⊥ − qzµr

kzµ⊥ + qzµr
. (8)

Here, we investigate the spin-dependent trans-

verse displacements of the reflected light induced by

the SHEL. At any given plane za = const., the trans-

verse displacement of field centroid compared to the

geometrical-optics prediction is given by

δ± =

∫∫
yrI±(xr, yr, zr)dxrdyr∫∫
I±(xr, yr, zr)dxrdyr

. (9)

The intensity distribution of beam is closely linked

to the longitudinal momentum current I(xr, yr, zr) ∝
Pr · erz. The time-averaged linear momentum density

associated with the electromagnetic field can be shown

to be Pr ∝ Re[Er×H∗
r ], where the magnetic field can

be obtained by Hr = −ik−1
r ∇×Er.

[6]
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We then explore the spin-dependent transverse

displacement of the reflected field. Our analysis shows

that the magnitude of the splitting between the two

spin components of the reflected light depends on the

particular polarization state of the incident light[37]

δH± = ∓ λ

2π
[1 + (|rs|/|rp|) cos(φs − φp)] cot θi, (10)

δV± = ∓ λ

2π
[1 + (|rp|/|rs|) cos(φs − φp)] cot θi. (11)

where rp,s = |rp,s | exp(iφp,s ). Note that these expres-

sions are slightly different from those in the previous

work,[37,38] since the Fresnel reflection coefficients are

no longer always real in some cases.

3. Spin Hall effect of light

We will explore the SHEL at the air–metamaterial

interface for three specific dispersion relations, as

shown in Fig. 2. How to enhance or suppress the trans-

verse displacement in SHEL is of interest to us. The

metamaterial whose refractive index can be tailored

arbitrarily may become a good candidate for manipu-

lating the SHEL. The refractive index of metamaterial

can be designed by rationally choosing its parameters.

Different parameters lead to different types of disper-

sion relations. It should be noted that for the same

dispersion relation, there exist two subtypes of wave-

vector surfaces which can be formed from the combi-

nations of tensor elements. In fact, the two subtypes

can be discussed in a similar way. Hence we do not

need to discuss every subtype in detail. We proceed to

examine the role of dispersion relation in the SHEL.

In order to better study the influence of the dispersion

relation on the SHEL, we set the refractive index of

Y V O4 as the reference object. The refractive index for

the ordinary and the extraordinary rays at 632.8 nm

are no = 1.992 and ne = 2.218 , respectively.
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Fig. 2. (color online) (a) Both horizontal and vertical po-

larized waves have the ellipsoid dispersion relations. (b)

The horizontal polarized waves have the ellipsoid disper-

sion relation, while the vertical polarized waves have the

hyperboloid dispersion relation. (c) Both horizontal and

vertical polarized waves have the hyperboloid dispersion

relations.

-3.6

-2.4

-1.2

0

θi/(Ο)

θi/(Ο) θi/(Ο)

θi/(Ο)

H δ ±
/
1
0

3
 n

m

V δ ±
/
n
m

0

15 30 45 60 75 90

0 15 30 45 60 75 90 0 15 30 45 60 75 90

0 15 30 45 60 75 90

1.2

2.4

3.6
(a)

-60

-30

0

30

60
(b)

0

0.2

0.4

0.6

0.8

1.0
(c)

-1

0

1

2

3

4

5
ϕp

ϕs

ϕ
p
 a

n
d

 ϕ
s

(d)

Vδ+

Vδ−

Hδ+

|rp|

|rs|

|r
s|

 a
n
d
 |
r
p
|

Hδ−

Fig. 3. (color online) (a) The displacement δH± of the spin polarized component as a function of the incident angle

in the case of horizontal polarization. (b) The displacement δV± of the spin polarized component as a function of

the incident angle in the case of vertical polarization. (c) Fresnel reflection coefficients rs and rp each as a function

of the incident angle. (d) The phases of Fresnel reflection coefficients rs and rp each as a function of the incident

angle.
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If µ⊥, ϵ⊥, µ∥, and ϵ∥ are positive, both horizontal

and vertical polarized waves have the ellipsoid disper-

sion relation. Let µ⊥ = µ∥ = 1, ϵ⊥ = n2
o = 3.97,

ϵ∥ = n2
e = 4.92. Figure 3 describes the displacements

δH± and δV± of the spin polarized components induced

by SHEL each as a function of the incident angle in

the cases of horizontal polarization and vertical polar-

ization.

