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Photonic Spin-Hall Effect at Generic Interfaces

Xiaohui Ling,* Zan Zhang, Zhiping Dai, Zhiteng Wang, Hailu Luo, and Lei Zhou*

Although the photonic spin-Hall effect (PSHE) at optical interfaces has been
widely studied in past years, its physical origin remains obscure. Here,
through studying the scatterings of circularly polarized beams obliquely
incident on a series of junctions linking two homogenous optical media, how
the physical origin of the PSHE evolves as the interface changes from a slowly
varying junction to a step-like sharp one is explored. Beams transmitted
through a generic interface consist of two modes, a spin-maintained normal
mode carrying a spin-redirection Berry (SRB) phase and a spin-flipped
abnormal mode exhibiting a Pancharatnam–Berry (PB) phase. Under
linear-polarization incidence, a spin-polarized beam transmitted through each
junction is generally an interference of normal and abnormal modes
corresponding to two different incident circular polarizations, and thus the
resulting PSHE is dictated by the interplay and competition between two
effects dictated by SRB and PB phases, respectively. Shrinking the interfacial
region can increase the strength of the abnormal mode, making the measured
PSHE change from the SRB-dominated one to the PB-dominated one. The
results establish a unified framework to understand the PSHE at generic
interfaces, offering practical ways to control the PSHE by “designing” the
abnormal scatterings on optical interfaces.

1. Introduction

Photonic spin-Hall effect (PSHE) denotes the spin (helicity)-
dependent shift of light-beam center along with certain op-
tical processes where light beam changes its propagation
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direction.[1–6] In recent years, the PSHE
has attracted intensive attention since it
reveals the profound interplays between
photonic angular momenta related to
spin and orbit degrees of freedom and
exhibits promising applications in pre-
cision measurement,[7–10] sensing,[11–13]

image-edge detection,[14–16] and spin-
optical devices.[17–22]

Many theories were developed to
understand the PSHEs occurring in
different circumstances.[1–6] In earlier
days, researchers discovered that, as
a linearly polarized light beam passes
through a smoothly varying gradient-
index medium (GIM) or an optical fiber,
it can split into two circularly polarized
light beams with opposite transverse-
coordinate shifts in real space.[23–25]

These effects belong to one type of
PSHE, dictated by the spin-redirection-
Berry (SRB) phase[26,27] gained by a
spin-polarized light beam adiabatically
changing its propagation direction. The
SRB phase shares the same physics
with the geometric phase gained by a

quantum spin driven by a magnetic field slowly varying in time,
discussed in the original seminar paper by Berry.[28] Later, scien-
tists continued to study the PSHEs as light beams strike sharp
optical interfaces, including single optical interfaces and multi-
layer films.[1–6,29–33] Initially, Onoda et al.[1] studied such effect
using a semi-classical theory of light beam, based on essentially
the concept of SRB phase in the refraction process. Two years
later, the semi-classical theory was challenged by Bliokh et al.,[2,3]

since light scatterings at sharp interfaces are not adiabatic pro-
cesses and thus cannot be well described by the semi-classical
theory. In contrast, the authors proposed a wave-theory to study
the PSHE as an obliquely incident light beam strikes the sharp
optical interface, based on Fresnel coefficients derived in match-
ing electromagnetic boundary conditions at the interfaces. How-
ever, although the formulas given by Bliokh et al. are accurate,[2,3]

confirmed later by Hosten et al.[4] in a carefully designed exper-
iment, the intrinsic physics is buried inside the rigorous formu-
las. For example, it is not clear whether the SRB phase still plays
an important role in such optical process, or whether there are
new mechanisms to govern the PSHE.
In a parallel line, another spin–orbit-coupling-induced effect

