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We proposed and demonstrated that PT symmetric metamaterials could be used to achieve enhanced
spin Hall effect (SHE) of light. We find that when laser mode is excited in PT symmetric system, the
enhanced SHE could be obtained in both transmitted and reflected beams. In addition, as exceptional
points (EPs) of PT symmetric system can happen for both p- and s-polarizations, the enhanced SHE of
reflected light can function for both horizontally and vertically polarized incident beams. Particularly,
these EPs can lead to unidirectional reflectionlessness, asymmetric SHE with maximum contrast ratio of
48 is obtained by launching light beams near EPs. Our work opens up a new path to obtain enhanced
transverse displacement for both reflected and transmitted light and enables more opportunities in

manipulating photonic SHE.

Keywords PT symmetry, exceptional points, laser mode, spin Hall effect

1 Introduction

As the counterpart of spin Hall effect (SHE) in electronic
systems, photonic SHE [1, 2] refers to the splitting of op-
posite spin photons (the right and left circular polariza-
tions of light beam) perpendicular to the incident plane.
The SHE of light has been widely investigated in many
physical systems, such as glass [3], dielectric-meal barrier
[4], and polymeric material [5], etc. In general, due to
weak light-matter interaction, the spin-dependent split-
ting is limited to a fraction of one wavelength [6], which
hinders the potential applications. It was experimentally
found that by launching incident beam near the Brewster
angle [7-9], the SHE of reflected light could be enhanced,
yet limited in horizontally polarized incident beam. How-
ever, this method is not available to obtain enhanced SHE
of transmitted light.

In the past years, metamaterials [10], artificially en-
gineered subwavelength structures, have enabled people
to control wave in an innovative way and therefore pro-
vide a new route to exploring photonic SHE. A vari-
ety of metamaterials have been employed to investigate
photonic SHE, such as hyperbolic metamaterials [11, 12],
chiral metamaterials [13], metasurfaces (2D metamateri-
als) [14]. In particular, zero index metamaterials (ZIMs),
featured with near-zero refractive index, have exhibited
their special abilities in wave manipulation, such as uni-
directional transmission [15] and cavity mode resonance
[16, 17]. Much effort has devoted to the investigation on
the enhanced SHE of transmitted light in ZIMs [18-21].
Generally, intrinsical loss in metamaterials can greatly de-
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stroy the performance of efficient devices, however SHE
of transmitted light could be enhanced by introducing
losses in anisotropic ZIMs [19, 20]. Alternatively, one of
the approaches to relieve the drawback of loss is adding
optical gain portion into metamaterials, particularly for
the metamaterials with balanced loss and gain, which en-
ables new physical phenomena. Recent advance in non-
Hermitian optics has shown that a large number of novel
phenomena could be realized in parity—time (PT) symmet-
ric systems [22], where PT symmetric configuration is re-
alized by spatially modulating balanced gain and loss, i.e.,
n(xz) = n*(—z). For example, unidirectional reflectionless
light propagation can be achieved at exceptional points
(EPs) [23, 24], and coherent perfect absorber (CPA) and
laser modes can coexist in a single structure [25, 26].
Therefore, PT symmetric metamaterials, as new material
platforms, could be potentially used to explore enhanced
photonic SHE. Meanwhile, new effects of photonic SHE
in PT symmetric structures still remains unrevealed.

