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Abstract: We investigate the spin-dependent splitting systematically by considering spin
Hall effect of light and in-plane spin separation of light simultaneously, when a Gaussian
beam is reflected from an air-glass interface. It is revealed that there exhibits a spin-
dependent splitting rotation with the increase of the polarization angle, and the rotation
direction and speed can be controlled by the incident angle. Remarkably, with the polariza-
tion angle increasing from 0◦ to 90◦, the splitting rotates 180◦ clockwise in total when the
incident angle is less than Brewster angle, whereas it rotates an angle under 90◦ counter-
clockwise first and then clockwise return to the original position when the incident angle is
larger than Brewster angle. Their initial rotation speeds of splitting to x r direction both be-
come larger as the incident angle approaches to Brewster angle, therefore when the incident
angle is equal to Brewster angle, the splitting only forms a 90◦ clockwise rotation. These
general laws of spin-dependent splitting rotation are demonstrated by instances, and the
rotation behaviors are considered as a result of various proportions of transverse spin sep-
aration and in-plane spin separation. This research provides a feasible way to manipulate
the photon spin in optical nanodevice.

Index Terms: Spin Hall effect of light, in-plane spin separation of light, splitting rotation.

1. Introduction
The spin Hall effect of light (SHEL) refers to that photons with opposite spin angular momenta will
acquire transverse shifts and diverge from each other in the direction perpendicular to the incident
plane, when a Gaussian beam propagates through an inhomogeneous medium, leading to the
spin-dependent splitting [1]–[4]. The SHEL is essentially a polarization-dependent effect, whose
origin is attributed to the spin-orbital interaction, and can be explained by the angular momenta
conservation [5]–[8]. In a sense, SHEL can be regarded as a well-known transverse Imbert-Fedorov
(IF) shift [9]–[11]. A similar spin-dependent splitting phenomenon in the incident plane, called in-
plane spin separation of light (IPSSL), has also been found, which can be viewed as a kind of
Goos-Hänchen (GH) shift [12], [13]. Above-mentioned spin-dependent splitting phenomena have
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attracted much attention because of the high scientific value and tremendous potential in application.
Researchers have explored SHEL and IPSSL in various physical systems, such as high-energy
physics [14], [15], semiconductor physics [16]–[19], optical physics [20], [21], metamaterials [22],
[23] and plasmon physics [24]–[28].

In addition to the study of SHEL in different physical systems, people also have investigated it
at medium interfaces, of which the typical one is air-glass interface. In 2008, Hosten and Kwiat
used quantum weak measurement technology to observe spin Hall effect (SHE) of light refracted
from an air-glass interface [29]. Since then, a lot of investigations on SHEL have been carried
out at air-glass interface [30]–[36]. IF spatial shift of Gaussian beam reflected from an air-prism
interface at the Brewster angle was studied and discussed [37], and some new spin-dependent
splitting phenomena, such as spin angular-splitting [38], scattering-related spin-splitting [39] and
asymmetric spin-splitting [40], [41], were discovered. In recent years, some researchers have begun
to study the transaction properties by considering the SHEL and IPSSL simultaneously. Aiello et al.
derived analytic expressions for GH and IF shifts [42], [43]. Pichugin et al. investigated the GH and
IF shifts of higher-order Laguerre-Gaussian beams reflected from a dielectric slab [44]. Qin et al.
comparatively analyzed transverse and in-plane spin separations, and mentioned the possible
spin-dependent splitting rotation [10]. However, to our best knowledge, the phenomena of spin-
dependent splitting rotation and their causes have not been systematically studied so far, nor their
general laws have been obtained.

In this paper, we systematically investigate the spin-dependent splitting rotation of a Gaussian
beam reflected from an air-glass interface by considering SHEL and IPSSL simultaneously. Firstly,
on the basis of the planar angular spectrum theory, we establish a spin-dependent splitting model
for describing beam propagation by introducing Stocks parameter S3, and derive the expression of
transverse and in-plane spin separations induced by SHEL and IPSSL of reflected beam. Secondly,
we analyze the influences of polarization angle and incident angle on the total spin-dependent
splitting theoretically, and the general laws of splitting rotation are found. Finally, we adopt instances
to further demonstrate and analyze the general laws at θ = θB , θ < θB and θ > θB .

