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Abstract: Efficient control of the phase and polarization of light is of significant importance
in modern optics and photonics. However, traditional methods are often accompanied with
cascaded and bulky designs that cannot fulfill the ongoing demand for further integrations. Here,
a single-layered metasurface composed of nonvolatile phase-change material Ge2Sb2Se4Te1
(GSST) is proposed with tunable spin-orbit interactions in subwavelength scale. According to the
spin-dependent destructive or constructive interference, asymmetric transmission for circularly
polarized incidence (extinction ratio> 8:1) can be achieved when GSST is in an amorphous
state. Moreover, when GSST changes to crystalline state, reversed chiral transmission (extinction
ratio> 12:1) can be observed due to the existence of intrinsic chirality. In addition, as the average
cross-polarized transmitted amplitude is larger than 85%, arbitrary wavefront manipulations can
be achieved in both states simultaneously based on the theory of Pancharatnam-Berry phase. As a
proof of concept, several functional metasurface devices are designed and characterized to further
demonstrate the validation of our design methodology. It is believed that these multifunctional
devices with ultrahigh compactness are promising for various applications including chiroptical
spectroscopy, EM communication, chiral imaging, and information encryption.

© 2022 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

Since it was first proposed in 1992, the term ‘spin-orbit interaction (SOI)’ has drawn much
attention as it can explain a variety of optical effects, from the spin-Hall effect of light and
the spin to vortex conversion to the spin-dependent excitation of surface plasma plaritons and
the Pancharatnam–Berry phase [1,2]. It offers a new degree of freedom that the light spin can
affect and control the propagation of light and the distribution of the electromagnetic (EM) field.
However, although the SOI phenomena are not rare and occur in all basic optical processes,
their effects are often negligible since the intrinsic SOI phenomena can only be observed with
wavelength scale, which is much smaller than macroscopic length scales for traditional optical
systems.

Recent progress of metasurfaces have enabled enriched degree of freedoms to manipulate and
control EM waves in terms of amplitude, phase and polarization by introducing strong localized
interactions between EM waves and meta atoms [3–5]. Therefore, compared with traditional
bulky optical devices such as polarizers and lenses that are unavoidably accompanied with
macroscopic thicknesses to accumulate sufficient amplitude or phase differences, metasurfaces
with planar geometries and small footprints exhibit great advantages in optics and photonics for
miniaturization and integration [6,7]. Moreover, one important feature of metasurfaces is that
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they could serve as powerful platforms for the enhancement of SOI, which provide an efficient,
scalable, and large bandwidth toolbox for spin-dependent manipulation of light. To date, many
exotic phenomena and applications based on SOI in metasurfaces have been realized such as
enhanced spin Hall effect [8,9], spin-dependent absorption [10–12], chiral imaging [13,14],
optical holograms [15,16], and polarization converters [17,18], to name but a few. However, most
previously reported SOI-based metasurfaces were designed with non-tunable single functionality,
and the exploration of tunable multifunctional metasurfaces is still in its infancy. As a result,
various platforms of reconfigurable metasurfaces based on phase-change materials have been
proposed and demonstrated for various promising applications including tunable wavefront
control [19–21], reversible optical modulation [22–25], active chirality [26,27] and dynamic
color display [28,29].

In this work, we proposed a design methodology for single-layered metasurfaces achieving
efficient wavefront manipulation and reversible chiral transmission based on tunable SOI in
phase-change material Ge2Sb2Se4Te1 (hereinafter referred to as GSST). The schematic images are
shown in Figs. 1(a) and (b) to conceptually illustrate the performance of the proposed metasurface
by tuning the crystallization level of GSST. As shown in Fig. 1(a), when GSST is in amorphous
state (A-state), only the right-handed circularly polarized (RCP) EM waves can transmit the
metasurface and corresponding encoded information can be obtained in the transmission field,
while the EM waves with opposite spin (left-handed circularly polarized, LCP) will be largely
blocked. When varying the crystallinity of GSST to crystalline state (C-state) as shown in
Fig. 1(b), the chirality of the device is reversed that only the encoded information for the LCP
waves can be observed. Compared with previously reported works, the proposed metasurfaces
could enable more degrees of freedom for EM wave manipulation since the wavefront and
chirality of the incident wave can be controlled simultaneously. Therefore, given the geometrical
simplicity and tunable functionality of the proposed metasurfaces, we believe that they could find
many integration applications in chiral imaging, chiral sensing, and spin-dependent spectroscopy.

