www.nature.com/scientificreports

scientific reports

OPEN

W) Check for updates

Numerical demonstration

of a switchable binary-state
metasurface for the spin hall effect
of circularly polarized light

Sangmin Shim?, Kyung-Hyun Yu?!, Minkyung Kim?* & Dasol Lee**

The spin Hall effect of light, a transverse and spin-dependent splitting at an optical interface, generally
depends on the interface properties. By contrast, the spin Hall effect of circularly polarized light is
interface-independent, which aids precise nanoscale displacement control. However, the spin Hall-
shifted beam generally exhibits low efficiency near normal incidence, where the shift is large. The static
nature of metasurfaces with in-plane anisotropy that have been proposed to address this limitation
renders them unsuitable for dynamic or reconfigurable applications. In this study, we numerically
demonstrated an electrically tunable metasurface that enabled binary-state switching between spin-
Hall-shifted and suppressed reflection efficiencies. The metasurface comprised a grating structure

and an indium tin oxide layer, whose permittivity was dynamically modulated via an electrical bias,
resulting in changes in the reflection amplitude and phase, and thus, in the spin Hall efficiency.
Without an applied voltage, the metasurface exhibited suppressed reflection in the spin-Hall-shifted
component. By contrast, the dominance switched to spin Hall-shifted reflection upon voltage
application. This approach enables the selective control of the spin-dependent reflection intensity
without altering the beam displacement, thereby facilitating reconfigurable spin-optical photonic
systems.

Keywords The spin Hall effect of light, Photonic spin hall effect, Switching, Metasurface, Circular
polarization

The spin Hall effect of light (SHEL) refers to the transverse displacement of light depending on its polarization
components, which occurs upon reflection or refraction at an interface (Fig. 1a)'~. This phenomenon is analogous
to the spin Hall effect observed in electrons, because it involves spin-dependent transverse displacement®.
Although the refraction and reflection of light are generally explained by Snell’s law in classical optics, SHEL
subtly alters the light trajectory owing to the continuous wave profile in the three-dimensional wave vector space
and the transversality of light.

SHEL depends on the polarization state of the incident light. Among various cases, the spin Hall effect
of linearly polarized light has been extensively studied. The incident light can be decomposed into left and
right-circularly polarized (LCP and RCP) components that experience equal and opposite transverse shifts
(Fig. 1b). The magnitude of the shift is determined by the transmission or reflection coeflicients, incident angle,
and wavelength. Additionally, the spin Hall shift depends on the interface under other polarizations, which is
referred to as the interface dependence. One exception is circularly polarized light. In this case, the spin Hall shift
depends only on the incident angle and wavelength and not on the transmission or reflection coeflicients of the
interface. By providing a spin Hall shift that remains constant regardless of the interface, this approach ensures
reproducibility and facilitates precise control of beam displacement at the nanoscale across diverse platforms’.
However, the efficiency, which represents the ratio between the incident and spin Hall-shifted light, continues to
be influenced by the optical properties of the interface!®!!.

Despite this interesting aspect of circularly polarized incident light, achieving a high-efficiency interface-
independent SHEL remains challenging owing to the intrinsic optical properties of conventional interfaces.
In particular, when the phase difference between s-polarized and p-polarized components approaches m, as is
typical in isotropic-isotropic interfaces, the reflected circularly polarized light undergoes handedness reversal'!.
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Fig. 1. Schematic of the SHEL. (a) SHEL. (b) Beam profile at the interface with linearly polarized light
incidence. (c,d) Beam profile at the ITO-based metasurface with/without electrical voltage under left-circularly
polarized light incidence.

Consequently, the handedness-preserved component, which is responsible for the spin Hall shift, weakens
considerably and leads to poor SHEL efficiency. This limitation renders the precise control of SHEL-based
optical responses challenging and hinders their practical applications. To overcome this limitation, a previous
study employed a metasurface engineered to minimize the phase difference between s and p polarizations'.
However, the optical properties of the metasurface remained unchanged, regardless of the external stimuli. This
static nature rendered the metasurfaces unsuitable for reconfigurable or adaptive systems. Integrating materials
with externally controllable optical properties into metasurfaces solves this problem!'?-?’.