2. Theoretical Analysis
Figure 1 illustrates the beam-propagation model of a Gaussian beam reflected from an air-glass
interface. The z axis of laboratory Cartesian frame (x, y, z) is normal to the interface at z = 0, and
coordinate frame (x i , y i , zi ) and (xr , yr , zr ) correspond to the incident and reflected electric fields.
Here, the light beam is incident on the interface along zi direction at incident angle θ and reflected
along zr direction. Remarkably, explicit spin-dependent splitting of reflected beam occurs in both xr

direction (the direction of IPSSL) and yr direction (the direction of SHEL) as a result of the spin-
orbital angular momentum interaction. δy+ and δy− denote the transverse spin separation of left- and
right-handed circularly, δx+ and δx− represent the in-plane spin separation of left- and right-handed
circularly, respectively. We consider a monochromatic Gaussian beam reflected from the air-glass
interface, whose angular spectrum can be written as [45]

˜E i = w 0√
2π

exp

[

−w 2
0

(

k2
i x + k2

iy

)

4

]

, (1)

where w 0 is the beam waist, ki x and kiy denote the component of the wave vector of the incident
beam in the direction of x i and y i respectively. The complex amplitude expression of a Gaussian
beam based on the arbitrary angular spectrum in the electric field can be obtained by the Fourier
transform as

E a (xa, ya, za) =
∫ ∫

˜E a
(

kax , kay
)

exp
[

i
(

kax xa + kay ya + kazza
)]

dkax dkay . (2)

Here, a = i , r represent the incident and reflected beam. kax , kay , kaz are the components of the
wave-vector ka of the incident and reflected beam in xa, ya, za direction, and their relation is
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Fig. 1. (a) Schematic of a light beam reflected from the air-glass interface. Here θ is the incident angle.
(b) Spin-dependent splitting induced by SHEL and IPSSL simultaneously. δx+ and δx− denote the in-
plane spin separations induced by the IPSSL for left- and right-handed circularly polarization, δy+ and
δy− represent the transverse spin separations induced by SHEL for left- and right-handed circularly
polarization, respectively.

kaz =
√

k2
a − (

k2
ax + k2

ay

)

. ˜E r
(

kr x , kry
)

denotes the angular spectrum of reflected beam. To obtain the

reflected filed, we can establish the relationship between incident and reflected angular spectrum
by using the coordinate rotation. From the boundary condition, with the relationship between the
incident and reflected wave-vector kr x = −ki x , kry = −kiy , the reflected angular spectrum can be
given by [40]

[
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r
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. (3)

Here, ˜E H
r , ˜E V

r and ˜E H
i , ˜E V

i denote the angular spectrum for the horizontal (H) and vertical (V)
polarizations of reflected and incident beam, respectively. r s and r p refer to the Fresnel reflection
coefficients for the H and V polarized beam, k0 = 2π/λ is wave number in free space, and λ

represents the wavelength. In general, the arbitrary linearly polarized beam can be viewed as an
overlap of left- and right-handed polarized beam. Therefore, H and V polarization states can be
written as follows,

˜E H =
(

˜E + + ˜E −
)

√
2

, (4)

˜E V = i

(

˜E − − ˜E +
)

√
2

, (5)
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where ˜E + and ˜E − indicate the angular spectrum of left- and right-handed polarized components.
According to Eqs. (3)–(5), the expressions of the reflected angular spectrum can be defined as

˜E H
r = r p√

2

(

exp
(

i kryδ
H
r

)

˜E r+ + exp
(−i kryδ

H
r

)

˜E r−
)

, (6)

˜E V
r = i r s√

2

(− exp
(

i kryδ
V
r

)

˜E r+ + exp
(−i kryδ

V
r

)

˜E r−
)

. (7)

Here, δH
r = (1 + r s/r p ) cot θ/k0, δV

r = (1 + r p /r s) cot θ/k0. Remarkably, in expression (6) and (7), the
term exp(±i kryδ

H ,V
r ) corresponds to the root cause of SHEL, namely, the spin-orbital interaction.

Assumed that the polarization state of incident is arbitrary, which can be expressed by Jones matrix
as (cos γ, exp(iφ) sin γ)T . Here, φ illustrates the phase difference between the x and y polarized
components (φ = 0 corresponds to the linear polarization state), γ describes the azimuth angle of
the light wave oscillation direction with respect to x direction. Substituting (6) and (7) into (4) and
(5), we can get the reflected field distributions as follows,

˜E H
r = k0ω0 exp(i kr zr )

2
√

π(R + i zr )3
{[r p (R + i zr )2 − i x(R + i zr )∂θr p ] cos γ

+ yeiφ [

(i R − zr )(r p + r s) + x∂θr p
]

cot θ sin γ} exp
[
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r )
2(R + i zr )