drewmuch research attention related to light scatterings at sharp
optical interfaces. In 2012, Yavorsky et al.[34] discovered that, as
a circularly polarized beams is scattered by a sharp optical in-
terface under normal incidence, each k component inside the
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Figure 1. Two types of geometric Berry phase and spin-Hall shifts in light beam refraction at a sharp interface. a) Schematic of a circularly polarized light
beam refracted at a sharp interface. The refracted beam has a spin-maintained normal component carrying an SRB phase (ΦSRB) with an transverse shift
of Δynor and a spin-reversal abnormal one with a PB phase (ΦPB) exhibiting a shift of Δyabn. Inset: Intensity and circular-polarization distribution of the
incident beam. b,c) Schematic representation of the SRB phase in k space and the PB phase on Poincaré sphere, respectively. When the spin polarized
wave with ki is refracted to (or smoothly varied to) that with kt, an SRB phase is obtained. A PB phase is gained as a spin-up plane wave with k undergoes
a spin-reversed scattering, which is half of the solid angle Ω of the shaded area surrounded by two paths connecting the north and south poles on the
Poincaré sphere. d) Calculation of the beam shifts of normal mode (orange line) and abnormal mode (green line) in a single interface with ni = 1 and
nt = 2. Geometrical-optics calculation (see the Supporting Information) of the shift in a GIM with smoothly varying refractive index from 1 to 2 is shown
by orange dots. 10×: Data of the normal-mode shift are magnified by 10 times.

beam can gain a k-dependent phase in the spin-converted scat-
tering process, resulting in an optical vortex with a topological
charge of ±2.[35,36] Recently, a full-wave theory is developed to
revisit the spin-orbit couplings at sharp optical interfaces un-
der both normal and off-normal incidences.[37] It is revealed that
such k-dependent phases are actually of the Pancharatnam–Berry
(PB) origin,[28,38–43] being another type of geometric Berry phase
gained by light in spin-converted scattering processes.[35–37] In
addition, the authors also pointed out that such PB phase plays
a very important role in determining the spin-Hall shift of light
at off-normal incidence, in addition to the SRB phase previously
discussed. Given different Berry phases (e.g., SRB phase and PB
phase) appearing in different optical processes, it is natural to ask
what are the exact roles played by different Berry phases and how
they interplay and compete in these optical processes.
In this paper, we answer these questions through studying

the scatterings of circularly polarized light beams on a series
of junctions (exhibiting different spatially varying refraction-
index profiles) linking two homogenous optical media. We find
that the beam transmitted through a generic optical interface is
composed of a spin-maintained normal mode carrying an SRB
phase and a spin-flipped abnormal mode carrying a PB phase.
Therefore, under linear-polarization incidence, a certain spin-
component of the transmitted beam must be a superposition of
a normal mode and an abnormal mode corresponding to differ-
ent incident circular polarizations. As the junction evolves con-

tinuously from a GIM to a sharp interface, the strength of the
abnormal mode inside the transmitted beam increases which en-
hances the importance of the PB mechanism in determining the
PSHE. Finally, we discuss how to enhance the role played by the
PB mechanism in determining the PSHE at optical processes,
and proposed one possible solution of employing carefully de-
signed metamaterial slabs to increase the abnormal-mode gener-
ation efficiency.

2. Full-Wave Theory for the PSHE at Generic
Interfaces

2.1. Full-Wave Theory for the PSHE at a Single Interface

Figure 1a shows the principal illustration of a circularly polarized
light beam refracted at a single interface. We define (x, y, z) and
(xa, ya, za) as the laboratory and local coordinate systems, respec-
tively, where y ∥ ya and za is parallel to the propagation direction
of the light beam. The superscripts a = {i,t} label the incident
and transmitted light, respectively. Because of the same physics
shared by the reflection and transmission, we here only consider
the transmission case for the sake of simplicity. A finite-width
light beam is a coherent superposition of many plane waves with
slightly different propagation directions, each of which has dif-
ferent angle and plane of incidence. In the spin basis (circular
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polarization basis), we represent the electric filed of a light beam
in an arbitrary transverse plane (za = const.) as

Ea⟂(r
a
⟂, z

a) = ∫ d2ka⟂e
ika⋅ra

∑
𝜎=+,−

Ẽa
𝜎
(ka)̂ea

𝜎
(1)

where ka and ra are the wave-vector and position vector in the
local coordinate, ka ⋅ ra = ka⟂ ⋅ ra⟂ + kazz

a = kaxx
a + kayy

a + kazz
a with

kaz = [(ka)2 − (ka
⊥
)2]1∕2, and êa

𝜎
= (̂xa + i𝜎ŷa)∕

√
2.

