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The photonic spin Hall effect (SHE) holds great potential applications in manipulating spin-polarized photons. How-
ever, the SHE is generally very weak, and previous studies of amplifying photonic SHE were limited to the incident light
in a specific wavelength range. In this paper, we propose a four-layered nanostructure of prism-graphene-air-substrate, and
the enhanced photonic SHE of reflected light in broadband range of 0 THz-500 THz is investigated theoretically. The spin
shift can be dynamically modulated by adjusting the thickness of air gap, Fermi energy of graphene, and also the incident
angle. By optimizing the structural parameter of this structure, the giant spin shift (almost equal to its upper limit, half of
the incident beam waist) in broadband range is achieved, covering the terahertz, infrared, and visible range. The difference
is that in the terahertz region, the Brewster angle corresponding to the giant spin shift is larger than that of infrared range
and visible range. These findings provide us with a convenient and effective way to tune the photonic SHE, and may offer
an opportunity for developing new tunable photonic devices in broadband range.

Keywords: photonic spin Hall effect, graphene, spin shift

PACS: 42.25.—p, 41.20.Jb, 42.79.—e, 78.20.Ci

1. Introduction

The photonic spin Hall effect (SHE), first proposed by
Onoda et al. in 2004," is an interesting phenomenon, in
which the left- and right-handed circularly polarized compo-
nents can shift transversely perpendicular to the refractive in-
dex gradient,!'*! when a light beam is reflected or transmit-
ted from a planar dielectric interface. It can be regarded as
a direct optical analogy of electronic SHE where the roles of
the photon spin and refractive index gradient are similar to
electron spin and electric potential, respectively.'!#! The pho-
tonic SHE has been demonstrated to originate from an effec-
tive spin—orbit interaction,>>! governed by the conservation
law of total angular momentum. %71 However, it is very hard
to observe the photonic SHE directly, since the correspond-
ing spin-dependent splitting is only on a subwavelength scale,
usually about a few tens of nanometers. Until 2008, Hosten
and Kwait first detected this tiny transverse displacement of re-
fracted light at an air—glass interface by using a weak measure-
ment technique to amplify the shift about 10* times.!®! Then
the photonic SHE is attracting vast attention and has been
widely investigated in many physical systems, including semi-

10,11] 12]

conductor physics, ! optical physics,| metamaterials, |

EIC.[13715]
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Recently, effective methods to amplify the photonic SHE
have become especially necessary, and the investigations on

d.[16-191 For ex-

the large spin-dependent splitting were reporte
ample, the photonic SHE can be enhanced in layered nanos-
tructure by just modulating the structure parameters.!!!l Tang
et al.”®! and Qiu et al.®!! revealed a giant in-plane photonic
spin splitting of reflected light at the Brewster angle. A giant
SHE of transmitted and reflected light was observed by using

22231 Meanwhile, surface plas-

a thin epsilon-near-zero slab.!
mon resonance has also been proposed to enhance the pho-
tonic SHE shift.[>*6] Very recently, Zhou et al. revealed a
flexible way to modulate and enhance the photonic SHE via
exceptional points.!'®! These interesting results suggest that
the photonic SHE may offer new opportunities to manipulate
photons and will open up possibilities for developing new pho-
tonic devices.

Graphene, a one-atom-thick planar sheet of carbon atoms
arranged in a hexagonal honeycomb lattice,!?’! has attracted
enormous interest due to its unique electronic and optical
properties. Its optical parameter can be dynamically tuned
in a wide range by varying the Fermi energy through elec-

(28] In addition, graphene supports the sur-

trostatic doping.
face plasmon in infrared and terahertz range with low loss

compared with noble metals.>”! Therefore, graphene is very
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promising material for developing new tunable photonic de-
vices. In fact, the investigations of photonic SHE in graphene-
based structure have been widely reported. Bai et al. theoret-
ically modulated the spin shift of photonic SHE at a telecom-
munication wavelength by introducing a graphene layer. Re-
sults pointed out that the spin shift is quite sensitive near the
Brewster angle and could be tuned by adjusting the Fermi en-
ergy of graphene.?”) Based on the relationship between the
spin shift and the graphene layer number, Zhou et al. pro-
posed the technique to identify the graphene layers by using
the photonic SHE.!3!l By varying Fermi energy of graphene
and the thickness of the graphene metamaterial, the photonic
SHE in a three-layer structure containing graphene metamate-
rial could be tunably enhanced when the wavelength of inci-
dent light was about 4.5 um (infrared wavelength).*?) More-
over, the tunable and enhanced photonic SHE in a layered
nanostructure containing two single sheets of graphene was

1331 Very recently, a sim-

explored at a terahertz wavelength.
ple and effective method was proposed to actively control the
asymmetric photonic SHE by introducing the tunability of op-
tical conductivity into graphene with an incident wavelength
of 1550 nm.**1 However, the above explorations for ampli-
fying photonic SHE were limited to the incident light of a
specific wavelength range. To the best of our knowledge, the
tunable and enhanced photonic SHE in broadband range are
rarely reported.