In this work, we employ PT symmetric metamaterials
to study photonic SHE and reveal unknown effect of spin-
dependent splitting. We find that when laser mode is ex-
cited in a simple structure of PT symmetric bilayer, which
leads to intensive transmission and reflection, the trans-
verse displacement of spin-dependent splitting could be
enhanced in both reflected and transmitted light, with the
maximum transverse displacement of nearly 4.3\. In ad-
dition, the transverse displacement of reflected light could
be enhanced by launching incident beams near EPs stay-
ing away from the laser mode; while for EPs close to
the laser mode, the enhanced transverse displacement of
reflected light via EPs is suppressed due to the intense
resonance of the laser mode. More interestingly, as EPs
can induce unidirectional reflectionless light propagation,
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asymmetric SHE of reflected light could be realized near
EPs away from the laser mode. To be exact, for a par-
ticular incidence near EPs, large spin splitting of reflected
light happens for the incidence from one side and tiny spin
splitting occurs for the incidence from the other side, and
the maximum contrast ratio of the asymmetric transverse
displacements is approximatively 48. Therefore, our work
provides an effective way to manipulate photonic SHE,
and also may facilitate more exploration of photonic SHE
in non-Hermitian systems.
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where Eﬁi) and E’:/(l
tical (V) components of angular spectra of reflected (inci-
dent) beam components, 7, and 7, denote the Fresnel re-
flection coefficients for p-polarization and s-polarization,
respectively, kg = 27/ is wave vector in air, 6; is the
incident angle, k,, = k;, and k., = —k;, due to momen-
tum conservation at the boundary. Horizontal and verti-
cal polarizations, i.e., the synonym of p-polarization and
s-polarization, respectively, mean polarization in the in-
cident plane. At a given plane z = const, the transverse
displacement of reflected field is defined as
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and by considering in-plane and out-plane spreads of wave
vectors, the analytical expressions of spin-dependent split-
ting of reflected light can be written as [9]
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where C' = kowgtanf. Similarly, the analytical expres-
sions of spin-dependent splitting of transmitted light is
expressed as [11]
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In addition, when (kowo)? > cot?@; and by neglecting
the derivative terms, Eq. (3) and Eq. (4) will be further
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2 Theory and model

Now we consider an incident beam with Gaussian dis-
tribution, and its angular spectrum can be written as
E; = woexp[—wd(k?, + kfy)/él]/\/% (wp is the beam
waist). As shown in Fig. 1, the incident plane is located
in the xz—2z plane and the transverse displacement is along
the y-axis. Hence, the angular spectra between reflected
and incident light beams is written as

B
EV) | W

simplified as
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for the reflected light beam
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[27], where 7, =
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for the transmitted light beam [4], where t,,) =
|tp(s)| exp(igp(sy), which are more straightforward to ob-

serve the enhanced SHE of light.

Fig. 1 Tllustration of photonic SHE through a PT symmetric
bilayer. When the PT symmetric bilayer is illuminated by a lin-
early polarized beam, it will split into right-handed (red circle)
and left-handed (blue circle) circularly polarized components,
leading to transverse displacements d4 and 0_ (64 = d_), re-
spectively, in both reflected and transmitted beams.
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3 Wave scattering in PT symmetric bilayer

Based on the simplified formulas for spin-dependent split-
ting in Eq. (5) and Eq. (6), we can see the transverse
displacements of photonic SHE are highly depending on
the transmission/reflection amplitudes of both linear po-
larized beams, i.e., p-polarized light and s-polarized light,
which are crucial elements to achieve enhanced photonic
SHE. Different from common media, PT symmetric sys-
tems can exhibit some extraordinary phenomena, e.g., uni-
directional reflectionlessness and CPA-laser modes, which
potentially enable new effects of photonic SHE, such as en-
hanced SHE of transmitted and reflected light and asym-
metric SHE of reflected light. In this study, we consider
a simple structure of PT symmetric bilayer [28] to reveal
some new effects of photonic SHE. Similar results are also
available in other PT symmetric systems. The proposed
structure is shown in Fig. 1, in which a pair of slabs with
PT symmetry are immersed in air and the loss and gain
layers share an identical thickness of d. The relative per-
mittivities of the PT symmetric layers are e, = &1 + ieo
(loss) and eg = 1 — ie2 (gain), and their permeabilities
are i = 1. For the light beam with 6; incident from the
loss side or gain side, the corresponding reflection and
transmission coeflicients could be obtained using transfer
matrix. The transfer matrix for the optical modulation
from z = 0 to z = 2d can be written as