Recently, we have established a 2 × 2matrixM(t) to connect the
transmitted and incident beam,[37] i.e.,[
Ẽt
+(k

t)
Ẽt
−(k

t)

]
= M(t)

[
Ẽi
+(k

i)
Ẽi
−(k

i)

]
=
(
M++
M−+

M+−
M−−

)[
Ẽi
+(k

i)
Ẽi
−(k

i)

]
(2)

Assume that the incident beam is a left-handed circular-
polarization Gaussian one with E-field distribution on its waist
plane being (see Figure 1a inset)

Ei+(r
i
⟂) = exp[−(ri⟂∕w0)

2]̂ei+, (3)

with w0 being the half-width of the beam waist. Substi-
tuting Equation (3) into Equation (1) we obtain Ẽi

+(k
i) =

w20
2
exp[−(ki

⊥
w0)

2∕4] and Ẽi
−(k

i) ≡ 0. Putting Ẽi
±(k

i) into Equa-
tion (2) to get Ẽt

±(k
t), we have the transmitted E-fields as

Et++(r
t
⊥
) = ∫ d2kt

⊥
eik

t ⋅rtM++Ẽ
i
+(k

i)

Et−+(r
t
⊥
) = ∫ d2kt

⊥
eik

t⋅rtM−+Ẽ
i
+(k

i)

(4)

Here, the spin-maintained and spin-reversal beams are sepa-
rately called normal and abnormalmodes. This indicates that even
the incident beam exhibits a pure spin, the refracted beam can
still include a spin-flipped abnormal component (see Figure 1a)
which comes from the “effective anisotropy” possessed by the op-
tical interface at oblique incidence [i.e., t+− = (tp−ts)/2≠ 0]. When
the incident beam is a right-handed circular-polarization one, one
can also obtain the normal and abnormal modes in the refrac-
tion, i.e., Et

−−(r
t
⊥
) and Et

−+(r
t
⊥
), akin to Equation (4). The centroid

shifts of the normal and abnormal modes (∆ynor and ∆yabn) can
be directly computed as the expectation values of the transverse
position of the beam:[44,45]

▵ ynor,abn =
∬ yt||Enor,abn||2dxtdyt
∬ ||Enor,abn||2dxtdyt (5)

2.2. Two Kinds of Berry Phase and Beam Shifts

We have recently demonstrated that the abnormal mode exhibits
an intriguing topological phase transition from vortex generation
at normal incidence to PSHE under oblique incidence.[37] Here
we are only interested in the latter. Then, under paraxial-wave
approximations, we have the simplified form ofM(t) as

M(t) ≈
[
t++ exp(iΦ

nor
+ ) t+− exp(iΦ

abn
− )

t−+ exp(iΦ
abn
+ ) t−− exp(iΦ

nor
− )

]
(6)

where t++ = t−− = (tp + ts)∕2 and t+− = t−+ = (tp − ts)∕2 are Fres-
nel transmission coefficients of the central plane waves within
the beam in the spin basis, and

Φnor
𝜎

=
(𝜎 cos 𝜃i − 𝜎nor cos 𝜃t)ky

k0 sin 𝜃i

Φabn
𝜎

=
(𝜎 cos 𝜃i − 𝜎abn cos 𝜃t)ky

k0 sin 𝜃i

(7)

The normal-mode phase Φnor
𝜎

is an SRB phase which can be
further written asΦnor

𝜎
= 𝜎(cos 𝜃i − cos 𝜃t)ky∕(k0 sin 𝜃i) due to the

spin unchanged in the normal mode, i.e., 𝜎nor = 𝜎 (𝜎, 𝜎nor,abn ∈
{+,−}). It can be represented by a direction sphere in the mo-
mentum space (Figure 1b). The k-cone of the incident beam (ki-
cone) changes to that of the refracted beam (kt-cone) after refrac-
tion. This process is not continuous and therefore we only need to
consider the phase difference between the initial and final states
as Φnor