In this work, we construct a four-layered nanostructure
containing the prism, graphene, air gap and the substrate, in
which the broadband photonic SHE is theoretically investi-
gated. It is pointed out that the strong spin shift can be realized
in a broadband range covering the terahertz, infrared and vis-
ible range. Moreover, the giant transverse splitting can reach
up to its upper limitation (about half of beam waist) by adjust-
ing the Fermi energy of graphene, the thickness of air gap and
the incident angle.

2. Model and theory

A four-layered nanostructure (in Fig. 1) composed of the
glass prism, monolayer graphene, an air gap and the substrate
is proposed. In this structure, the refractive index of the glass
prism and the silica substrate are both 1.5, and the thickness of
air gap can be tuned and is denoted by d. For the condition of
low temperatures, the monolayer graphene can be expressed

by the optical conductivity o as[*>!
2 : 2
e E¢ i e
o(wEf) = — ——F—+ — |step (hw — 2E
(@.Er) nh2w+ir‘+4h{sep( 0)

i how —2Es
—qn|——=—t
T hw+2E¢

], 6]

where @ is the angular frequency, step(x) is the Heaviside step
function and it can be expressed as /3!

step (x) = { L, %fx> 0,
0, ifx <0,
7 is the Planck constant, Ef is the Fermi energy of graphene,
T = uE¢/ ev% is the relaxation rate relating to the mobility
p=10* cm?-V-s~! and Fermi velocity v¢ = 10° m-s~'. The
first and second terms in Eq. (1) stem from the intraband and
interband contributions, respectively.

Fig. 1. Schematic diagram of photonic SHE of reflected light in four-layered
structure of prism—graphene—air—substrate.

When a linearly polarized beam is incident from the glass
prism to the surface of the multilayer structure at an angle 6;,
the reflected beam will split into left- and right-handed cir-
cularly polarized spin component whose centroids will shift
reversely away from the incident plane. In our configuration,
the incident plane is x—z plane and the transverse shift is along
the y axis.

Here, we consider an incident Gaussian beam whose an-
gular spectrum can be written as

N 12+ k2w
E="0 exp{(" ) 0], ®)
V21 4

where wy is the beam waist, k, and k, are the components of
the wave vector along the x-axis and y-axis directions, respec-
tively. The reflected angular spectrum is related to the bound-
ary distribution of the electric field and can be expressed as
follows: 1]

kyycot®(rp +rs)
E' _ & ko
EY| kyycot;(rp +rs)
_En®OPRIp TS r,
ko
EH
x| 3
Y 3)

in which £V and EIH "V are the H and V components of the
angular spectrum with the reflected and incident beam, respec-
tively, r, and ry are Fresnel reflection coefficient for p and
s waves, ko is the wave number in free space, and k., is y
component of reflected wave vector. Using the relationship
EN=(E, +E_)/V2and EY =i(E;_ — E;;)/V?2, we can
obtain the reflected angular spectrum of left- (positive sign in
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subscript) and right-handed (negative sign in subscript) circu-
larly polarized component.

The transverse displacement of the reflected light beam is
defined as

+

4 2
11y |Eiiy | drdy
,V ==

2 b)
If \Eg;v] dxdy

where 67 and 8~ represent the transverse displacement of

“4)

left- and right-circularly polarized component, respectively.
Considering the first-order Taylor series of the Fresnel coef-
ficients, the spatial transverse spin-dependent shifts of the two
spin components can be calculated as?*!
o kow3Re(1 —; rs/1p)coth; L ®
kwy +101nrp /96, + | (14 r¢/rp)cotb]
kowgRe (14 rp/rs) cot6;

:F
Kwo + 1107,/ + | (1+ /1) cot;

5y =

5, (6)

where r, s = |rps|exp(i@p), in which @, are the phases of
Fresnel reflection coefficients rps. If M = (14 ry/rp)cot6;,
and considering that Re (M) < |M]|, then the equations (5) can
be simplified into
kowo Re (M)
KBwe +|9Inry /06, + M|
kowo |M
S Fwo 5 2 3 |8 | 5 7"
kgwy +[9Inry /06| + M|

5;1 = Fwo

)

The maximum spin shift can be obtained when the follow-
ing conditions are satisfied simultaneously: (i) the term of
|dInrp/d 6;)? in the denominator is negligible and (ii) k%wg =
M |2. Under these conditions, the maximum value of spin shift
approaches closely to wg /2 but cannot exceed it. And we can
obtain the same result from Eqs. (6). Therefore, half of the
incident beam waist is the upper limit of the spin shift.