]

, (8)
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r = k0ω0 exp(i kr zr )
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+ eiφr s(R + i zr )2 sin γ} exp
[
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r )
2(R + i zr )

]

, (9)

where R = k0w 2
0/2 is the Rayleigh distance. It is well known that Stocks parameters S3 can be

used to indicate the circular polarization of light. S3 > 0 and S3 < 0 imply left- and right-handed
elliptically polarized beam, S3 = +1 and S3 = −1 represent the left- and right-handed circularly
polarized beam, respectively. Therefore the spin-dependent splitting can be intuitively represented
by S3 whose expression can be written as follow,

S3 = 2|E H
r ||E V

r | sin
[

arg
(

E V
r

) − arg
(

E H
r

)]

. (10)

Here, arg
(

E H
r

)

and arg
(

E V
r

)

are the phases of reflected field for the H and V polarized beam. At
discretionarily given transmission distance zr , the centroid displacement expressions can be defined
as follows,

δx± =
∫ ∫

xr I (xr , yr , zr )dxr dy r
∫ ∫

I (xr , yr , zr )dxr dy r
, (11)

δy± =
∫ ∫

yr I (xr , yr , zr )dxr dy r
∫ ∫

I (xr , yr , zr )dxr dy r
, (12)

where I (xr , yr , zr ) ∝ Sr · er z, namely, the electric field intensity distribution is proportional to the
Poynting vector, and Poynting vector Sr ∝ Re[E ∗

r × H r ], magnetic field strength H r = −i kr ∇ × E r .
Here, E r represents electric field strength, E ∗ denotes the complex conjugate of the reflected field.

3. Results and Discussion
In this section, we will adopt the spin-dependent splitting model at an air-glass interface, as shown
in Fig. 1, to study the optical transmission properties by considering the SHEL and IPSSL simulta-
neously in the case of linearly polarized incidence. We mainly focus on the influences of different
polarization angles and incident angles on spin-dependent splitting. It is well known that there ex-
ists an amazing reflection behavior of the beam at Brewster angle θB , and different transmission
properties are exhibited when incident angle θ is larger or less than θB [10], [46]. In the following
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Fig. 2. Pseudo-color image of the (a) splitting direction angle and (b) splitting distance with different
polarization angles γ and incident angles θ. The splitting direction can be described by the angle
between the separation direction of right-handed circularly polarized component and xr direction, and
the splitting direction angles of 0◦, 90◦ and −90◦ correspond to xr , yr and −yr directions, respectively.

simulations, we assume the refractive index of the glass to be 1.515, so that the Brewster angle in
the interface is θB = 56.57◦.

Firstly, we study the general laws on the spin-dependent splitting, the pseudo-color images of
direction and distance of spin-dependent splitting with different polarization angles and incident
angles are shown in Fig. 2. The splitting direction can be described by the angle between the
separation direction of right-handed circularly polarized component and xr direction, and the angle
can be expressed as 180 arctan

(

δy/δx
)

/π. On the basis of this expression, we can infer that the
splitting direction angles of 0◦, 90◦ and −90◦ correspond to xr , yr and −yr directions, respectively.
From Fig. 2, we can verify that there exists an amazing reflection behavior of the beam and the
direction and distance of spin-dependent splitting are supernormal near θ = θB = 56.57◦. Specif-
ically, at θ < θB , the splitting direction forms a 180◦ clockwise rotation from yr to xr and then to
−yr directions, and the more θ close to θB , the faster the splitting initially rotates to xr direction. At
θ > θB , the splitting rotates ∼180◦ totally from −yr to xr and then to −yr direction, and the initial
rotation from −yr to xr direction speeds up when θ close to θB or 90◦. By the way, we mainly focus
on studying the spin-dependent splitting near θB , so we do not discuss the phenomena at θ = 90◦

in next works. Their initial rotational speeds of splitting to xr direction both become larger as the θ

approaches to θB , thus at θ = θB , the spin-dependent splitting forms a 90◦ clockwise rotation from
xr to −yr direction. In the following simulation, an attempt to further demonstrate these general laws
and analyze their causes is done by instances at θ = θB , θ < θB and θ > θB .

