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ABSTRACT: The spin Hall effect of light (SHEL) refers to the spin-
dependent and transverse splitting of oblique incidence that occurs in et circularly ~—
both refraction and reflection. Enhancement of the SHEL is generally polarized light
accompanied by a degradation in the efliciency. Recently, an anisotropic
metamaterial has been proposed to attain a large SHEL with near-unity
efficiency, but is limited to a horizontally polarized incidence. Here, a
new approach to achieve a large SHEL and high efficiency
simultaneously for arbitrarily polarized incidence is proposed by
exploiting total external and internal reflection. The total reflection at
the interface of a dense-to-sparse medium yields a theoretical maximum
of the shift that is allowed for a unity efficiency. The SHEL can be
further enhanced by increasing the refractive index contrast.
Furthermore, we suggest a three-dimensional isotropic metamaterial that is designed to have an index below unity as a platform
to experimentally demonstrate the SHEL with high efficiency. Our work will find wide applications in spin-dependent photonic
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devices.
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he vectorial characteristic of light brings out a notion of

polarization degree of freedom that is locked to the
momentum of light." The coupling of the polarization and
momentum can be explained by the transversality of light.”
This spin—orbit coupling has spawned many interesting
phenomena including spin-to-orbital angular momentum
conversion,” spin-dependent beam shaping,” transverse spin,’
and spin-dependent control of surface waves.’ Spin Hall effect
of light (SHEL) is yet another interesting phenomenon that
has its origin in the spin—orbit interaction. The SHEL refers to
a spin-dependent and transverse displacement of an obliquely
injected beam at an optical interface.”'" When a linearly
polarized incidence undergoes refraction or reflection, the
incidence is split into two circularly polarized light with
opposite handedness. This spin-dependent spatial splitting
originates from the Berry curvature and correspondingly the
Berry phase that has the opposite signs for two circularly
polarized beams.'’™"* The amount of the displacement of the
refracted or reflected beam, which is also often called a shift, is
determined by the Fresnel coefficients of two linear polar-
izations and the incident angle.”'” As the amount of the shift
varies sensitively to the geometrical and optical parameters of
the interface, the SHEL has been proposed as tools for high
precision metrology to measure the geometrical fluctuation of
nanostructures,"* optical conductivity,15 magnetic proper-
ties,w’17 ion concentration,18 and so on."”™**
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Because of weak spin—orbit coupling, the SHEL is generally
weak, as manifested by a deep-subwavelength scale of the
shift.” To enhance the shift by up to an order of wavelength,
several approaches have been proposed by using anisotropic
materials,”*>** birefriengent materials,” and metamaterials/
metasurfaces,”* "> or under specific circumstances.'**7*
However, the enhancement of the SHEL in general
accompanies attenuation of efficiency. The principles of the
enhanced SHEL in many previous proposals lie on a vanishing
Fresnel coefficient,">**™*>% which in turn degrades the
efficiency of the whole phenomenon. Recently, the large
SHEL with high efficiency has been demonstrated in the
microwave regime for horizontal polarization by using an
anisotropic impedance mismatching.’” However, an approach
toward the large SHEL and high efficiency for both horizontal
and vertical polarizations or general polarization has yet been
reported.

Here, we present a new route to achieve the large SHEL and
high efficiency simultaneously for any incident polarization
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Figure 1. Schematics of SHEL and reflections. (a) Schematic of the reflection type SHEL. (b, c) Schematics of (b) partial and (c) total reflections.

Yellow and gray indicate sparser and denser media, respectively.

using total reflection. We demonstrate that total internal and
external reflection occurring at an interface of dense-to-sparse
medium yields a SHEL that reaches a theoretical maximum of
the shift along with a unity efficiency at a critical angle. The
large SHEL is determined by the refractive index ratio of the
two media and can be further enhanced by increasing the index
contrast. Furthermore, we suggest an experimental scheme by
using a three-dimensional (3D) isotropic metamaterial that is
designed to have an index below unity. The large SHEL with
high efficiency under arbitrary polarizations will enable highly
efficient devices with spin-selective functionalities and a larger
degree of freedom.