Fig. 1. Schematic images for the proposed single-layered metasurface. (a) When GSST
is in A-state, only the RCP EM waves can transmit the metasurface and the corresponding
information (“64”) can be observed in the transmission field, while LCP waves are blocked.
(b) When GSST changes to C-state, the chirality of the device is reversed and only the
information for the LCP waves (“35”) can be observed. (c) 3D (top) and top (bottom) views
of the unit cell. The corresponding parameters are P= 4, L1= 2.9, W1= 1.5, L2= 2.8, W2= 1
and h= 6 in micrometers.
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2. Results and discussions

Figure 1(c) shows the 3D (top) and top (bottom) views of the unit cell for the proposed metasurface
that composed of chess-board arranged two pairs of meta atoms labeled with blue and green
respectively. The corresponding geometric parameters are given in the figure caption. The
material for the unit cell is chosen as GSST for several reasons [30,31]. First, GSST possesses an
unprecedented broadband optical transparency with ultralow loss in both A- and C-state in the
infrared spectrum, which is an ideal choice for efficient wavefront manipulations [32]. Second,
GSST exhibits large optical contrast (∆n= 2.0) between A- and C-state that could further increase
the tunability of the device [30]. Third, as GSST is a nonvolatile material whose crystallization
states can be maintained, external stimuli are not needed once GSST is reached at C-state [21].
The permittivities of GSST for the simulations is shown in Appendix A (Fig. 7). The employment
of barium fluoride (BaF2) substrate is due to its low permittivity (ε=1.96) that could reduce the
reflectance at the bottom surface. In Fig. 1(c), θ is the rotation angle between the main axe of the
green meta atom to x-axe and α=π/4 is the rotation angle difference between adjacent blue and
green meta atoms.

The simulated results for the proposed unit cell when GSST is in A-state are shown in Fig. 2.
Finite element method in CST Microwave Studio is employed with unit cell boundaries in
xy directions and open boundary in z direction. A fine tetrahedral mesh was applied with
an adaptive mesh refinement to ensure the accuracy of the results. Figure 2(a) shows the
simulated transmittance under RCP and LCP incidence. It can be inferred that the cross-polarized
transmittance at 31.4 THz under RCP incidence TRL= 70% is much larger than other three cases
with TRR= 18%, TLL= 8.5% and TLR= 2%, respectively. Therefore, the total transmittance for
RCP and LCP incidence can be calculated as TR= TRR+TRL= 88% and TL= TLL+TLR= 10.5%.
Besides, by comparing the normalized electric field distributions in x-z plane under RCP and
LCP incidence as shown in Figs. 2(b) and (c), it can be seen that the transmitted field under
RCP incidence is much larger than that under LCP incidence that further demonstrates the chiral
transmission performance of the unit cell. To further analyze the performance of the unit cell, the
total extinction ratio etotal and cross-polarized extinction ratio ecr are calculated by

etotal =
max(TR, TL)

min(TR, TL)
(1)

ecr =
max(TRL, TLR)

min(TRL, TLR)
(2)

The calculated results are shown in Fig. 2(d) with etotal =8.4:1 and ecr =35:1. Here, the calculation
of ecr is to demonstrate that the proposed unit cell can achieve high performance asymmetric
wavefront manipulations under circularly polarized incidence since only the cross-polarized
components can carry Pancharatnam–Berry phase [33–35]. To investigate the physical mechanism
of the chiral transmission, Fig. 2(e) depicts the cross- and co-polarized transmission amplitude
for the blue and green meta atoms as a function of frequency. It can be observed that both meta
atoms can achieve highly efficient polarization conversion at the working frequency 31.4 THz
(denoted by the black dotted line). Besides, the simulated phase for the cross-polarized waves in
Fig. 2(f) indicates that the phase difference

a
φ between the meta atoms is close to π/2 at 31.4

THz. Therefore, the chiral transmission performance of the unit cell in A-state can be explained
by the collaborative contributions of SOI (here, the Pancharatnam–Berry phase) and propagation
phase [36–39]. To further illustrate this issue, considering the circularly polarized incidence of
[1-iσ]T normally illuminates on the meta atoms, the resulting transmitted wave can be written as
[40]
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where δ is the phase difference for two orthogonal linear polarizations along the major and minor
axes (for a half-wave plate δ=π). φ is the polarization-independent propagation phase determined
by the size of the meta atom. -2σξ is the Pancharatnam–Berry phase that σ=±1 denotes the spin
state of circularly polarized incidence and ξ is the rotation angle for the meta atom (ξ=θ for the
green and ξ=θ+α for the blue meta atoms). Since the polarization conversion ratios for the meta
atoms in Fig. 2(a) are sufficiently high, they can be treated as half-wave plates that the first term
in Eq (3) can be omitted. Thus, the overall phase difference

a
ψ in the transmitted field between

blue and green meta atoms in the unit cell under the incidence of RCP and LCP waves can be
calculated as