In this study, we numerically demonstrated the interface-independent spin Hall shifts with voltage-controlled
efficiency switching by using a voltage-switchable metasurface based on indium tin oxide (ITO), a material
whose complex permittivity can be actively modulated by external electrical stimuli. The application or removal
of the voltage altered the reflection coefficients and phase difference between the s and p polarizations, enabling
discrete control over the SHEL response?*~2. The proposed metasurface consisted of a grating and multilayer
structure incorporated with an ITO layer. This structure supported interface-independent spin Hall shifts under
circularly polarized incidence; however, its efficiency switched between two distinct states depending on the
applied voltage. Under an applied voltage, the spin Hall shifts, and the handedness-preserved component reflects
dominantly. By contrast, the handedness-reversed component is effectively suppressed in intensity (Fig. 1c).
The situation was reversed in the absence of an applied voltage: the handedness-preserved component remains
weak, whereas the reflected beam is dominated by the handedness-reversed component (Fig. 1d). Although the
reflected intensities varied, the magnitude of the spin Hall shift remained interface-independent, which was
consistent with the fundamental properties of circularly polarized light. This allows selective control over spin-
dependent reflection and facilitates reconfigurable and compact photonic systems with potential applications in
optical sensing and polarization-selective modulation®"*2,

Methods

We revisit the derivation of the spin Hall shift and efficiency equation of the reflected beam under arbitrarily
polarized incidence. We focused on the interfaces where polarization conversion did not occur (7sp = 7ps = 0),
which holds for our metasurface. An incident Gaussian beam is expressed as the product of the Jones vector
representing the polarization state and the scalar function representing the Gaussian beam shape'?:

Scientific Reports|  (2025) 15:26507 | https://doi.org/10.1038/s41598-025-12349-0 nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

_ wH) oE Ay
1/11-—( ¥ exp k02R+i2i+zkozl , (1)

\4

where 1 ;; and 1 | represent the complex elements of the Jones vector for horizontal and vertical components,
respectively; ko is the wave vector (ko = 2w /A ); zr = kowg /2 is the Rayleigh length; wy is the beam waist;
and (i, vy, zi) are the coordinates of the incident beam. A beam reflected at an interface with reflection
coeflicients rp, and 7 is given by>?
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where (&, yr, zr) are the coordinates of the reflected beam; 6 ; is the incident angle. Reflection coefficients
may be derived analytically via the Fresnel equations or computed numerically using simulations with periodic
boundary conditions. Because the polarization in Eq. (2) is represented in the linear basis, we multiply 1 ,. by

et = (1, £14)" /V/2 to change it to a circular basis as follows:

vy o=ty 3)
The superscript + indicates the circular polarization direction of the reflected light (+ denotes LCP and — denotes

RCP). Inserting =, =0 in Eq. (2) and applying the first-order Taylor expansion, 1+ o = exp(a), the
reflected light is expressed in the circular basis as follows:

2
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In Eq. (4), the first term on the right-hand side represents the complex constant governed by the incident
polarization and reflection coefficients. By contrast, the second term represents the shape of the reflected
Gaussian beam shifted along the y-axis. Using Eq. (4), the spin Hall shift equation under an arbitrary incident
polarization can be represented as

+ _ YygF Wy Tp+Ts )
) :FRe<1/JH7“p:Fi1/JVTs "o cot01>. (5)

This equation indicates the dependence of the spin Hall shift on the reflection coefficients, which only vanishes
when the phase difference of the horizontal and vertical components of the incidence is +n/2. Thus, only under
circular polarization (¢ & = 1/+/2, v ‘jﬁ = = i//2), the spin Hall shift is interface-independent, exhibiting
5t = F 2cotf ;/ko for handedness-preserved light and zero for handedness-reserved. Therefore, under
circular polarization, SHEL occurs only for handedness-preserved light, and the corresponding spin Hall shift is
solely determined by the incident angle and wavelength®%. This behavior contrasts with that of the SHEL under
linearly or elliptically polarized beams, in which the spin Hall shift is determined by the reflection coefficients
of the interface.

Meanwhile, the efficiency € of the spin Hall shifted beam from the interface contains the reflection coefficients
as

et = [ grp F i Vrs|2/2, (6)

and is interface-dependent, unlike the spin Hall shift. This is because Eq. (5) only considers A and 6 ;,
whereas ¢ involves the reflection coefficients of the interface!l. Equations (5) and (6) are applicable only when
k2w3 > cot?0 ; and may provide incorrect results at sufficiently small 6 ;, at which higher-order terms in the
Taylor expansion become non-negligible.