𝜎
. For a GIM, the evolution is continuous, and the geomet-

ric phase also takes the same form.
The abnormal-mode phase Φabn

𝜎
can be further expressed as

Φabn
𝜎

= Φnor
𝜎

+ 2𝜎ky cos 𝜃
t∕(k0 sin 𝜃i) due to spin flip (𝜎abn = −𝜎),

which are divided into two parts, one equal to the SRB phase in
the normal mode, and the other with a factor of 2 originating
from the spin reversal of the abnormal mode, i.e., a momentum-
dependent PB phase which dominates in the abnormal mode.
Such PB phase can be geometrically represented by a Poincaré
sphere (Figure 1c) where the polarization state evolves from the
north (south) pole to the south (north) pole.[37,42,43,46,47] This evo-
lution is also not continuous, and we also need to consider only
the phase difference between the initial and final states. In fact,
when the propagation direction of the beam is unchanged, such
as a thin slab placed in air, the SRB phase vanishes, and only the
PB phase remains.
The geometric phase of either the normal or abnormal mode

is a linear function of ky, which forms a linear phase gradient in
momentum space, leading to real-space beam shifts:[6,32,48]

Δynor
𝜎

= −∇ky
Φnor

𝜎
= 𝜎

cos 𝜃t − cos 𝜃i

k0 sin 𝜃i

Δyabn
𝜎

= −∇ky
Φabn

𝜎
= −𝜎 cos 𝜃

t + cos 𝜃i

k0 sin 𝜃i

(8)

For an optically thin slab placed in a homogenous media, the
refracted beam is not deflected with respect to the incident one,
so the normal-mode shift is vanishing and only the abnormal-
mode one remains. At near-normal incidence, Equation (8) is
no longer valid and the full theory (Equations (1)–(5)) must be
employed. And then the beam intensity pattern of the abnormal
mode is severely distorted and exhibits an intriguing topological
phase transition from vortex generation to the PSHE. We visual-
ized the shifts of the twomodes in Figure 1d for a single interface
composed of two semi-infinitemedia with their refractive indices
being ni and nt, respectively.
Because of the rotational symmetry of the interface with

respect to the z direction, the total angular momentum of
the normal and abnormal modes in this direction must be
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conserved, respectively. The geometric phases of the normal
and abnormal modes (Equation (7)) indicate the change of
the spin angular momentum in the z direction upon re-
fraction, i.e., ΔLnor = 𝜎 cos 𝜃i − 𝜎nor cos 𝜃t and ΔLabn = 𝜎 cos 𝜃i −
𝜎abn cos 𝜃t, where 𝜎 cos 𝜃i, 𝜎nor cos 𝜃t, and 𝜎abn cos 𝜃t are averaged
spin angular momentum per photon of the incident beam, the
normal and abnormal modes, respectively. In fact, due to the an-
gular momentum conservation, ΔLnor,abn will convert into orbital
angular momentumwhichmanifests as the centroid shifts of the
normal and abnormal modes, namely, Δynor,abn

𝜎
= ΔLnor,abn∕Px,

where Px = k0 sin 𝜃
i is averaged linear momentum per photon in

the x-direction. The spin-Hall shifts calculated in this approach
are in perfect agreement with Equation (8). Therefore, it is clear
that the SRB and PB phases naturally involve the law of angular
momentum conservation, and through which one can directly
derive the shifts of the normal and abnormal modes.
We now introduce the formula derived above to reanalyze the

PSHE in the existing work under linear polarization irradiation,
e.g., horizontal polarization (H or p polarization) and vertical po-
larization (V or s polarization). Assuming that the incident beam
is H-polarized, it contains an equal weight of left- and right-
handed circular polarization components, i.e., Ẽi

+(k
i) = Ẽi

−(k
i).

Substituting this condition into Equations (1) and (2), we obtain
the transmitted beam as

Et+(r
t
⊥
) = Et++(r

t
⊥
) + Et+−(r

t
⊥
)

Et−(r
t
⊥
) = Et−+(r

t
⊥
) + Et−−(r

t
⊥
)

(9)

It is found that the left and right-handed components of the
transmitted beam are the interference and superposition of a nor-
mal mode with an SRB phase and an abnormal mode with a PB
phase. For an interface composed of natural materials, such as
air–glass interface, the strength of the abnormal mode is gener-
ally far less than that of the normal mode, and the shift of Et

±(r
t
⊥
)

is mainly determined by the normal mode.