Ai(z)\ [ M Mo (AZ(O)) 7)
B;i(z) My Mo Bi(0) )
where A; (B;) notes for the amplification of light propa-
gating forward (back forward). The reflection and trans-

mission coefficients can be expressed in terms of the ma-
trix elements of M [23], i.e.,

b =g —t— Mo
L=tlg=1t= , TL=— ;
Mys My

Mo

= M722’ (8)

rg

where t7, and tg (rp and rg) are the transmission (re-
flection) coefficients for incident waves from the loss and
gain sides, respectively. To conveniently reveal the under-
lying PT symmetric behaviors, the eigenvalues of scatter-
ing matrix (S = (TtG ")) is employed [29, 30], given as
Sy =t=+ /rrre. In order to access more extraordinary
phenomena and make a comparison of SHE between PT
symmetric metamaterials and ZIMs, the PT symmetric
system is optimized as €1 = €5 = 0.1 and d = 0.785\.
The corresponding absolute values of the eigenvalues for
p-polarized light are displayed in Fig. 2(a), where there are
four special positions in the angular spectrum marked by
black arrows to achieve extraordinary phenomena, which
are labelled as EP;, EPy, EP3, and CPA-laser mode, re-
spectively. Three incident angles indicated by the solid
arrows are EPs, which correspond to unidirectional reflec-
tionlessness and one incident angle marked by the dashed
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Fig. 2 Wave scattering in PT symmetric bilayer. (a) and
(b) are the absolute values of the eigenvalues of the S-matrix
and transmission /reflection in a logarithm scale for p-polarized
light, respectively. (c) and (d) are the corresponding results
for s-polarized light. In calculation, we have €1 = g2 = 0.1 and
d = 0.785)\ for the PT symmetric metamaterials.

arrow is CPA-laser mode, which could induce quite in-
tense transmission and reflection independent of incident
directions [29]. We also show the corresponding relation-
ship between transmission/reflection and incident angle
for p-polarized light in Fig. 2(b), where unidirectional re-
flectionlessness is seen at #; = 8.67° and 03 = 23.12° for
the incidence from the loss side and 6y = 19.66° for the
incidence from the gain side, and laser mode is achieved
at 0, = 21.87°. While for the case of s-polarized light,
only one EP (marked as EP,) appears at the angular spec-
trum [see Fig. 2(c)], and unidirectional reflectionlessness
appears at 0, = 7.01° for the incidence from the loss
side [see Fig. 2(d)]. In the following, we will use these
polarization-dependent extraordinary phenomena in the
PT symmetric system to explore the SHE for both trans-
mitted and reflected light. As these extraordinary phe-
nomena are limited in 6; € [0°,40°], we will also explore
the SHE in this incident range.