B RESULTS

Principle. An incidence that has a finite beam waist
experiences a spin-dependent shift when it is reflected at an
optical interface (Figure 1a). The amount of the shift § can be
obtained as'*

SE/h =F ‘Rel1 + = |,
2w 7,
P
cot 6, r
8t/h = F—Rell + L
2 T, (1)

when the beam waist w, is sufficiently large to satisfy (27w,/
A)* > cot? 0. Here, subscripts H and V indicate horizontal and
vertical polarization, respectively; superscripts + and —
represent left and right circularly polarized light, respectively;
A is a wavelength of the incident beam; 6, is an incident angle;
r, and r, are Fresnel reflection coeflicients of s and p

I3
polarizations. The efficiency of the SHEL is determined by

the reflectance as>’
2
ey = Ir,l%
)
ey = Irl (2)

To search an optimal case that has a large SHEL with high
efficiency, we consider reflections at an interface between two
media that have constant refractive indices n, and n, under a
lossless assumption ({n;, n,} € R), as shown in Figure 1b,c.
Light propagating in a medium 1 with », impinges onto a
medium 2 with n,. If n; < n,, partial reflection occurs, in which
only a fraction of incident light is reflected while the remaining
is transmitted (Figure 1b). When the incident angle is equal to
a Brewster angle (0 = tan™'(n,/n,)), the reflected beam is
polarized perpendicularly to the incident plane regardless of
the incident polarization. In other words, p-polarized incidence
cannot be reflected (r, = 0), while s polarization has a finite
reflection coefficient. This vanishing 7, is a key contribution of
the gigantic SHEL near 6 by making 67 divergel3’33_3° (eq 1).
However, the vanishing r also gives rise to extremely low
efficiency (ey ~ 0), as indicated by eq 2. Therefore,
enhancement of the SHEL by reducing Fresnel coeflicients
in the denominator causes a critical restriction that the large
shift and high efficiency cannot be achieved simultaneously.

Recently, the large SHEL with high efficiency has been
proposed and realized for horizontally polarized incidence by
exploiting an anisotropic impedance mismatching.’” The large
SHEL that has high efficiency can also be realized by a radically
different approach using total internal and external reflections.
If an incident angle exceeds a critical angle (0 = sin™'(n,/n,)),
a wave propagating from a medium to a sparser medium (n, <
n,) is totally reflected for both s and p polarizations (Figure
1c). In other words, Ir| = Ir,l = 1 and, consequently, €, = €y, =
1 at 8, > 0. This total reflection is attributed to the absence of
real solutions of the transmitted angle according to Snell’s law
and is called a total internal reflection if the index of the sparser
medium is unity (1, > n, = 1) and a total external reflection if
the denser medium has a unity index (n, < n; = 1). In
particular, when an incidence is injected at 6; = ¢, r, and r,
have a zero phase difference, which leads to a shift of

t 6
5E/2 = 6%/4 = €
/4= oy/A=F— 3)
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Figure 2. SHEL and its efficiency for a constant index contrast. Magenta and green lines correspond to 05 and 6, respectively. (a) The amplitude
and (b) phase of reflection coefficients when n,/n, = 0.7. (c, d) §/4 and € when (c) n,/n; = 0.7 and (d) n,/n; = 0.1 for horizontal (solid) and
vertical (dashed) polarizations. Insets show magnified views near 0y and 0. (e) 55/, €y, and (f) FOM at 1.00165. An inset shows a magnified

view. (g) 6/4, €, and (h) FOM for both polarizations at 6.

This value corresponds to a theoretical maximum of the shift
that is allowed to have a unity efficiency. At 6, > @, efficiencies
remain unity, but the nonzero phase difference of r, and r,
leads to the declination of the shift.

SHEL at a Critical Angle for a Constant Index
Contrast. In this and the following section, we demonstrate
that the large SHEL with unity efficiency can be achieved at a
critical angle for a constant index and dispersion regimes
respectively under both s- and p-polarized incidences. Then,
generalization to the arbitrarily polarized incidence will be
provided later. We first consider the simplest configuration,
that is, an interface between two constant index media to
investigate the SHEL while excluding other effects such as
dispersive material properties. We examine r, and r, at an
interface of a constant refractive index contrast n,/n; = 0.7
(Figure 2a,b). Magenta and green dashed lines denote 05 and
Oc, respectively. Two distinct features, zero reflection of p
polarization and unity reflections of both polarizations, are
observed at 0, = 0 and 6, > O, respectively (Figure 2a). A
phase difference between r, and r, is 7 at 6; < 6, which is not
favorable for achieving the large SHEL, and is ill-defined at &5
due to the zero reflection (Figure 2b). Phase of r, changes
abruptly by 7 at 65 and becomes equal to that of r, at €5 < 6, <
Oc. Both the amplitude and phase of r, and r, are equal at 6,
while the phases deviate from each other as 6, increases.