Secondly, we take instances to demonstrate the transmission laws of spin-dependent splitting
at θ = θB . Figure 3 shows the intensity distributions of Stocks parameter S3 at polarization angles
γ = 0◦, 15◦, 30◦, 45◦, 60◦ and 90◦. It is revealed that there exists a spin-dependent splitting rotation
clockwise from xr to −yr direction with the increase of γ, which is consistent with the general laws
obtained in Fig. 2(a). To explain the mechanism of this phenomenon, we also plot the dependence
of spin-dependent displacements δx,y± induced by the SHEL and IPSSL on γ as shown in Fig. 4.
We can find that with the increase of γ, for not only in-plane spin separation δx± but also transverse
spin separation δy±, the left- and right-handed circularly polarized components are equal in splitting
magnitude while opposite in splitting direction. Thus we only need to consider the variation of the
right-handed circularly polarized component in the following discussions. Combined with Fig. 3,
we can conclude that the rotation is the result of the various proportions between in-plane spin
separation and transverse spin separation. Specifically, at γ = 0◦, there appears a remarkable δx+
but a tiny δy+, so that the IPSSL plays a dominant role comparing with SHEL, causing the spin-
dependent splitting in xr direction [see Fig. 3(a)]. With the increase of γ, δx+ shows a significant
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Fig. 3. Intensity distributions of Stocks parameter S3 for incident angle θ = 56.67◦ at different polarization
angles: (a) γ = 0◦, (b) γ = 15◦, (c) γ = 30◦, (d) γ = 45◦, (e) γ = 60◦, (f) γ = 90◦, respectively. The arrows
indicate the directions of spin-dependent splitting.

Fig. 4. Dependence of spin-dependent displacements δx,y± induced by the SHEL and IPSSL on the
polarization angle γ for incident angle θ = 56.57◦. The red dotted and dash-dotted lines denote in-
plane spin separations of δx+ and δx− induced by the IPSSL, and blue solid and dashed lines denote
transverse spin separations of δy+ and δy− induced by the SHEL, respectively.

exponential decrease but δy+ remains stable, thus the proportion of the SHEL gradually grows,
leading to the splitting rotates constantly [see Fig. 3(b)–(e)]. When γ increases to 90◦, δx+ keeps
decreasing to 0, hence the SHEL replays a dominant role in the spin-dependent splitting and the
splitting is in −yr direction [see Fig. 3(f)].

Thirdly, we demonstrate the transmission laws of spin-dependent splitting at θ < θB . Figure 4
describes the intensity distributions of Stocks parameter S3 at γ = 0◦, 15◦, 30◦, 45◦, 60◦ and 90◦ in
the cases of θ = 30◦ and 45◦. It is found that there exists a 180◦ spin-dependent splitting rotation
clockwise from yr to xr and then to −yr direction with the increase of γ, which is in good agreement
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Fig. 5. Intensity distributions of Stocks parameter S3 for incident angle θ = 30◦ at different polarization
angles: (a) γ = 0◦, (b) γ = 15◦, (c) γ = 30◦, (d) γ = 45◦, (e) γ = 60◦, (f) γ = 90◦, respectively. (a’)–(f’)
the corresponding intensity distributions of Stocks parameter S3 for incident angle θ = 45◦.

with the general laws observed in Fig. 2(a). Comparing Fig. 5(a)–(f) with Fig. 5(a’)–(f’) we can find
that the initial rotation from yr to xr direction speeds up as θ approaches to θB , thus for θ = θB

the initial rotation disappears, and the direction of splitting varies from yr to xr direction at γ = 0◦

[see Fig. 3(a)]. To analyze the cause of these interesting phenomena, we plot the dependence of
the spin-dependent displacements δx,y+ induced by SHEL and IPSSL on polarization angle γ as
shown in Fig. 6. We can find from Fig. 6 that the SHEL plays a dominant role at γ = 0◦ owing
that the value of δy+ is much larger than δx+, thus there emerges a splitting in yr direction [see
Fig. 5(a)]. When γ increases from 0◦ to about 29◦ ( or 39◦) for θ = 30◦ (or 45◦), δy+ decreases to
0 and the proportion of the SHEL decreases constantly, so that the splitting rotates to xr direction.
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Fig. 6. Dependence of the spin-dependent displacements δx,y+ induced by SHEL and IPSSL for right-
handed circularly polarized component on the polarization angle γ. The red dotted and dash-dotted
lines denote δx+ and δy+ for the incident angle θ = 30◦, and blue solid and dashed lines denote δx+ and
δy+ for θ = 45◦, respectively.