4 Spin Hall effect of transmitted and reflected
light

Let us start from the SHE of transmitted light in the
PT symmetric bilayer. We show the spectrum of trans-
mission for both s- and p-polarizations with a logarithm
scale in Fig. 3(a), where there is an intensive transmission
for p-polarization induced by the laser mode. Normally,
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the SHE of transmitted light in common media is weak,
while for the media with near-zero refractive index, the
transverse displacements could be improved around the
near-zero Brewster angle [18]. To make a comparison of
SHE between an epsilon-near-zero (ENZ) slab and the PT
symmetric bilayer, the corresponding spectrum of trans-
mission for the lossless ENZ (¢ = 0.1 and p = 1) slab
with ¢ = 2d = 1.57\ is shown in Fig. 3(a), where unity
transmission for p-polarization is observed at its Brewster
angle. As the ratio of |t5]/|t,| is a small value in these
two systems, the transverse displacements of H-polarized
incident light should be tiny for both cases, which can be
deduced from the simplified formula in Eq. (6). We use the
general formula in Eq. (4) to calculate the transverse dis-
placement of H-polarized incident light shown in Fig. 3(b),
where the green solid and black dashed curves denote the
cases of the PT symmetric bilayer and the lossless ENZ,
respectively. We can see that the transverse displacements
from both cases are comparable, implying that the inten-
sive transmission from the laser mode of p-polarization
does not have deep influence on the transverse displace-
ment of 57, only introducing a dip in the transverse dis-
placement. As the intensive resonance of laser mode can
lead to infinite value of |0t,/06;|? tan?0; [see Fig. 3(c)],
such a derivative term is dominant in the denominator of
Eq. (4), bringing about a vanishing § at the resonant an-
gle of laser mode. For the transverse displacement of §V,
when the laser mode of p-polarization is excited, the ratio
of |tp|/|ts| in the PT symmetric bilayer goes to an infinite
value, while the derivative term |0t,/90;|? tan? 6; is tiny
[see Fig. 3(c)]. As a result, the enhanced transverse dis-
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Fig. 3 Photonic SHE of transmitted light in the PT symmet-
ric bilayer. (a) The transmission of PT bilayer (left column)
and ENZ slab (right column). The transverse displacements of
6% (b) and 6Y (d) of transmitted light, where the solid and
dashed curves denote the cases of PT bilayer and ENZ slab. (c)
The derivative terms |0t/d6;| tan® §; of the p(s)-polarization
for PT symmetric bilayer, where the solid (dashed) curves de-
note the cases of p(s) polarization, respectively. In calculation,
wo = 15\,
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placement of §" appears near the resonant angle of laser
mode (6Y & 1/|t,| = 0 at the laser mode), which is indi-
cated by the green solid curve in Fig. 3(d), and the max-
imum value of the transverse displacement is about 4.3\,
which is larger than that in the lossless ENZ case near
its Brewster angle. In addition, the sign change of the en-
hanced transverse displacement of transmitted light cross
the laser mode is observed, which is caused by the phase
change of 7 at the laser mode [29]. Based on the results
shown in Fig. 3, we can conclude that the transverse dis-
placement of transmitted light could be greatly enhanced
by exciting laser mode in PT symmetric systems, which
provides an alternative way to achieve enhanced SHE of
transmitted light.

Here we will investigate the photonic SHE of reflected
light in the PT symmetric bilayer and the corresponding
results are displayed in Fig. 4, in which the upper (lower)
plots described by the blue (red) curves are the relevant
results for the reflection from the loss (gain) side and the
black curves are the corresponding results of the ENZ slab.
For the reflection from the loss side, two EPs (EP;, EP3)
of p-polarization are seen in Fig. 4(a). Following the sim-
plified formula in Eq. (5), the enhanced transverse dis-
placement of §7 should be realized by the large ratio of
|7s|/|7p|- By using the general formula in Eq. (3), the cor-
responding transverse displacement of 67 is revealed in
Fig. 4(b), in which the result of the ENZ slab is shown
by the black dashed curve. As seen in Fig. 4(b), the en-
hanced transverse displacements near EPs (solid curves)
exhibit similar results with that from the ENZ medium
near its Brewster angle. But surprisingly, the enhanced
transverse displacement is only found near EP; and the
transverse displacement near EPj3 is suppressed. It is be-
cause that the resonant angle of EP; is far away from that
of the laser mode, the derivative term |0ry,(,/06;|? tan® 0;
is a tiny value; while the resonant angle of EP3 is close
to that of the laser mode, a large value of the derivative
term is achieved, which suppresses the enhanced SHE [see
Eq. (4)]. These results are well revealed in Fig. 4(c), where
EP3 (A3 = 23.12°) locates near the laser mode (6;45 =
21.87°) and the derivative term is a large value. Therefore,
the expectantly enhanced SHE near EPj is suppressed by
the excited laser mode. For the SHE in V-polarized beam,
apparently, the reflection of s-polarization from the loss
side [see Fig. 4(a)] encounters only one EP4 without laser
mode. As a result, the enhanced transverse displacement
of 8V is achieved around EPy, as shown in Fig. 4(d). In
addition, the large ratio of |r,|/|rs| is obtained through
the laser mode from p-polarization and the derivative
term of |Orp(s)/06;]? tan? 0; is tiny [see Fig. 4(c)]. Accord-
ingly, the enhanced transverse displacement of §" is re-
alized near the laser mode (6V ~ 1/|rp)| = 0 at the
laser mode), with a maximum value of about 4.4\ [see
Fig. 4(d)]. While for the reflection from the gain side,
the extraordinary phenomena are EP5 and the laser mode
from p-polarization [see Fig. 4(e)], which could bring en-
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Fig. 4 Photonic SHE of reflected light in the PT symmetric bilayer. The reflection of PT bilayer (left column) and ENZ slab
(right column) for the incidence from loss (a) and gain (e) sides. The transverse displacement of 67 for the incidence from loss
(b) and (f) gain sides, where the solid and dashed curves denote the cases of PT bilayer and ENZ slab. The derivative terms
|0r /80;]? tan® §; of the p(s)-polarization for the incidence from the loss (c) and gain (g) sides, where the solid (dashed) curves
denote the cases of p(s)-polarization, respectively. The transverse displacements of §¥ for the incidence from loss (d) and (h)
gain sides, where the solid and dashed curves denote the cases of PT bilayer and ENZ slab. In calculation, wo = 15\.