The SHEL and its efficiency can be directly calculated from
the reflection coefficients according to eq 1. Although 0y/4
increases remarkably near 05 (black solid line, Figure 2c), € is
negligibly small in the corresponding range (blue solid line). In
contrast, efficiencies become unity (¢ = €y, = 1) above 0 as a
result of total reflection. Because amplitudes of the two
reflection coefficients are unity (Il = Ir,| = 1), the shifts of two
incident polarizations are also equal to each other (5/4 = 5,/
A) at 6; > 6. Especially when 0; = 0, the phase difference
between two polarizations is zero, which is advantageous to
obtain the large shift. A maximum value of 6/4 is achieved
when € = 1 is 0.32 at O for both polarizations, and this
maximum value is only determined by 6. (eq 3). A

straightforward way to further enhance /4 is to increase the
index contrast, that is, to reduce n,/n;. As n,/n; becomes
smaller, total reflection occurs at a smaller 6, and it leads to an
increase of shift. The SHEL and its efficiency when n,/n, = 0.1
are plotted in Figure 2d. The overall features are the same, but
0/A at O is significantly enhanced up to 3.18.

Note that the reflection coefficients are not differentiable
with respect to 6, at both 0 and 6. This singularity may result
in the failure of eq 1, especially when the beam waist is not
large enough. Thus, the SHEL at 6, = 83 and 6, = 0 should be
studied carefully. The shift calculated by using a wave packet
model shows that eq 1 provides reasonable results except in an
extremely narrow region of 16, — 6. | < 0.02° for w, = 104. The
region in which eq 1 is invalid becomes narrower as wj
increases and, thus, can be ignored for sufficiently large w
(see spin Hall effect of light at a singular incident angle,
Supporting Information).

We define a figure-of-merit (FOM) as a magnitude of
multiplication of the shift normalized by wavelength and
efficiency: FOM = €l6l/A. To examine the relation between the
SHEL and the index contrast, /4 and € are calculated along
1.0016; and 6 for various n,/n; (Figure 2e—h). The slight
deviation from 63 is introduced to avoid singularities at p.
When n,/n, is sufficiently small, 6; exceeds 6 and results in €y
= 1. However, €y drops down drastically in the remaining
range. Therefore, despite the remarkable enhancement of 6;/4,
near-zero €y leads to exceedingly small FOM (Figure 2e,f). In
contrast, 6/4 and € along 0. exhibit entirely distinct
characteristics (Figure 2gh). In the whole parameter space, ¢
remains unity for both horizontal and vertical polarizations
(Figure 2g). Meanwhile, 6/ increases as n,/n; decreases due
to the decreasing .. Because of the unity ¢, FOM at O is
equal to the §/4 and is much larger than that near 8 (Figure
2h).

SHEL at a Critical Angle for a Dispersive Index
Contrast. To see the relation between the SHEL and total
reflection clearly, we examine an interface between air (&; = 1)
and a dispersive medium described by a Drude model €, = 2 —
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Figure 3. SHEL and its efficiency for a dispersive index contrast. (a) Index of the second medium. Permittivity is set as &; = 1, &, = 2 — a)f,/ ?,
where ), is a plasma frequency. Shaded areas with red, blue, and green denote metallic (Re(n,) < 0), low index (0 < Re(n,) < 1), and ordinary
dielectric regime (Re(n,) > 1), respectively. (b) 8;;/4 and (c) € for various frequencies and 8. (d) 55/ and €}, along 1.0016y. (e) 8,/4 and (f) €,
for various frequencies and 6, (g) /4 and € for both polarizations along 6. Magenta and green lines correspond to 05 and 0, respectively.

w,/w’, where

w, is a plasma frequency (Figure 3a). We

investigate a frequency range near , to compare §/4 and € in
three distinct regimes: metallic (Re(n,) < 0), low-index (0 <
Re(n,) < 1), and ordinary dielectric (Re(n,) > 1) regimes,
which are shaded as red, blue, and green, respectively. The
SHEL and its efficiency for horizontal polarization in the whole
parameter space are shown in Figure 3b,c. Here 0j is defined
only in the low-index and ordinary dielectric regimes. Along &g,
8/ is significantly enhanced, yet €y is negligible (Figure 3d).
Whereas the contribution of the total reflection to 6y/1 is
obscured by the strong enhancement along &, especially when
n, is close to zero, 6y/1 shows the enhancement of the SHEL
that originates solely from the total reflection (Figure 3e,f).
Note that 0 is defined only in the low-index regime. As n,
converges to zero, 0y/A becomes drastically enhanced. The
frequency bandwidth of the enhanced SHEL becomes narrow
and is not clearly shown, hidden by the green curve in Figure
3e. Along 6, 6/ has a maximum value while maintaining a
unity efficiency (Figure 3g). This analysis is not restricted to a
case in which the first medium is air, but can be applied to any
interface that has the same ratio of indices (n,/n;).