Fig. 7. Intensity distributions of Stocks parameter S3 for incident angle θ = 58◦ at different polarization
angles: (a) γ = 0◦, (b) γ = 1◦, (c) γ = 3◦, (d) γ = 15◦, (e) γ = 30◦, (f) γ = 45◦, (g) γ = 60◦, (h) γ = 90◦,
respectively. (a’)–(h’) the corresponding intensity distributions of Stocks parameter S3 for incident angle
θ = 70◦.
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Fig. 8. Dependence of the spin-dependent displacements δx,y+ induced by SHEL and IPSSL for right-
handed circularly polarized component on the polarization angle γ. The red dotted and dash-dotted
lines denote δx+ and δy+ for the incident angle θ = 58◦, and blue solid and dashed lines denote δx+ and
δy+ for θ = 70◦, respectively.

As γ continually increases to 90◦, there exists a spin accumulation reversal of the transverse
spin separation induced by SHEL, which makes δy+ grow oppositely, thus the splitting rotates
clockwise from xr to −yr direction. According to the above analyses, we can further prove that
the spin-dependent splitting rotation is the result of the various proportions of δx+ and δy+ in the
spin-dependent splitting with the increase of γ.

Finally, we demonstrate the transmission laws of spin-dependent splitting at θ > θB . Figure 7
displays the intensity distribution of Stocks parameter S3 at different polarization angle γ =
0◦, 1◦, 3◦, 15◦, 30◦, 45◦, 60◦ and 90◦ in the cases of θ = 58◦ and 70◦. It is found that the spin-
dependent splitting rotates in a maximum angle counterclockwise from −yr to xr direction and then
returns to −yr direction with the increase of γ, which is in accordance with the general laws observed
in Fig. 2(a). Comparing Fig. 7(a)–(h) with Fig. 7(a’)–(h’), we can easily find that the spin-dependent
splitting has a rapid initial rotation from −yr to xr direction when θ is near to θB , thus for θ = θB the
initial rotation disappears, and the direction of splitting varies from −yr to xr direction at γ = 0◦,
which is consist with the circumstance in Fig. 3(a). To clarify the causes of these phenomena, we
also plot the spin-dependent displacements δx,y+ with the change of γ, as shown in Fig. 8. We can
obtain that at θ of 58◦ (70◦), δx+ increases first and then decreases but δy+ keeps decreasing, and
spin accumulation reversal does not occur here, so that the splitting only conducts a rotation within
90◦. Specifically, the SHEL plays a dominant role at γ = 0◦ due to δx+ approximating to zero and δy+
being a large negative value, hence the splitting concentrate at −yr direction [see Fig. 7(a) and (a’)].
Similarly, with γ increases from 0◦ to 90◦, δx shows a maximum value, leading to the splitting rotates
counterclockwise in a maximum angle to xr direction gradually. When γ increases to 90◦, the SHEL
regains its dominant role, therefore the splitting rotates clockwise and returns to −yr direction [see
Fig. 7(h) and (h’)]. Based on the above analysis, these phenomena can also be considered as the
result of different proportions between in-plane spin separation and transverse spin separation.

4. Conclusion
In summary, we have established the spin-dependent splitting model of the linearly polarized beam
reflected from an air-glass interface, and systematically investigated the influence laws of polar-
ization angle and incident angle on spin-dependent splitting by considering the SHEL and IPSSL
simultaneously. With the increase of polarization angle γ from 0◦ to 90◦, the spin-dependent split-
ting occurs explicit rotation, and both the direction and speed of which can also be controlled by
incident angle θ. Specifically, the splitting shows a 180◦ clockwise rotation from yr to xr and then
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to −yr direction at θ < θB . While at θ > θB , the final splitting shows a ∼ 180◦ rotation in total, which
rotates counterclockwise from −yr to xr direction in a maximum angle less than 90◦ and returns
clockwise to −yr direction. Their initial rotation speeds of spin-dependent splitting to xr direction
become larger as the incident angle θ approaches to Brewster angle θB , thus at θ = θB the splitting
only forms a 90◦ clockwise rotation from xr to −yr direction. After getting these general laws, we
then have adopted several instances to demonstrate the rotation behaviors of the spin-dependent
splitting, and found these behaviors are the result of the various proportions between the transverse
spin separation induced by the SHEL and in-plane spin separations induced by the IPSSL. These
findings may provide a potential way to manipulate the spin of photons in optical nanodevices and
even perform precision measurement of the polarization states.

