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VO2-Based Switchable Metasurface With Broadband
Photonic Spin Hall Effect and Absorption

Zhao Xu and Zhengyong Song

Abstract—Arbitrary control and dynamic tuning of circularly
polarized (CP) wave are of great significance to photonic research
and application. Here, a terahertz switchable metasurface is de-
signed with bifunctional properties based on a mixed structure
of graphene and vanadium dioxide (VO2). The design consists of
VO2 strips, topas spacer, VO2 film, graphene patch, topas spacer,
and metallic film. When VO2 is metal, this metasurface realizes
photonic spin Hall effect (PSHE) for CP wave in a wide frequency
band of 0.7-1.5 THz. When VO2 is insulator, the design behaves
as an absorber. It has a broadband absorption with more than
90% absorptance in the range of 0.48-1.88 THz, and there are
two resonant peaks with ∼100% absorptance at 0.92 THz and
1.74 THz. Meanwhile, absorption bandwidth and intensity can be
dynamically tuned by changing Fermi energy level of graphene.
Besides, broadband absorption is robust against incident angle.
Our design may promote the realization of terahertz switchable
and multifunctional metasurfaces.

Index Terms—Absorption, graphene, photonic spin Hall effect,
terahertz, VO2.

I. INTRODUCTION

TRADITIONAL methods of manipulating electromagnetic
wave depend on gradually changing the phase during

propagation, so the involved devices have complex and irreg-
ular shapes. It is not in line with the current trend of integra-
tion. In recent years, metasurface as a 2D ultra-thin metama-
terial integrates artificially subwavelength microstructure into
an interface. Since the concept was put forward, metasurface
has attracted much attention because of its extraordinary elec-
tromagnetic properties [1]–[3]. In addition, metasurface with
the subwavelength thickness can modify boundary conditions
of incident waves to control amplitude, phase, polarization,
and wavefront. Therefore, many interesting phenomena have
been proposed, such as beam-steerers [4]–[6], photonic spin
Hall effects (PSHEs) [7]–[9], focusing lenses [10]–[12], optical
holograms [13]–[15], intelligent codings [16]–[18], waveplates
[19]–[21], invisible cloaks [22]–[24], and so on.

Arbitrary control of circularly polarized (CP) wave has always
been of great significance to photonic research and application.
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The recently proposed Pancharatnam-Berry (PB) metasurfaces
show unprecedented abilities to control CP wave. Phase response
in this system is determined by the orientation (not the shape)
of meta-atoms. The design and manufacture of this metasurface
are relatively easy. Besides, PB metasurfaces can show spin-
dependent and dispersion-free phase distribution. This extraor-
dinary characteristic makes PB metasurfaces widely used in var-
ious aspects, including optical sensing [25], [26], biomolecule
detection [27], [28], and communication technology [29], [30].
But previous designs mainly focus on the realization of single
function of CP wave.

Dynamic tunability has always been the goal of metasurface.
In recent years, the development of two-dimensional materials
provides a new prospect for the active control of electromagnetic
waves [31], [32]. Graphene, a novel material with carbon atoms
densely packed into a single-layer honeycomb lattice structure,
is a good candidate to meet the requirement of adjustability. It has
excellent physical properties such as monatomic thickness and
optical transparency [33], [34]. Fermi energy level of graphene
can be moved by electrostatic gating, so that amplitude and
phase responses of electromagnetic waves can be dynamically
tuned [35], [36]. With the development of high-level graphene
film synthesis technology [37], graphene has been applied as
absorber in experiments. In 2017, Yi et al. proposed a trans-
parent absorber with the patterned graphene, which has a peak
absorption close to 100% and a wide bandwidth of 3 GHz [38].
In 2019, Lu et al. realized a transparent microwave absorber
based on patterned graphene, which has an absorption rate of
>90% over 5-16 THz. And its thickness is only 1/13wavelength
[39]. All these efforts open up exciting possibilities for designing
tunable metasurfaces.