As is well known, the spin shifts for left- and right-
circularly polarized light are opposite in sign but the same in
magnitude. Equations (5) and (6) are the main analytical for-
mulas in this paper, and it is straightforward that the Fresnel
coefficients are the crucial parameters to determine the spin
shifts for the reflected beam. Transfer matrix method is a
powerful tool in analyzing the light propagations and has been
widely used to study optical properties.[?”-38 Here, the Fresnel
reflection coefficient for p and s waves can be determined by a

2 x 2 transfer matrix:[!'!]

M =T 2P Tr3P3 - - Py Tnomt1, ¥

where

Im—m+1
Tmﬁm+] =

1 1
m |: T'm—m+1 1
is the transmission matrix from the m-th layer to the (m+ 1)-th
layer, and

po— exp(ikmzdm) 0
" 0 exp(—ikyzdm)

is the propagation matrix for the m-th layer with thickness of
dn. The Fresnel reflection coefficients (r, and r5) are given by
the elements of transfer matrix: rp s = M>| /M.

For monolayer graphene, the Fermi energy can be eas-
ily tuned by bias voltage via electronic doping, which will
change the graphene conductivity and thus varying the Fres-
nel reflection coefficient. Within the framework of transfer
matrix method, the incident angle, the thickness of air gap,
and the Fermi energy of graphene can effectively modulate the
Fresnel coefficient of our proposed four-layered nanostructure,
then the photonic SHE will be tuned simultaneously.

3. Results and discussion

In this section, we will investigate the strong spin shift in
broadband range for H-polarized Gaussian beam with a beam
waist of 30A. The frequency range in our calculations is from
0 THz to 500 THz which covers the terahertz, infrared and vis-
ible range. Figure 2 shows the Fresnel reflection coefficients
and spin shifts as a function of incident angle and the fre-
quency of incident wave. Here, the Fermi energy of graphene
is 0.3 eV and the thickness of air gap is chosen to be 400 nm.
As shown in Figs. 2(a) and 2(b), both |r,| and |rg| change with
the incident angle and incident frequency. Increasing the fre-
quency of incident wave, the incident angle corresponding to
|rp| = O (i.e. the Brewster angle) decreases sharply, while it
remains stable to about 33.5° when the incident frequency is
higher than 30 THz. That is due to the dramatic change of
the graphene conductivity and corresponding relative permit-
tivity in the low frequency range (see in Fig. 3). From Eq. (4)
it follows that the spin shift can be determined by the differ-
ence between the Fresnel reflection coefficient |r| and |rp|. A
large reflection of s-polarized light and a small reflection of
p-polarized light will result in a large spin shift of circularly-
polarized light for H polarization input. Therefore, we ob-
serve the strong spin shift around the Brewster angle as shown
in Fig. 2(c). It is worth noting that this strong spin shift is
involved in a broadband frequency range which covers the ter-
ahertz, infrared and visible range. The only difference is that
the Brewster angle of terahertz range (~ 50°) becomes larger
than that of infrared and visible range (~ 33.5°). As a conse-
quence, just by modulating the incident angle conveniently,
the strong spin shift can be realized in broadband range of
0 THz-500 THz, which will facilitate the development of
novel optoelectronic devices in broadband range. It should
be noted that for the incident light of 400 THz—500 THz, there
is another critical angle at which the value of |r,| tends to be
zero. However, the zero value of |rs| occurs simultaneously
around this critical angle, resulting in a very tiny value of spin
shift.
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To discuss the broadband spin shift in detail, the scenarios
of four different incident angles are displayed in Fig. 2(d). For
the incident angle of 33.40° and 33.44° , the positive spin shift
is found to be about 8A—13A over a wide frequency range from
150 THz to 500 THz, while it turns into the negative value at
33.64° and 33.74° separately and the maximum spin shift can
reach up to 154 at 400 THz, which is almost equal to its upper
limit. It should be noted that the photonic SHE is very inter-
esting around these two special frequency points. One is at
120.8 THz, where the imaginary part of graphene conductiv-
ity is zero (as illustrated in Fig. 3), and a pronounced dip of the
spin shift is induced. The other is around 144.8 THz, where
real part of graphene conductivity shows a step-function-like
increase and the imaginary part has a minimum, resulting in a
sudden change of the spin shift at such an incident frequency.