The displacement of the horizontal polariza-

tion component increases with the increasing θi and

reaches a maximum (3200 nm) near the Brewster an-

gle, then changes rapidly when approaching the Brew-

ster angle θB = 62.6◦. When θi > θB, the displace-

ment decreases with the increasing θi, as shown in

Fig. 3(a). The displacement of the vertical polar-

ization component increases and reaches the maxi-

mum (57 nm), then subsequently decreases to zero

as the incident angle increases from 0◦ to 90◦, as

shown in Fig. 3(b). We find that the transverse dis-

placement of the horizontal polarization component

is much larger than that of the vertical polarization

component. From Eqs. (10) and (11), we know that

the transverse displacements of horizontal and verti-

cal polarizations would have different tendencies for

the increasing incident angle. Fresnel reflection coeffi-

cients |rs| and |rp| versus the incident angle are shown
in Fig. 3(c). It is obvious that (|rs|/|rp|) cos(φs − φp)

and (|rp|/|rs|) cos(φp−φs) in Eqs. (10) and (11) deter-

mine the magnitudes of the transverse displacements

of the wave-packet centroid since the other quanti-

ties in the two equations are constant. The φp and

φs versus the incident angle shown in Fig. 3(d) indi-

cates that | cos(φs − φp)| = 1 and the magnitude of

δ± only depends on |rs|/|rp| or |rp|/|rs| for a given

incident angle. At the Brewster angle θB, the ratio

of Fresnel reflection coefficients rs and rp reaches the

maximum. Therefore, the transverse displacement of

the horizontal polarization component is huge at the

Brewster angel. Figure 4 describes the amplifying dis-

placements δω = Aωδ
H
+ versus the incident angle θi

and the field distributions at different incident angles.

When θi = θB = 62.6◦, the field distribution is com-

pletely symmetrical. When θi > θB (62.6◦), the field

distribution shifts upwards. When θi < θB (61.6◦),

the field distribution shifts downwards. These agree

with the principle of weak measurements and our early

results.[6]

If µ⊥ , ϵ∥, and ϵ⊥ are positive, µ∥ is negative, the

horizontal polarized waves have the ellipsoid disper-

sion relation, and the vertical polarized waves have the

hyperboloid dispersion relation. Let µ⊥ = 1, µ∥ = −1,

ϵ⊥ = 3.97, ϵ∥ = 4.92. Figure 5 describes the displace-

ments of horizontal and vertical polarization compo-

nents induced by the SHEL. Figure 6 describes the

amplifying displacement δω as a function of the inci-

dent angle θi and the field distributions at different

incident angles. The change trends are the same as

those in Figs. 3(a), 3(b), and 4. However, the Brew-

ster angle is different, and in this case θB = 57.5◦.

The maximum of the displacement of the horizontal

polarization component is 4200 nm, which is larger

than 3200 nm in Fig. 3(a). And the maximum of the

displacement of the vertical polarization component

is 71.4 nm. We also find that the transverse displace-

ment of the horizontal polarization component is much

larger than that of the vertical polarization compo-

nent, which is due to the same reason as that in the

case of Figs. 3(a) and 3(b). It is interesting to note

that the transverse displacements are in the range of

negative-zero-positive values for the horizontal polar-

ization, which can be modulated via tuning the inci-

dent angle (Figs. 3(a) and 5(a)). It indicates that the

SHEL can be greatly enhanced or suppressed, or even

completely eliminated.
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Fig. 4. (color online) (a) The amplifying displacements δω

as a function of the incident angle. (b) The field distribu-

tions at (b) θi = 61.6◦, (c) θi = 62.6◦, and (d) θi = 63.6◦.

If µ⊥ and ϵ∥ are negative, µ∥ and ϵ⊥ are positive,

both horizontal and vertical polarized waves have the

hyperboloid dispersion relation. Let µ⊥ = −1, µ∥ =

1, ϵ⊥ = 3.97, ϵ∥ = −4.92. Figure 7 describes the

displacements of horizontal and vertical polarization

components induced by the SHEL. The displacements

of horizontal and vertical polarization components are

almost the same in this case. They increase with

the increasing θi and reach 30 nm, then approach to

zero as the incident angle increases from 0◦ to 90◦,

as shown in Figs. 7(a) and 7(b). It is found that

the total reflection occurs at the air–metamaterial in-

terface and the Fresnel reflection coefficients are no

longer real. The Fresnel reflection coefficients and the

phases of reflection coefficients are shown in Figs. 7(c)
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and 7(d), respectively. Figure 8 describes the ampli-

fying displacement δω as a function of the incident

angle θi and the field distributions at different inci-

dent angles. Due to the total reflection, the Fresnel

reflection coefficients are |rs| = |rp| = 1, and the trans-

verse displacements depend on the incident angle and

the phases of Fresnel reflection coefficients φp and φs.