SHEL under an Arbitrarily Polarized Source at a
Critical Angle. Importantly, the SHEL with unity efficiency at
0c not only works under horizontal and vertical polarizations
but under any arbitrarily polarized incidence. In this section,
we present a brief analytic proof of the incident-polarization-
independent SHEL* at a critical angle. Circularly polarized
components of the reflected beam can be expressed as

,
Ef = —2
2w

[r, exp(iikyAH)ElH + ir, exp(iikyAV)EIV]

[ (k2 + kj)]
X exp|l—————

4 4)
where the subscripts I and R correspond to the incident and
reflected beam respectively, k, = k;, = —kg, and k, = k, = kg,
are x- and y-components of the wave vector, and

cot 6, r
Ay = 1+ =
k, r,
cot Q( 7 ]
A, = 1+ —
ko r, (5)

where k, is the incident wave vector. Then, for an incidence
with Jones vector (E/' E,), the shift can be calculated as

(EﬁliakylEﬁ)
S ——
(ERIER) (6)

If the two linear polarizations have the same reflection
coefficients (r, = rp), Ay = Ay and, hence, the expression in
the square bracket in eq 4 are eigenstates of the operator id;

with eigenvalues FA for any (E/' E}’). Then 6* depends on

neither E nor EY, but only on .. To sum up, the SHEL has no
polarization dependency and, therefore, the large SHEL with
high efficiency occurs under any arbitrarily polarized incidence
at a critical angle where r, = r, = 1.

Suggestion for Experimental Demonstration Using
an Index-near-Zero Metamaterial. The easiest way to
realize the large SHEL with a unity efficiency is to use total
internal reflection at an interface between a dielectric medium
and air, in which both the incident and the reflected beam are
inside the dielectric medium. However, the SHEL that emerges
in the dielectric medium is hard to be utilized and controlled in
applications. Thus, it is sometimes preferable to use air as an
incident medium. To realize total external reflection, a medium
that has an index less than unity is required. Despite the many
attempts to realize materials with unprecedented refractive
indices, designs proposed so far as epsilon-near-zero or index-
below-unity metamaterials operate in limited conditions such
as for a specific polarization.”' ~** The polarization dependency
originates from an anisotropic geometry of the metal—
dielectric multilayer.*"**

Here we suggest the design of a 3D isotropic index-near-zero
metamaterial for experimental confirmation. A unit structure
consists of three orthogonal interconnecting metallic wires
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Figure 4. 3D isotropic index-near-zero metamaterial and its optical properties. (a) A unit cell of the 3D wire medium. The metallic part is
represented as yellow. Geometrical parameters a and b correspond to the lattice constant and the wire width, respectively. (b) Band structure when
b = 0.3a. Inset shows the first Brillouin zone with high symmetry points. (c) Band structure of two lowest modes in a k,~k, plane (k, = 0). Blue and
red markers denote longitudinal and transverse modes, respectively. (d) Effective index extracted by using the S-parameter retrieval method.

presented in ref 49 (Figure 4a). This structure operating in a
microwave regime can be fabricated by using a binder jetting
method.”® The wire is considered as a perfect electrical
conductor, and the background medium is air (n = 1). Band
structure of the 3D wire medium with geometric parameters a
= 159 mm and b = 0.3a has a bandgap below a cutoff
frequency 9.93 GHz (Figure 4b) (see band structures of the
3D wire medium for various wire widths, Supporting
Information). Above the cutoff frequency are two eigenmodes,
one longitudinal and the other transverse mode (Figure 4c).
Equifrequency contours of these eigenmodes are points, which
correspond to zero index, at the cutoft frequency. The contours
become two concentric circles that have slightly different radii
right above the cutoff. Thus, the 3D wire medium is expected
to behave as a metal in the bandgap regime, as a zero-index-
material at the cutoff frequency, and as an index-below-unity
material slightly above the cutoff.