The magnitude of spin shift is intimately related to the
thickness of air gap in this layered structure, thus figure 4
shows the dependence of spin shift on thickness of air gap.
Here, we choose three typical incident waves with wavelength
A = 632.8 nm (visible wavelength), 1550 nm (infrared wave-

length), and 60 pm (terahertz range). It is interesting to note
that the spin shift exhibits the periodic oscillations versus the
thickness of air gap due to the Fabry—Perot resonance in the
layered nanostructures.!!! From Figs. 4(b), 4(d), and 4(f), the
optimal air thickness values for these three wavelengths are
0.524 (or 1.421), 0.434 (or 1.341) and 0.005A (or 0.0291),
respectively. All the maximum spin shifts can reach to its up-
per limitation of 15A. Furthermore, for the incident wave-
length of 632.8 nm and 1550 nm, the giant spin shift is lo-
calized in a relatively narrow range of incident angle (about
33.5°), while in the terahertz range the Brewster angle for the
strong spin shift varies greatly with the thickness of air gap.
Generally speaking, with the decrease of the thickness of air
gap, the Brewster angle increases monotonically. The minus-
cule air thickness will lead the Brewster angle to increase up to
80°. From the above analysis, the air gap of this layered nanos-
tructure provides more flexibility for modulating the photonic
SHE, and a giant spin shift can be achieved by optimizing the

air thickness around the Brewster angle.
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The Fermi energy of graphene can be modulated by bias
voltage or electronic doping, which will tune the graphene
conductivity ¢ (see Eq. (1)) and thus the Fresnel reflection
coefficient. In order to reveal the influence of Fermi energy on

the photonic SHE, the curves of spin shift versus the incident
angle with different values of fixed Fermi energy of graphene
are shown in Fig. 5. For the incident wavelength of 632.8 nm,
as the Fermi energy of graphene is smaller than 0.7 eV, the
spin shift is insensitive to Ef, due to the relatively stable con-
ductivity of graphene. Continuing to increase the value of Ef
to 0.9 eV, the value of spin shift becomes slightly decreased.
For the case of 1550 nm, the spin shift is insensitive by adjust-
ing the Fermi energy from 0.1 eV to 0.3 eV. With the Fermi
energy increasing to 0.4 eV, the maximum value of spin shift
drastically decreases to only 4A, which is attributed to the
step-function-like real part and the sudden dip of imaginary
part of graphene conductivity. Then the spin shift increases
to about 124 as the Fermi energy is above 0.5 eV, accompa-
nied by the larger Brewster angle of incident wave. Addition-
ally, fixing the incident angle at 33.62° , the spin shift switches
from negative to positive value with Fermi energy increasing.
Moreover, the spin shift for the incident wave of 60 pum is
very tiny with the Ey value of 0.2 eV, then it increases dramat-
ically to the maximum value of 154 under the condition of
Er = 0.3 eV. With the continuous increase of Ef, the value of
spin shift then decreases sharply. It should be noted that for
these three cases (i.e., the incident wavelength of 632.8 nm,
1550 nm, and 60 um), the different relations between the spin
shift and Ef can be attributed to the variation in sensitivity
of graphene conductivity to different wavelength of incident
beam. But it is certain that the photonic SHE has a strong de-
pendence on the graphene, and we can effectively control the
spin shift by just adjusting the Fermi energy of graphene.
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4. Conclusions

In this work, we theoretically investigate the tuning of the
photonic SHE in a four-layered structure of prism—graphene—
air—substrate in a broadband range. The dependency of the
spin shift with respect to the indicant angle, the thickness of
air gap, and also the Fermi energy of graphene is discussed.
By optimizing the thickness of air gap and the Fermi energy
of graphene, the considerable spin shift in broadband range
covering the terahertz, infrared and visible regions is real-
ized around Brewster angle. The only difference is that the
Brewster angle of infrared and visible range are both almost
near 33.5°, while that in the terahertz range increases dra-
matically with incident frequency decreasing. Consequently,
in this layered structure containing graphene, the tunable and
enhanced SHE of light in broadband range is demonstrated,
which may lead to some potential applications in developing
new nanophotonic devices in broadband regions.
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