2.3. Extending the PSHE Theory to Generic Interfaces

We have given a full-wave theory above to describe the PSHE
at a single interface. We arrived at an important conclusion: the
change of the beam propagation direction due to the refractive in-
dex change can produce a normal mode carrying an SRB phase
with an SRB-induced shift; the spin reversal caused by the ef-
fective anisotropy of the p- and s-wave components inside the
beam can generate an abnormal mode carrying a momentum-
dependent PB phasewith a PB-induced shift. The two kinds of ge-
ometric phase have different mechanisms, which together dom-
inate the PSHE at an optical interface. One can also see that the
normal-mode shift and abnormal-mode shift depend upon their
respective geometric phases, and their efficiency is determined
by the Fresnel coefficients (t++,−− and t−+,+−). Therefore, it is easy
to extend the PSHE theory from a single interface to generic junc-
tions or interfaces, such as multilayer film stacks.
We now consider a junction or a complex interface consisting

of a m-layer film stack. On one hand, the beam shift generated
by any single interface within the junction can be computed ac-

cording to Equation (8). Then, the final shifts generated by the
junction are the sum of the shifts at each single interface, i.e.,

Δynor
𝜎

=
m∑
𝜉=1

𝜎
cos 𝜃𝜉+1 − cos 𝜃𝜉

k𝜉 sin 𝜃𝜉
= 𝜎

cos 𝜃t − cos 𝜃i

k0 sin 𝜃i

Δyabn
𝜎

= −
m∑
𝜉=1

𝜎
cos 𝜃𝜉+1 + cos 𝜃𝜉

k𝜉 sin 𝜃𝜉
= −𝜎 cos 𝜃

t + cos 𝜃i

k0 sin 𝜃i

(10)

where the denominator k𝜉 sin 𝜃
𝜉 keeps constant for any interface

within the junction according to the Snell’s law. Obviously, one
finds that these two equations, respectively, produce the same
shifts as the normal and abnormal modes of a light beam re-
fracted at a single interface (Equation (8)) when the two systems
deflect the beam at a same angle. On the other hand, the effi-
ciency of the normal and abnormal modes, respectively, 𝜂nor ≈|t++,−−|2 = |tp + ts|2∕4 and 𝜂abn ≈ |t−+,+−|2 = |tp − ts|2∕4, can be
easily obtained by calculating the Fresnel coefficients of the film
stack.

3. Discussion on the PB-Dominated PSHE

3.1. The Role of the PB Phase in the PSHE at a Generic Interface

Now a question arises: since the PSHE at a generic interface is
dominated by the SRB phase and the PB phase together, can the
weights of these two parts be adjusted by designing appropriate
junctions? We first consider an extreme case, that is, an isotropic
GIM connects two semi-infinite media with refractive indices
of ni and nt (Figure 2a), respectively. Ideally, if the GIM has an
extremely smooth change of the refractive index (i.e., thickness
h → ∞), a light beam can pass through the GIM without reflec-
tion, that is, tp = ts = 1. Hence, the transmitted beam has only
a normal mode and no abnormal mode. This means the PSHE
of the GIM is completely governed by the SRB phase. The beam
shift generated by the GIM (Figure 1d, see the Supporting In-
formation for details) is the same as the normal-mode shift of a
single interface with abrupt change of refractive index from ni to
nt. When shrinking the GIM, reflection occurs due to impedance
mismatch of the interface, and tp is no longer equal to ts. Then the
abnormal mode will appear. In the calculation, we can approxi-
mately divide the junction into an equal-thickness film stack with
refractive index increment of Δn = (nt –ni)/m (Figure 2b). When
the junction thickness vanishes (i.e., h = 0), it becomes a single
interface (Figure 2c). Here we calculate the normalized efficiency
of abnormalmodes against the layer numberm for several special
incident angles, as shown in Figure 2d.We find that the efficiency
of the abnormal mode increases oscillatorily when the junction
shrinks, and reaches the maximum when the thickness of the
junction is 0 (i.e., a single interface). However, the efficiency of
the abnormal mode is still extremely weak (less than 1%).