The field distributions and the amplifying displace-

ments are completely different from those in Figs. 4

and 6. We can obtain the same transverse displace-

ment for the horizontal and the vertical polarization

components in this case by adjusting the incident an-

gle.

-4.8

-2.4

0

θi/(Ο)

H δ ±
/
1
0

3
 n

m

0

15 30 45 60 75 90

2.4

4.8
(a)

Hδ+

Hδ−

θi/(Ο)
V δ ±
/
n
m

0 15 30 45 60 75 90
-80

-40

0

40

80
(b)

Vδ+

Vδ−

θi/(Ο)

0 15 30 45 60 75 90
0

0.2

0.4

0.6

0.8

1.0

|rp|

|rs|

|r
s|

 a
n
d
 |
r
p
|

(c)

θi/(Ο)

0 15 30 45 60 75 90
-1

0

1

2

3

4

5
ϕp

ϕs

ϕ
p
 a

n
d

 ϕ
s

(d)

Fig. 5. (color online) (a) The displacement δH± of the spin polarized component as a function of the incident angle

in the case of horizontal polarization. (b) The displacement δV± of the spin polarized component as a function of

the incident angle in the case of vertical polarization. (c) Fresnel reflection coefficients rs and rp each as a function

of the incident angle. (d) The phases of Fresnel reflection coefficients rs and rp each as a function of the incident

angle.
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Fig. 6. (color online) (a) The amplifying displacement δω

as a function of the incident angle. (b) The field distribu-

tions at (b) θi = 56.5◦, (c) θi = 57.5◦, and (d) θi = 58.5◦.

From the above analysis, the transverse displace-

ments of the horizontal polarization component are

very large near the Brewster angle and can be tuned

to either a negative or a positive value, or even to

zero, by just adjusting the incident angle, as shown in

Figs. 3(a) and 5(a). However, the transverse displace-

ments of the vertical polarization component are much

smaller than those of the horizontal polarization com-

ponent, as shown in Figs. 3(b) and 5(b). Furthermore,

the transverse displacements of horizontal and verti-

cal polarization components are the same in the case

of total reflection, as shown Figs. 7(a) and 7(b). The

above results show that the transverse displacements

of horizontal and vertical polarization components are

closely interrelated with the values of µ⊥, µ∥, ϵ⊥, ϵ∥,

and θi. We can obtain huge transverse displacements

of horizontal and vertical polarization components in

the case of different dispersion relations.
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Fig. 7. (color online) (a) The displacement δH± of the spin-polarized component as a function of the incident angle

in the case of horizontal polarization. (b) The displacement δV± of the spin-polarized component as a function of

the incident angle in the case of vertical polarization. (c) Fresnel reflection coefficients rs and rp each as a function

of the incident angle. (d) The phases of Fresnel reflection coefficients rs and rp each as a function of the incident

angle.
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Fig. 8. (color online) (a) The amplifying displacement δω

as a function of the incident angle. The field distributions

at (b) θi = 5◦, (c) θi = 15◦, and (d) θi = 30◦.

4. Conclusion

In conclusion, we have presented a theoretical re-

search on the tunable SHEL for horizontal and vertical

polarization components at an air-anisotropic meta-

material interface. If µ⊥, ϵ⊥, µ∥, and ϵ∥ are posi-

tive, or µ⊥, ϵ∥, and ϵ⊥ are positive, µ∥ is negative,

the transverse displacements of horizontal polariza-

tion can be amplified and switched near the Brewster

angle, which is in the range of negative-zero-positive

values and can be modulated via tuning the incident

angle. If µ⊥ and ϵ∥ are negative, µ∥ and ϵ⊥ are pos-

itive, the transverse displacements of horizontal and

vertical polarizations are the same due to the total

reflection. Therefore, the transverse displacements of

horizontal and vertical polarization components can

be switched by adjusting the incident angle. It is ex-

pected that the SHEL in the anisotropic metamaterial

whose refractive index can be tailored arbitrarily will

be useful for nano-photonic devices.
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