References
[1] M. Onoda, S. Murakami, and N. Nagaosa, “Hall effect of light,” Phys. Rev. Lett., vol. 93, no. 8, Aug. 2004, Art. no. 083901.
[2] K. Y. Bliokh and Y. P. Bliokh, “Conservation of angular momentum, transverse shift, and spin Hall effect in reflection

and refraction of an electromagnetic wave packet,” Phys. Rev. Lett., vol. 96, no. 7, Feb. 2006, Art. no. 073903.
[3] N. Hermosa, A. M. Nugrowati, A. Aiello, and J. P. Woerdman, “Spin Hall effect of light in metallic reflection,” Opt. Lett.,

vol. 36, no. 16, Aug. 2011, Art. no. 003200.
[4] L. Sheng et al., “Sensitivity enhanced refractive index sensor by reducing the influence of in-plane wavevector in

photonic spin hall effect,” IEEE Photon. J., vol. 10, no. 5, Sep. 2018, Art. no. 6501209.
[5] K. Y. Bliokh, F. J. Rodrı́guez-Fortuño, F. Nori, and A. V. Zayats, “Spin-orbit interactions of light,” Nature Photon., vol. 9,

no. 12, pp. 796–808, Dec. 2015.
[6] H. Luo, S. Wen, W. Shu, and D. Fan, “Spin-to-orbital angular momentum conversion in spin Hall effect of light,” Opt.

Commun., vol. 285, no. 6, pp. 864–871, Oct. 2011.
[7] T. Namba et al., “Spin-orbit interaction in Pt or Bi2Te3 nanoparticle-decorated graphene realized by a nanoneedle

method,” Appl. Phys., vol. 113, no. 5, Aug. 2018, Art. no. 053106.
[8] Z. Zhen et al., “Measurement of giant spin splitting of reflected Gaussian beams,” IEEE Photon. J., vol. 10, no. 2,

Dec. 2018, Art. no. 4500307.
[9] C. Imbert, “Calculation and experimental proof of the transverse shift induced by total internal reflection of a circularly

polarized light beam,” Phys. Rev., vol. 5, no. 4, pp. 787–796, Feb. 1972.
[10] Y. Qin et al., “Observation of the in-plane spin separation of light,” Opt. Exp., vol. 19, no. 10, pp. 9636–9645, May 2011.
[11] X. Ling et al., “Recent advances in the spin Hall effect of light,” Rep. Prog. Phys., vol. 80, no. 6, Mar. 2017, Art.

no. 066401.
[12] M. Gao, Z. Luo, H. Zhou, M. Chen, and J. Wu, “Precise control of Goos-Hänchen shift based on dielectric and graphene

coating,” Chin. J. Lasers, vol. 44, no. 7, Jul. 2017, Art. no. 0703019.
[13] M. A. Berbel, A. Cunillera, and R. Martı́nez-Herrero, “Goos-Hänchen and Imbert-Fedorov shifts: Relation with the

irradiance moments of a beam,” J. Opt. Soc. Amer. A, vol. 35, no. 2, pp. 286–292, Jan. 2018.
[14] P. Gosselin, A. Bérard, and H. Mohrbach, “Spin Hall effect of photons in a static gravitational field,” Phys. Rev. D, vol. 75,

no. 8, Apr. 2007, Art. no. 084035.
[15] C. A. Dartora et al., “Lagrangian-Hamiltonian formulation of paraxial optics and applications: Study of gauge symmetries

and the optical spin Hall effect,” Phys. Rev. A, vol. 83, no. 1, Jan. 2011, Art. no. 012110.
[16] J. M. Ménard, A. E. Mattacchione, H. M. van Driel, C. Hautmann, and M. Betz, “Ultrafast optical imaging of the spin

Hall effect of light in semiconductors,” Phys. Rev. B, vol. 82, no. 4, Jul. 2010, Art. no. 045303.
[17] H. Luo et al., “Enhancing or suppressing the spin Hall effect of light in layered nanostructures,” Phys. Rev. A, vol. 84,

no. 3, Sep. 2011, Art. no. 033801.
[18] X. Zhou, X. Ling, H. Luo, and S. Wen, “Identifying graphene layers via spin Hall effect of light,” Appl. Phys. Lett.,

vol. 101, no. 25, Dec. 2012, Art. no. 251602.
[19] M. H. Alizade and B. M. Reinhard, “Energence of transverse spin in optical modes of semiconductor nanowires,” Opt.

Exp., vol. 24, no. 8, Apr. 2016, Art. no. 008471.
[20] O. Lafont et al., “Controlling the optical spin Hall effect with light,” Appl. Phys. Lett., vol. 110, no. 6, Feb. 2017, Art.

no. 061108.
[21] M. Cheng et al., “Tunable and enhanced spin Hall effect of light in layered nanostructures containing graphene,” J.