Results and discussions

We designed a multilayered metasurface composed of aluminum (Al) mirror, hafnium dioxide (HfO,), aluminum
oxide (Al,0,), and ITO layers, and gold (Au) grating to enable optical property modulation through applied
voltage. By utilizing this structure, we aimed to achieve binary-state switchability through electrical modulation.
The grating structure introduced in-plane anisotropy, which enhances the SHEL at small incident angles®.
ITO’s characteristics—such as switching speeds in the MHz to low-GHz range and femtojoule-level energy
consumption per bit—have enabled its use in a wide range of practical applications*®*”. Our simulation was
based on experimentally validated parameters reported by Park et al.'%, in which the refractive index variations
of ITO under different applied voltages were characterized. Based on these empirical results, our simulation is
expected to exhibit behavior that is closely aligned with practical implementations. The reflection coefficients
of the ITO-based metasurface were numerically obtained based on a two-step simulation framework reported
in a previous study'*. Specifically, the voltage-dependent carrier distribution in the ITO layer, discretized into
0.025 nm-thick sublayers, was computed using Synopsys Technology computer-aided design software under the
assumption of one-dimensional planar symmetry. A background carrier density of 4.0 x 10?° cm ™. Using
the Drude model®, the corresponding voltage-dependent complex permittivity profiles for each ITO sublayer
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were derived and subsequently incorporated into finite element method implemented in COMSOL Multiphysics
to calculate the reflection coefficients of the metasurface. These simulations were conducted under a time-

. —
harmonic assumption using a wave function of the form exp [1 (w t— ke Y)} , where w is the angular

2,
frequency, t is time, and k and X are the wavevector and spatial coordinates, respectively. It is noted that
surface plasmon resonances at the Au/ITO interface induce strong local field enhancements near the surface
plasmon resonance wavelength (~1.30 pm), resulting in pronounced dips in reflection amplitude and sudden
phase shifts that directly affect the SHEL efliciency.

The metasurface structure consisted of a 70-nm-thick Al mirror at the bottom, which served as the bottom
electrode to which an electrical bias (V) was applied; a bottom insulator layer, a 5-nm-thick ITO layer, an upper
insulator layer, and an Au grating with a thickness of 50 nm, width of 175 nm, and grating period of 370 nm,
which served as the top electrode under electrical bias (V,) (Fig. 2a). The HfO, and Al,O, layers, consisting of
7 nm of HfO, and 1 nm of Al,O,, functioned as the upper and bottom insulators surrounding the ITO layer. By
adjusting the applied voltages at the top and bottom electrodes, the charge carrier concentration in the ITO layer
was modulated, leading to charge accumulation and depletion at the interfaces with the surrounding insulators,
which in turn directly altered the permittivity of the ITO and thereby modulated both the reflection coeflicient
of the metasurface. Switchable modulation of the metasurface was implemented under two voltage conditions:
applied state (V, = 1.75 V, V, = 4.7 V) and grounded state (V, =V, =0 V).

Based on prior research!®, distinct reflection coefficients for each polarization were obtained depending
on the applied voltage (Fig. 2b,c). This grating-based metasurface was designed to induce the diffraction of
p-polarized light. When voltage is applied, the grating structure alters the reflection coefficients of p-polarized
light, mostly the phase, by redistributing energy through diffraction. By contrast, s-polarized light interacts less
with the grating structure; thus, its reflection coefficient remains unchanged even when a voltage is applied. This
design allows the selective modulation of 7,, without affecting 7, by applying a voltage.

We numerically calculated the spin Hall shift and its efficiency with and without voltage, under an incident
LCP (v 4 = 1/v/2, ¢, = i/+/2). The following beam parameters were used: wavelength \ = 1.3 um,
beam waist wo = 100, and propagation distance z, = 10 X . Equation (5) is valid for 6 ; > 1°, in which the
spin Hall shift is considerably smaller than the beam waist. For 6 ; < 1°, the spin Hall shift was calculated using
the average y position. The efficiencies € p and € r were calculated using Eq. (6) under the condition 6 ; > 1°
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Fig. 2. Schematic of the ITO-based metasurface and its optical properties with and without the electrical
voltage. (a) Illustration of SHEL at the metasurface (left) and side view of the metasurface, consisting of Au
grating, top insulator (HfO,, A1,0,), ITO, bottom insulator (HfO,, A1,0,), and Al layers. (b) Reflection phase
and (c) amplitude of metasurface with and without the electrical voltage.
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.For 0 ; < 1°, the efficiency was determined by the ratio of intensities of the spin Hall-shifted light to that of
the incident light.

We examined the spin Hall shift and efficiency when a voltage was applied to the metasurface. Additionally,
the spin Hall shift for RCP (6 ~ /X ) was calculated under the same conditions, and no change was observed
at any incident angles (red solid line and red markers in Fig. 3a). In both cases, with and without the applied
voltage, the spin Hall shift exhibited the same displacement for the handedness-preserved component, whereas
no spin Hall shift occurred for the handedness-reversed case. The spin Hall shift was determined only by the
incident angle and wavelength, rather than the reflection coefficients or the voltage. This behavior is consistent
with the interfacial independence of the spin Hall shift under circularly polarized light. Accordingly, we focused
on a small angular range where the spin Hall shift remains sufficiently large to be clearly observed and practically
significant.