Recently, phase change materials have been proposed and
widely used in various fields. Vanadium dioxide (VO2) as one
of phase change materials undergoes a structural transformation
from monoclinic phase to tetragonal phase at ∼340 K [40], [41].
This phase transformation can be caused by light excitation,
thermal excitation or external electric excitation. After phase
transition, the conductivity of VO2 changes significantly by
several orders of magnitude, which can be employed to control
photoelectric properties of related materials. Therefore, VO2

is very attractive for adjustable and switchable devices. Some
VO2-based tunable devices have also been proposed. In 2015,
Kocer et al. proposed a nanostructured thermal absorber with the
mixed structure of gold and VO2. When the sample is heated,
absorptance can change from 20% to 90% [42]. In 2019, Lei
et al. realized a dynamic absorber based on VO2 structure in
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Fig. 1. (a) 3D schematic diagram of the proposed bifunctional metasurface. A
super-cell is surrounded by a dotted line. (b) 3D schematic diagram of a super-
cell and (c) top view of graphene film. Here, l1 = 90 µm , w1 = 12 µm,
l2 = 90 µm, w2 = 16 µm and p = 97.5 µm.

infrared band. When VO2 changes from the insulating state
to the metallic state, 90% absorption bandwidth changes from
3069 nm to 632 nm [43]. The dynamic adjustment of absorption
bandwidth is realized.

In this work, we combine graphene and VO2 to present a
broadband bifunctional metasurface. When VO2 is metal, the
designed metasurface can realize broadband PSHE. When VO2

is insulator, the designed metasurface can realize broadband
absorption. Bandwidth and efficiency of absorption can be dy-
namically adjusted by applying different Fermi energy levels.

II. DESIGN AND MODEL

A 3D schematic diagram of the designed metasurface is shown
in Fig. 1. It consists of six layers from top to bottom: VO2 strips,
upper topas ( εr = 2.35) spacer, VO2 film, graphene layer, lower
topas spacer, and a metallic ground layer. The thicknesses of
VO2 strips, VO2 film, and the bottom metallic substrate are
1 μm. The lower topas thickness is 41 μm , and the upper
topas thickness is 40 μm. The period of unit cell is 97.5 μm.
The frequency-dependent complex dielectric permittivity of

VO2 is described by Drude model ε (w) = ε∞ − wp
2

w2+iγw
in the terahertz range [44], [45]. In our simulation, dielectric
permittivity ε∞ is 12 and collision frequency γ is 5.75 × 1013

rad/s. Plasma frequency wp is 1.14 × 1015 rad/s (3.62 × 1013

rad/s) for the metallic (insulating) state. The temperature of VO2

can be adjusted by optical pumping. Graphene layer is modeled
as an infinitesimal thin resistive surface, and the conductivity of
graphene can be expressed by Kubo formula [46], [47].
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Fig. 2. Reflection amplitude (a) and reflection phase (b) under u-polarized and
v-polarized waves. (c) Efficiency of anomalous mode. The shaded area indicates
the working bandwidth defined by the efficiency |(ruu − rvv)/2|2 > 0.6. (d)
The designed super-cell is composed of nine units whose VO2 strips rotate 20o

in turn. (e) Reflection phase of cross-polarized reflected wave as a function of
rotation angle. (f) Polarization conversion rate under CP wave incidence.
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Herein, the initial Fermi energy levels of graphene are EF =
0.8 eV. The used relaxation time is τ = 0.1 ps.

III. RESULTS AND DISCUSSIONS

A. The Designed Switchable Metasurface Achieves PSHE
When VO2 Strip and VO2 Film are Metal

Spin Hall effect (SHE) is a physical phenomenon related to
the spin-dependent trajectory of current caused by spin-orbit
interaction [48], [49]. PSHE is a photon analogy of SHE, and it
refers to the transverse spin splitting of optical orbit. Through
the interaction of photon spin angular momentum and orbital an-
gular momentum, transverse splitting of optical orbit originates
from the opposite geometric phases of two spins/polarizations
[50], [51]. PB metasurface is an ideal tool for manipulating
circular polarization. Based on rigorous Jones matrix analysis, a
general criterion to design metasurfaces that can realize efficient
PSHE is established. When meta-atom rotates by ϕ, anomalous
reflection will carry an additional PB phase of 2 ϕ. Due to
the existence of metal substrate, the designed system is totally
reflective. When VO2 is metal, VO2 strip, topas spacer, and VO2