hanced transverse displacement of 6 and enhanced trans-
verse displacements of ", respectively. However, as EP;
happens at the incidence near the laser mode, leading to
a large value of |0r¢(y)/00;]* tan? 6; [see Fig. 4(g)], the
transverse displacement of 6 near EP, is restricted into
a tiny value, as shown in Fig. 4(f). Similarly, the enhanced
transverse displacement of 6V is achieved near the res-
onant angle of the laser mode from p-polarization [see
Fig. 4(h)], and the maximum transverse displacement can
reach 4.5\. It is obvious that the sign change of the en-
hanced transverse displacements of reflected light is also
found at these EPs and the laser mode, which is also in-
duced by the phase change of m at EPs and the laser
mode [29]. By comparing the transverse displacements
in Fig. 4, as EPs not only happen in p-polarization but
also in s-polarization, the enhanced SHE of reflected light
in the PT symmetric system could function not only for
H-polarized incident beam but also for V-polarized inci-
dent beam, which breaks through the polarization limit
in common media. By exciting the laser mode, the en-
hanced SHE of reflected light can occur independent of
incident directions. In particular for the incidence near
EPs (e.g., 6; = 8.02° near EP;), large spin splitting with
transverse displacement of about 1.68\ occurs for the in-
cidence from the loss side; while tiny spin splitting with
transverse displacement of about 0.035\ happens for the
incidence from the gain side. The contrast ratio of the
transverse displacements in opposite incident directions is
about 48. Therefore, asymmetric SHE featured by inci-
dent direction could be achieved through unidirectional
reflectionlessness, which is different from the asymmetric
SHE featured by the handedness of incident polarization
[31].
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5 Discussion and conclusion

In conclusion, by introducing more extraordinary PT ef-
fects, our work provided more complete picture of new be-
havior of SHE in PT symmetric systems, including both
transmitted light beam and reflected light beam. We find
that the intensive transmission induced by the laser mode
in PT symmetric system can bring about the enhanced
transverse displacement of transmitted light beam, there-
fore providing a feasible way to obtain enhanced SHE of
transmitted light. In addition, the enhanced transverse
displacement of reflected light could be obtained near the
laser mode, regardless of the incidence from the loss or
gain side. Although multiple EPs occur in the PT sym-
metric bilayer, the enhanced SHE of reflected light only
happens near the EPs away from the laser mode. There-
fore, SHE of reflected light via EPs could not be enhanced
in some certain cases [32]. As EPs can lead to unidi-
rectional reflectionlessness, asymmetric SHE (incidence-
dependent spin splitting) is achieved near EPs. Consid-
ering recent advances in non-Hermitian optics, in partic-
ular for unidirectional reflectionlessness in non-ideal PT
systems [24, 33] and the CPA-laser mode in PT symmet-
ric periodic structures [34, 35], our proposed scheme to
access enhanced SHE is promising and therefore enables
more possibilities in manipulating photonic SHE, which
might lead to more exploration of photonic SHE in non-
Hermitian systems, such as conjugate metamaterials [36—
40].
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