3.2. PB-Dominated PSHE at a Slab Placed in a Homogeneous
Medium

Note that when 𝜃i = 𝜃t, the normal-mode shift is Δynor
𝜎

= 0 (see
Equation (8)) with a non-vanishing weight (efficiency), and the

Laser Photonics Rev. 2023, 2200783 © 2023 Wiley-VCH GmbH2200783 (4 of 9)
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Figure 2. Abnormal-mode efficiency for a junction evolving from a GIM to a single interface. a) Schematic of a junction (e.g., a GIM) connecting two
semi-infinite media with thickness h, and refractive indices ni and nt, respectively. b) The junction can be approximately divided into am-layer film stack
with equal thickness (d = 0.5𝜆) and refractive-index increment Δn = (nt–ni)/m. c) An extreme case (h = 0) of the junction, i.e., a single interface. d) The
normalized efficiency is evaluated as the ratio of the abnormal- and normal-mode efficiencies.

PSHE is completely governed by the abnormal mode carrying
a PB phase, as long as the refractive indices on both sides of a
junction or an interface are equal (i.e., ni = nt). In this case, the
abnormal-mode shift can be simplified as Δyabn

𝜎
= −2𝜎 cot 𝜃i∕k0.

Such a typical junction is a slab placed in a homogeneous
medium, which can be a single-layer film, a film stack, or even
a GIM. No matter what the configuration is, it will not affect the
shifts of the normal and abnormal modes, but only change the
relative weights of the normal and abnormal modes.
Under linear polarization irradiation, the shift of each circular

polarization component is actually the result of the interference
and superposition between a normal mode with a high weight
and a small shift and an abnormal mode with a small weight and
a large shift. This picture can be illustrated in Figure 3a,b. By
modulating the polarization of the incident light beam, the in-
tensities of the normal and abnormal modes can be adjusted, so
as to change the amplitude and direction of the measured shifts.
Because of the interference and superposition, such shift is very
sensitive to the polarization of the incident light. Typically, for a
single interface, when a H- and a V-polarized beam illuminates a
single interface, respectively, the shifts of the circular polarization
component are obviously different (Figure 3c). For a slab whose

PSHE is completely dominated by the PB phase, the shifts show
greater difference and even have opposite signs. This also indi-
cates that the PSHE completely dominated by the PB phase in a
slab can have richer properties than those dominated by the SRB
phase in a single interface.
In fact, the momentum-dependent PB phase plays an impor-

tant role in the PSHE at a generic interface or junction, which has
not been recognized for a long time. Only recently, people have
begun to realize this.[37,46–48] However, theweight or the efficiency
of the PB-phase-carrying abnormal mode is extremely weak (less
than 10%) for a slab made of conventional materials (Figure 4a).
This limits the capability to manipulate the PSHE with the PB
phase. In what follows, we will propose some specially designed
metamaterial slabs to significantly enhance the efficiency of the
PB-phase-carrying abnormal mode.

3.3. Enhancing the Efficiency of the PB-Induced PSHE by
𝝐z-Near-Zero Uniaxial Slabs

From the above discussion, there is an interesting phenomenon
that the normal mode has a tiny shift but a large efficiency (see

Laser Photonics Rev. 2023, 2200783 © 2023 Wiley-VCH GmbH2200783 (5 of 9)
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Figure 3. The PSHE under linear polarization illumination. The spin-Hall shift at a) a single interface and b) a slab, respectively, under linearly polarized
incidence is illustrated as the superposition of a normal mode with a relatively large weight and a tiny shift and an abnormal mode with a small weight
and a large shift. c) Calculated shifts under H- and V-polarized incidence at a single interface (upper) and a slab (lower).

Figure 2d), while the abnormal mode has a large shift but a small
efficiency. Therefore, one may be curious to know whether we
can significantly enhance the efficiency of the abnormal mode,
even obtain nearly 100% efficiency. In fact, the efficiency can
be enhanced so long as the effective anisotropy |tp − ts| of the p-
and s-polarized wave components within the beam is increased.
For example, for an isotropic 𝜖-near-zero slab, |tp| can reach 1 at

some incident angles, while |ts| can be close to 0, bringing the
efficiency up to ≈25% (Figure 4b). One can expect that if we can
make one of tp and ts be 1 and the other −1, a 100%-efficiency of
the abnormal mode could be achieved.
Anisotropic media have more degrees of freedom than

isotropic ones and are expected to achieve a near-unity efficiency.
We consider an optically thin uniaxial slab with thickness h and