film constitute a reflective system. Its transmission channel is
strictly terminated, which is beneficial to concentrate energy
and improve working efficiency. According to Jones matrix
analysis, theoretical criterion of PB meta-atom meeting 100%
efficiency is |ruu|=|rvv| = 1 and ruu + rvv = 0 , where u
and v denote two main axes of PB meta-atom. The criterion
becomes ∅uu − ∅vv = π, indicating that the desired system is
a perfect half waveplate working in the reflective mode. On
this basis, the designed unit cell is optimized to make phase
difference ∅uu − ∅vv stabilized at ∼π within a wide band.
Fig. 2(a) and 2(b) depicts reflection amplitude and phase of
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Fig. 3. Normalized far-field power radiation pattern when LCP waves with
different frequencies are incident from 0°. At 0.7, 0.8, 0.9, 1.0, 1.1, 1.2, 1.3, 1.4,
1.5 THz, anomalous reflection angle is 29.2°, 25.3°, 22.3°, 20°, 18.1°, 16.6°,
15.3°, 14.2°, 13.2°, respectively.

the proposed meta-atom excited by linearly polarized wave.
Reflection amplitudes of unit cell along two main axes are above
70% at 1.0 THz, and two resonances in u direction are mainly
caused by plasmonic resonances between VO2 strip and VO2

film. The calculated results show an equivalent behavior of a
half-wave plate in a wide frequency band of 0.84-1.51 THz. As
shown in Fig. 2(c), reflection efficiency of PB atom is calculated
by |(ruu − rvv)/2|2. It is found that the absolute efficiency
exceeds 60% in the working frequency band, and the loss is
mainly caused by metallic behavior of VO2 in terahertz band.
In Fig. 2(d), VO2 strips are rotated by 20o in turn, and nine unit
cells as a super-cell to cover π phase. Fig. 2(e) shows reflection
phase of cross-polarized reflected wave as a function of rotation
angle. According to PB phase theory, when rotation angle is 20o,
the corresponding phase changes by 40o. Therefore, an efficient
PSHE can be realized. In Fig. 2(f), polarization conversion rate

(PCR =
|rLCP/RCP |2

|rLCP |2+|rRCP |2 ) is calculated. It is found that the
value of PCR is greater than 90% in the working frequency range
of 0.79-1.59 THz, which realizes high-efficiency polarization
conversion.

Periodic super-cells are constructed to achieve PSHE within a
wide frequency band. According to the generalized Snell’s law,
as the impinging CP wave strikes PB metasurface, anomalous
reflection angle θr is determined by sin(θr) = sin(θi) +

ξx
k0

,
where θi denotes incident angle, k0 is the free-space wavevector,
and ξx = ± 2ϕ

p is the spin-dependent wavevector. Rotation
angle ϕ between adjacent VO2 bars in the x direction is 20o

so as to form a phase gradient. When CP wave is incident
from the vertical direction, anomalous reflection angle θr will
be 20o at 1 THz. CP beams with opposite chirality will be
deflected from ±29.2o to ± 13.2o in the frequency range of
0.7-1.5 THz. Fig. 3 depicts the normalized far-field power ra-
diation pattern of left-handed CP (LCP) wave. When incident
frequency is 0.7 THz under normal incidence, the reflected wave
is abnormally deflected to 29.2o. With the increase of incident
frequency, reflection angle begins to decrease. When incident
frequency is 1.5 THz, deflected angle is 13.2o. In the interesting
frequency range, reflection intensity (|E|2) is as high as 51%,
and the loss is mainly due to VO2 absorption. Fig. 4 shows
the normalized power pattern of right-handed CP (RCP) wave.
Obviously, incident RCP beams are abnormally deflected to

Fig. 4. Normalized far-field power radiation pattern when RCP waves with
different frequencies are incident from 0°. At 0.7, 0.8, 0.9, 1.0, 1.1, 1.2, 1.3,
1.4, 1.5 THz, anomalous reflection angle is -29.2°, -25.3°, -22.3°, -20°, -18.1°,
-16.6°, -15.3°, -14.2°, -13.2°, respectively.

Fig. 5. Simulated Ey-field patterns under the illumination of LCP (a) and RCP
(b) waves at 1.0 THz in the xoz plane.

opposite directions, which is the chiral feature of PSHE. This
is mainly because electric field direction and gradient direction
are opposite. Therefore, our metasurface can realize CP beam
control in a wide band range.