By contrast, the efficiency was governed by the reflection coefficients of the metasurface, which varied

depending on whether voltage was applied. Without the applied voltage, the handedness-reversed efficiency,
€ r (red solid line in Fig. 3b), was higher than the handedness-preserved efficiency, € p (black solid), across
all incident angles. Notably, despite the absence of voltage, € p was nonzero because of the in-plane anisotropy
originating from the grating structure. Although e p was negligible for a planar interface or an interface with
in-plane isotropy, the grating structure induced a nonzero € p, whose magnitude is relatively small. Conversely,
for the metasurface with an applied voltage, € p (black solid line in Fig. 3c) was higher than € r (red solid line
in Fig. 3¢) for all incident angles. This behavior is primarily attributed to the applied voltage, which reduces
the phase difference between two reflection coefficients and significantly enhances € p. These differences arose
from the variation in the reflection coefficients with and without applied voltage. Although rs barely changed,
rp was typically smaller without an applied voltage than with an applied voltage. This variation directly affected
the efficiency, increasing the handedness-reversal efficiency without an applied voltage and the handedness-
preserved efficiency with an applied voltage.

Furthermore, we calculated the cross-sectional intensity profiles of the light reflected from the metasurface
with and without the applied voltage when the LCP beam was incident at an angle of 0.6°. In the absence of the
applied voltage, the RCP beam, which corresponded to the handedness-reversed component, was reflected at
a higher intensity (36% of the incident beam) than the LCP beam (25%), which confirmed that € r dominated
over € p in efficiency. Moreover, the spin Hall shift occurred only in the handedness-preserved beam. Although
no observable spin Hall shift was detected for the RCP beam, the LCP beam exhibited a spin Hall shift of
34.84 um (Fig. 4a).

By contrast, the application of a voltage to the metasurface significantly altered the optical properties, leading
to an inversion of the efficiency between € p and € gr. The reflection of the RCP beam was reduced to 17% of
the incident intensity, whereas the LCP reflection was enhanced by up to 43% (Fig. 4b). Despite this significant
variation in intensity, the spin Hall shift remained the same with and without the applied voltage. These results
were also confirmed by the two-dimensional intensity profiles (Fig. 5a-f).

A circularly polarized beam incident on the metasurface induces SHEL with transverse displacement for
the handedness-preserved component. As 6 ; increased further, the spin Hall shift decreased, hindering the
identification of LCP and RCP. Conversely, the spin Hall shift increased up to half of the beam waist™ by reducing

0 ;. The dependence of the spin Hall shift on the incident angle and wavelength allowed control over the shift by
tuning the incident angle. Meanwhile, the efficiency remained voltage-dependent, indicating that the intensity
of the reflected components could be independently controlled through the applied voltage, allowing precise
control over the efficiency without altering the spin Hall shift.

Conclusion

In summary, we numerically demonstrated an electrically switchable spin Hall effect of circularly polarized
light using an ITO-based metasurface, where the spin Hall shift remained interface-independent, whereas the
efficiency was voltage-dependent. ITO has been widely reported to exhibit fast and stable switching characteristics,
and numerous studies have explored its potential for real-time, low-power, and high-speed optical applications.
Motivated by these properties, we utilized a grating-integrated metasurface with an ITO layer and achieved
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Fig. 3. Spin Hall shift and efficiency under the LCP incidence with and without electric voltage. (a) Spin Hall
shift of the LCP (black) and RCP (red). Efficiency of the LCP (black) and RCP (red) (b) without and (c) with
electrical voltage.
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(a) without and (b) with voltage.
a b c
max max max
| . |
\m \m
> >
min min min
-200 -150 -100 -50 0 50 100 150 200 -200 -150 -100 -50 o 50 100 150 200
Xg /A Xg /A
e f

max

yR/)\

min

max
~<
(4
>
-2 min
-200 -150 -100 -50 0 50 100 150 200 g
X /A
R

Fig. 5. Two-dimensional intensity profile of the incident and reflected LCP and RCP beams at § ; = 0.6° .
(a,d) Incident beam profiles with/without voltage. (b,c) Reflected RCP and LCP beam profiles without voltage.
(e,f) Reflected RCP and LCP beam profiles with voltage. The central dashed line denotes the midpoint along
the y-axis of the incident beam.

binary-state switchability over the intensity of handedness-preserved and handedness-reversed components
without affecting the spin Hall shift. The incident angle served as a primary tuning factor for the spin Hall
shift. By contrast, voltage application allowed the independent control of efficiency, leading to inversion in the
handedness-dependent reflection behavior. The metasurface enabled switching between handedness-preserved
and handedness-reversed efficiencies when a voltage was applied to the top and bottom insulators. The proposed
design provides a promising platform for further investigations of switchable SHEL response. Such advancements
could enable the development of applications for sensing, spin-based optical communication.
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