To quantitatively prove that the 3D wire medium indeed
satisfies such properties, the effective index ng = fe4 is

. st
retrieved from S-parameters,”” where

e = 2 sttt -
ot ikod s*T 4+ s+ 1 (7)

Here s is the S-parameter, the first and second superscripts of
which represent propagation directions of the transmitted and
incident beams, respectively (+ for forward and — for
backward), and d is the thickness of the wire medium used
for simulation. Figure 4d shows n. near the cutoff frequency.
The 3D wire medium has metallic properties, characterized by
Re(n) = 0 and Im(n4) > 0, below the cutoff and has low
index properties, manifested by 0 < Re(n.g) < 1 and Im(n.q) =
0, above the cutoff. The SHEL at boundaries of the 3D wire
medium can be confirmed experimentally using horn antenna

measurements in the microwave (see experimental demon-
stration in the microwave regime, Supporting Information).

Lastly, we address two limitations of this index-near-zero
metamaterial for completeness. First, the operating frequency
is constrained to a narrow regime above the cutoft frequency.
This narrow bandwidth is also associated with narrow bounds
centered at the origin (I'-point) in momentum space. Thus,
the index-near-zero properties only appear under near-normal
incidence, that is, under a small 8, This narrow bandwidth is,
however, a universal limitation of zero-index or index-near-zero
metamaterials. Second, the fabrication of such a 3D structure
operating in optical frequencies is not straightforward because
of the difficulties in electroplating the horizontal wires.
Nevertheless, the large SHEL along with near-unity efficiency
can be achieved by the total external reflection occurring at
boundaries of such a judiciously designed index-near-zero
metamaterial.

B DISCUSSIONS AND CONCLUSION

There exist several naturally available or specially prepared
materials that have an index less than unity in other frequency
regimes. Possible candidates include naturally available
materials such as metals in the ultraviolet,”> heavily doped
semiconductors in the terahertz,>® and inorganic compounds
in the mid-infrared regime.”*>> A random mixture of two
natural materials such as a dielectric with subwavelength
metallic inclusions can also have an index below unity in the
visible. The large SHEL can be achieved with high efficiency
using such materials in the optical regime by carefully
designing the index-near-zero metamaterials to have low
loss.” It is worth to note that our approach should be applied
carefully if the index-near-zero materials are lossy. Total
external reflection cannot occur in the presence of losses as a
consequence of partial absorption. Therefore, the SHEL and its
efficiency decrease as the ratio of losses of two media increases
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(see spin Hall effect of light at an interface of lossy medium,
Supporting Information).

The required condition of the total external reflection, that
is, a lossless and isotropic medium that has an index less than
unity, can be relaxed to a low symmetry case, that is, an
anisotropic case. If the effective index perpendicular to the
incident plane (n,) is below unity, then an s-polarized
incidence, which is decoupled to the refractive indices along
the other directions, still undergoes total external reflection at
0, = sin"'(n/n;). In such a case, the SHEL has a unity
efficiency under s-polarization (¢, = 1). However, §,/4 cannot
reach the theoretical maximum (eq 3) because r, = r, is not
satisfied. On the other hand, p-polarized incidence undergoes a
partial reflection, which leads to degradation of both /4 and
€y. To sum up, the large SHEL with unity efficiency is also
possible for vertically polarized incidence in a low symmetric
case where only refractive index along the transverse axis is less
than unity. The SHEL with a unity efficiency for s polarization
should be clearly distinguished from our previous work based
on the anisotropic impedance mismatching,”” in which near-
unity reflection originates from metallic properties rather than
index less than unity.

In conclusion, we present a new approach based on total
reflection to achieve the large SHEL and unity efficiency
simultaneously. A beam reflected at an interface of dense-to-
sparse medium exhibits the SHEL with unity efficiency and a
shift that reaches a theoretical maximum at a critical angle. We
also suggest a design of a 3D isotropic index-near-zero
metamaterial, boundaries of which act as an interface for
total external reflection, as a platform to experimentally verify
the SHEL with high efficiency. The sharp enhancement of the
SHEL along with high efficiency at a critical angle can be useful
in spin-dependent photonic devices such as switches and
filters.

B METHOD

Numerical Simulation. Band structure and reflection
coeflicients of the 3D wire medium were calculated by a finite
element method-based commercial software (COMSOL
Multiphysics 5.5). For the band structure, a unit cell with
periodic boundary conditions along all boundaries was
simulated using an eigenfrequency solver. For reflection
coefficients, ten layers of unit cell aligned along the z-axis
were used with air as a background medium. Bloch boundary
conditions were applied along the x- and y-normal boundaries.
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