Opt. Soc. Amer. B, vol. 35, no. 8, Jul. 2018, Art. no. 328897.
[22] M. Neugebauer, S. Grosche, S. Rothau, G. Leuchs, and P. Banzer, “Lateral spin transport in paraxial beams of light,”

Opt. Lett., vol. 41, no. 15, pp. 3499, Jul. 2016.
[23] H. Zheng, C. Gao, M. Gao, and B. Guo, “Tunability of spin Hall effect of light with semiconductor metamaterial based

on magneto-optical effects,” Opt. Quantum Electron., vol. 50, no. 7, Jun. 2018, Art. no. 073013.
[24] Y. Gorodetski et al., “Weak measurements of light chirality with a plasmonic slit,” Phys. Rev. Lett., vol. 109, no. 7,

Jul. 2012, Art. no. 013901.
[25] L. Salasnich, “Enhancement of four reflection shifts by a three-layer surface-plasmon resonance,” Phys. Rev. A, vol. 86,

no. 5, Nov. 2012, Art. no. 055801.
[26] X. Zhou and X. Ling, “Enhanced photonic spin Hall due to surface plasmon resonance,” IEEE Photon. J., vol. 8, no. 1,

Feb. 2016, Art. no. 4801108.
[27] W. Zhu et al., “The upper limit of the in-plane spin splitting of Gaussian beam reflected from a glass-air interface,” Sci.

Rep., vol. 7, no. 1, Apr. 2017, Art. no. 1150.

Vol. 11, No. 2, April 2019 6500511



IEEE Photonics Journal Splitting Rotation of a Gaussian Beam

[28] Q. Wang, X. Jiang, X. Wang, X. Dai, and Y. Xiang, “Enhancing photonic spin Hall effect in the surface planmon
resonance structure covered by the graphene-MoS2 heterostructure,” IEEE Photon. J., vol. 9, no. 6, Dec. 2017, Art.
no. 6102610.

[29] O. Hosten and P. Kwiat, “Observation of the spin Hall effect of light via weak measurements,” Science, vol. 319,
no. 5864, pp. 787–790, Feb. 2008.

[30] Y. Qin, Y. Li, H. He, and Q. Gong, “Measurement of spin Hall effect of reflected light,” Opt. Lett., vol. 34, no. 17,
pp. 2551–2253, Aug. 2009.

[31] H. Luo, X. Zhou, W. Shu, S. Wen, and D. Fan, “Enhanced and switchable spin Hall effect of light near the Brewster
angle on reflection,” Phys. Rev. A, vol. 84, no. 4, Oct. 2011, Art. no. 043806.

[32] L. Kong et al., “Spin Hall effect of reflected light from an air-glass interface around the Brewsters angle,” Appl. Phys.
Lett., vol. 100, no. 7, Feb. 2012, Art. no. 071109.

[33] J. Ren, B. Wang, Y. Xiao, Q. Gong, and Y. Li, “Direct observation of a resolvable spin separation in the spin Hall effect
of light at an air-glass interface,” Appl. Phys. Lett., vol. 107, no. 11, Sep. 2015, Art. no. 111105.

[34] C. Gao and B. Guo, “Tunable the spin Hall effect of light with graphene metamaterial,” Optik, vol 158, pp. 850–854,
Apr. 2018.

[35] X. Qiu et al., “Incident-polarization-sensitive and large in-plane-photonic-spin-splitting at the Brewster angle,” Opt.
Lett., vol. 40, no. 6, pp. 1018–1021, Mar. 2015.

[36] O. Takayama and G. Puentes, “Enhanced spin Hall effect of light by transmission in a polymer,” Opt. Lett., vol. 43,
no. 6, Mar. 2018, Art. no. 321342.

[37] L. Xie et al., “Unveiling the spin Hall effect of light in Imbert-Fedorov shift at the Brewster angle with weak measure-
ments,” Opt. Exp., vol. 26, no. 18, pp. 22934–22943, Sep. 2018.

[38] X. Zhou, H. Luo, and S. Wen, “Weak measurements of a large spin angular splitting of light beam on reflection at the
Brewster angle,” Opt. Exp., vol. 20, no. 14, pp. 16003–16009, Jun. 2012.

[39] X. Qiu et al., “Diffraction-dependent spin splitting in spin Hall effect of light on reflection,” Opt. Exp., vol. 23, no. 15,
pp. 18823–18831, Jul. 2015.