According to the generalized Snell’s law, this gradient meta-
surface should exhibit anomalous reflection at the angle of
θr = 20◦ when the frequency of incident wave is 1.0 THz. To
further verify the prediction, 3D full-wave numerical simula-
tions are performed. Fig. 5 displays the reflected Ey-field for
RCP (Fig. 5(a)) and LCP (Fig. 5(b)) incident waves, and it shows
well-defined wavefronts. It is easy to see how two CP waves are
deflected to opposite sides of surface normal.

B. The Designed Switchable Metasurface Achieves Broadband
Absorption When VO2 Strip and VO2 Film are Insulator

We introduce graphene layer and add cross pattern to increase
absorption. The bottom metal substrate is added to realize zero
transmission. Absorptance A(w) of the proposed metasurface
can be calculated by A (w) = 1− |r(w)|2 − |t(w)|2 ≈ 1−
|r(w)|2, where r(w) and t(w) are reflection and transmission
coefficients. If impedance of the designed metasurface matches
that of free space, wave reflection will be eliminated, thus
near-unity absorption can be achieved. Fig. 6 shows absorp-
tance spectra when different Fermi energy levels are applied to
graphene. When Fermi energy level is increasing, metasurface
exhibits broadband adjustable absorption. It can be found that at
different Fermi energy levels, there are two obvious absorption
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Fig. 6. Broadband absorption of CP wave at different Fermi energy levels of
graphene.

Fig. 7. Electric field (|E|) distributions in the graphene patch plane at 0.92 THz
(a) and 1.74 THz (b).

peaks around 0.92 THz and 1.74 THz. Absorptance at two
absorption peaks almost reaches 100% when Fermi energy level
is 0.8 eV. With the increase of Fermi energy level, absorption
intensity gradually increases. Dynamic tuning of absorptance is
realized from 11% to 100% at the frequency of 1.74 THz.

In order to elucidate physical mechanism of broadband ab-
sorption in the designed system, electric field distributions of
broadband absorption are calculated. Figs 7(a) and 7(b) show
the top view of simulated electric field distribution of broadband
absorber in the XOY plane at two absorption peaks. Electric field
is strongly enhanced in the gap between two graphene squares at
0.92 THz. Electric field is confined around the edge of a single
graphene square at 1.74 THz, and the intensity of electric field
in the gap between two graphene squares is obviously reduced.
Therefore, low-frequency resonance in broadband absorption is
mainly caused by the coupling interaction between graphene
squares, while high-frequency resonance in broadband absorp-
tion is caused by the fundamental resonance mode of a single
graphene square. The combination of these two resonances
ensures broadband performance of the designed absorber.

To make the designed broadband absorber valuable in po-
tential applications, the performance of broadband absorber is
expected to be stable with the change of incident angle. There-
fore, we further verify the sensitivity of the designed device to
oblique incidence. The angle between incident wavevector and
normal (0◦) is defined as incident angle. As shown in Fig. 8, when
incident angle changes from 0o to 80o, absorption intensity and

Fig. 8. Absorptance of the proposed structure as a function of frequency and
incident angle for CP wave.

bandwidth are relatively stable within 50o. With the increase
of incident angle, bandwidth range tends to increase. Thus, the
device we designed has good insensitivity to incident angle.

IV. CONCLUSION

To summarize, a switchable metasurface with bifunctional
properties is proposed based on graphene and VO2. When VO2

is metal, the designed metasurface owns phase difference of
180◦ in a wide frequency band of 0.7-1.5 THz under normal
incidence of two orthogonal linear polarized waves, and re-
flection efficiency is more than 60%. The design can realize
broadband beam control of CP. When VO2 is insulator, the
designed metasurface can realize broadband absorption. Its ab-
sorptance is more than 90% in the frequency range of 0.48-1.88
THz. Low-frequency absorption peak is mainly caused by the
coupling between graphene patches, while high-frequency ab-
sorption peak is caused by electric dipole resonance of individual
graphene patch. Besides, absorption bandwidth and intensity can
be dynamically adjusted by applying different Fermi energy lev-
els. Our findings may stimulate the development of switchable
and multifunctional devices [52]–[55].
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