Laser Photonics Rev. 2023, 2200783 © 2023 Wiley-VCH GmbH2200783 (6 of 9)
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Figure 4. Enhancing the efficiency of the PB-induced SH shift. a) Transmission and efficiency of a conventional medium with 𝜖 = 4. b) Transmission and
efficiency of an 𝜖-near-zero isotropic slab (𝜖 = 0.04). c) Transmission and efficiency of an 𝜖z-near-zero slab without loss (𝜖z = 0.1). d) Transmission and
efficiency of an 𝜖z-near-zero slab with loss (𝜖z = 0.1 + 0.01i). Here, the thickness of the slabs is taken as h = 1𝜆.

a permittivity tensor of 𝜀 = diag(𝜀x, 𝜀y, 𝜀z) (𝜀x = 𝜀y ≠ 𝜀z) and per-
meability 𝜇 = 1. That is, the optical axis of the uniaxial slab is
parallel to the z-axis. In this case, all the theory above is still
valid. Since such uniaxial material has two independent parame-
ters, 𝜀x,y and 𝜀z, it has more degrees of freedom compared to an
isotropic slab.
To obtain nearly 100% efficiency for the abnormal mode, it

is necessary to make one of tp and ts to be 1 and the other to
be −1 (no reflection). First, let 𝜀x = 𝜀y = 1, the same as that of

free space, which ensures the full transmission of the s-polarized
wave at any angle of incidence, i.e., |ts| ≡ 1. Next, by adjusting the
thickness and 𝜀z of the slab, the Fabry–Perot resonance condition
for p-polarized wave can be realized near some incident angles,
so that |tp| = 1, so it is possible to achieve 100% efficiency. For ex-
ample, we set 𝜀z → 0, so that the critical angle of total reflection
(i.e., satisfying 𝜀z = sin2𝜃ic) of p-polarized wave becomes small.
When the incident angle is greater than the critical angle, we
have tp = 0 and |tp − ts| = 1, the conversion efficiency is 𝜂 ≡ 25%;

Laser Photonics Rev. 2023, 2200783 © 2023 Wiley-VCH GmbH2200783 (7 of 9)
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when it is less than the critical angle, the case of full transmission
(tp = ±1) may occur because of the Fabry–Perot resonance of the
p-polarized wave, making the value of |tp − ts| be 2 or 0, as well
as any intermediate value between them. That is, it is possible to
achieve 100% efficiency when the p-polarized wave satisfies the
Fabry–Perot resonance condition (Figure 4c).
The transmission coefficients and conversion efficiency of a

uniaxial thin layer are calculated for 𝜀x = 𝜀y = 1 and 𝜀z = 0.1. As
shown in Figure 4c, |ts| ≡ 1 for all incident angles; and the p-
polarized wave undergoes total reflection (|tp| = 0) at 𝜃i > 18.43◦.
When 𝜃i > 18.43◦, Fabry–Perot resonance satisfies at some an-
gles with tp = ±1, so that the conversion efficiency reaches 100%
near 𝜃i = 15◦. We further consider a uniaxial slab with loss, i.e.,
𝜀z = 0.1 + 0.01i, which weakens the conversion efficiency (Fig-
ure 4d). By adjusting the real part of 𝜀z and the thickness of the
slab, the incidence angle at which the peak efficiency occurs could
be tunable. With the development of nanophotonics, the above
uniaxial slabs could be achieved in practice with artificial meta-
material (e.g., hyperbolic metasurface[49–51]).

4. Conclusions

We have extended the PSHE theory from a single optical inter-
face to generic optical interfaces, and found that a light beam
transmitted through a generic optical interface is composed of
a normal mode carrying an SRB phase and an abnormal mode
carrying a PB phase. Hence, under linear-polarization illumina-
tion, a certain spin-component of the transmitted beam must be
a superposition of a normal mode and an abnormal mode corre-
sponding to different incident circular polarizations. It is further
found that the momentum-dependent PB-phase plays a domi-
nant role in the PSHE in an optically thin slab, but its efficiency is
generally extremely low.We have proposed an 𝜖z-near-zero uniax-
ial slab to significantly enhance the efficiency of the PB-induced
PSHE. Our study established a unified framework to understand
the PSHE at generic interfaces, and provides feasible ways to ma-
nipulate the PSHE by “designing” the abnormal scattering at op-
tical interfaces.
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