[40] X. Zhou and X. Ling, “Unveiling the photonic spin Hall effect with asymmetric spin-dependent splitting,” Opt. Exp.,
vol. 24, no. 3, pp. 3025–3036, Feb. 2016.

[41] J. Zhang, Z. Luo, and H. Luo, “Steering asymmetric spin splitting in photonic spin Hall effect by orbital angular
momentum,” Acta. Opt. Sinica, vol. 33, no. 11, Feb. 2016, Art. no. 1126002.

[42] A. Aiello and J. P. Woerdman, “Role of beam propagation in Goos-Hänchen and Imbert-Fedorov shifts,” Opt. Lett.,
vol. 33, no. 13, pp. 1437–1439, Jun. 2008.

[43] K. Y. Bliokh and A. Aiello, “Goos-Hänchen and Imbert-Fedorov beam shifts: An overview,” J. Opt., vol. 15, no. 1,
Jan. 2013, Art. no. 014001.

[44] K. N. Pichugin, D. N. Maksimov, and A. F. Sadreev, “Goos-Hänchen and Imbert-Fedorov shifts of higher-order Laguerre-
Gaussian beams reflected from a dielectric slab,” J. Opt. Soc. Amer. A, vol. 35, no. 8, pp. 1324–1329, Jul. 2018.

[45] T. Tang, Y. Zhang, J. Li, and L. Luo, “Spin hall effect enhancement of transmitted light through an anisotropic metama-
terial slab,” IEEE Photon. J., vol. 9, no. 4, Aug. 2017, Art. no. 4600910.

[46] M. Pan et al., “Impact of in-plane spread of wave vectors on spin Hall effect of light around Brewsters angle,” Appl.
Phys. Lett., vol. 103, no. 7, Aug. 2013, Art. no. 071106.

Vol. 11, No. 2, April 2019 6500511



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Algerian
    /Arial-Black
    /Arial-BlackItalic
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BaskOldFace
    /Batang
    /Bauhaus93
    /BellMT
    /BellMTBold
    /BellMTItalic
    /BerlinSansFB-Bold
    /BerlinSansFBDemi-Bold
    /BerlinSansFB-Reg
    /BernardMT-Condensed
    /BodoniMTPosterCompressed
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /BritannicBold
    /Broadway
    /BrushScriptMT
    /CalifornianFB-Bold
    /CalifornianFB-Italic
    /CalifornianFB-Reg
    /Centaur
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /Chiller-Regular
    /ColonnaMT
    /ComicSansMS
    /ComicSansMS-Bold
    /CooperBlack
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FootlightMTLight
    /FreestyleScript-Regular
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /HarlowSolid
    /Harrington
    /HighTowerText-Italic
    /HighTowerText-Reg
    /Impact
    /InformalRoman-Regular
    /Jokerman-Regular
    /JuiceITC-Regular
    /KristenITC-Regular
    /KuenstlerScript-Black
    /KuenstlerScript-Medium
    /KuenstlerScript-TwoBold
    /KunstlerScript
    /LatinWide
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaBright
    /LucidaBright-Demi
    /LucidaBright-DemiItalic
    /LucidaBright-Italic
    /LucidaCalligraphy-Italic
    /LucidaConsole
    /LucidaFax
    /LucidaFax-Demi
    /LucidaFax-DemiItalic
    /LucidaFax-Italic
    /LucidaHandwriting-Italic
    /LucidaSansUnicode
    /Magneto-Bold
    /MaturaMTScriptCapitals
    /MediciScriptLTStd
    /MicrosoftSansSerif
    /Mistral
    /Modern-Regular
    /MonotypeCorsiva
    /MS-Mincho
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /NiagaraEngraved-Reg
    /NiagaraSolid-Reg
    /NuptialScript
    /OldEnglishTextMT
    /Onyx
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Parchment-Regular
    /Playbill
    /PMingLiU
    /PoorRichard-Regular
    /Ravie
    /ShowcardGothic-Reg
    /SimSun
    /SnapITC-Regular
    /Stencil
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TempusSansITC
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanMTStd
    /TimesNewRomanMTStd-Bold
    /TimesNewRomanMTStd-BoldCond
    /TimesNewRomanMTStd-BoldIt
    /TimesNewRomanMTStd-Cond
    /TimesNewRomanMTStd-CondIt
    /TimesNewRomanMTStd-Italic
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Roman
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /VinerHandITC
    /Vivaldii
    /VladimirScript
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZapfChanceryStd-Demi
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 900
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.00111
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 1200
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.00083
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00063
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Suggested"  settings for PDF Specification 4.0)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