∆ψ = ∆φ + 2σα (4)

Since
a
φ=π/2 and α=π/4 in this case, the calculated

a
ψ for σ=1 (LCP) and -1 (RCP) are π and

0 respectively. According to the interference theory, the LCP incidence experiences destructive
interference and being blocked, while the RCP incidence undergoes constructive interference that
can transmit through the metasurface and convert to LCP wave carrying Pancharatnam–Berry
phase [36].

Fig. 2. Simulated results for the proposed unit cell when GSST is in A-state. (a) Simulated
transmittance of the unit cell. (b)-(c) Simulated normalized electric field distributions in
x-z plane under RCP (b) and LCP (c) incidence. The electric field is normalized to the
maximum in (b). (d) Calculated extinction ratio of the unit cell. (e) Simulated transmission
amplitude of the meta atoms (f) Simulated transmitted phase for the cross-polarized waves
of the meta atoms.

By exploiting the temperature-activated phase transition, for example by hot-plate annealing
at 250 °C for 30 min in an ultra-high purity argon atmosphere, the crystallinity of GSST can
be varied from A-state to C-state [21,23]. The corresponding performance is shown in Fig. 3.
The simulated transmittance of the unit cell under circularly polarized incidence is depicted in
Fig. 3(a). In this case, the simulated results at 31.4 THz are TLR= 66%, TLL= 25%, TRR= 5.4%
and TRL= 2%. Therefore, the total transmittance can be calculated as TL= 91% and TR= 7.4%,
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which exhibits near perfect transmission and reflection performance for LCP and RCP incidence
respectively. The normalized electric field distributions in Figs. 3(b) and (c) further indicate that
the chirality is reversed compared with those when GSST is in A-state. The calculated extinction
ratios are etotal =12.3:1 and ecr =33:1 according to Eqs.(1)-(2) as shown in Fig. 3(d). To shed
light on corresponding physical mechanism, the transmission amplitude for the green and blue
meta atoms are simulated as shown in Figs. 3(a) and (b), respectively. Interestingly, unlike the
case in the A-state, the polarization conversion ratios in C-state for both meta atoms are quite
low and their phase difference

a
φ largely deviates from π/2 (

a
φ≈π/4), which indicates that

the meta atoms do not fulfill the requirement for constructive/destructive interference and thus
the chiral transmission performance cannot be explained by interference theory. In fact, akin
to previous works [41,42], it is the intrinsic chirality that leads to the asymmetric transmission
when GSST is in C-state, since the unit cell with broken rotational symmetries remarkably
enhanced the spin-selective performance. One typical feature of intrinsic chirality is that the
chiral transmission exhibits multi-resonant characteristics with generally narrow bandwidth. On
contrary, the bandwidth for interference-based chiral transmission is broader and without obvious
fluctuations as the constructive/destructive interference conditions can be approximately fulfilled
in broadband [36–38].

Fig. 3. Simulated results for the proposed unit cell when GSST is in C-state. (a) Simulated
transmittance of the unit cell. (b)-(c) Simulated normalized electric field distributions in x-z
plane under RCP (b) and LCP (c) incidence. The electric field is normalized to the maximum
in (c). (d) Calculated extinction ratio of the unit cell. (e) Simulated transmission amplitude
of the green meta atoms. (f) Simulated transmission amplitude of the blue meta atoms.

To further validate the versatility of the proposed design methodology, three types of functional
metasurfaces are simulated and characterized. The first functional device based on the proposed
chiral unit cell is a beam deflector with corresponding performance shown in Fig. 4. According
to the generalized law of refraction [43], the phase distributions under normal incidence can be
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calculated by

∆ζ =
2πf
c

x sin(Φ) (5)

where ∆ζ is the phase difference between adjacent unit cells, f is the working frequency, x is
the spatial location, c is the speed of light and Φ is the deflection angle. Figure 4(a) depicts
the ideal and implemented phase distributions for the deflector composed of 16 unit cells (total
length= 128 µm) based on Eq.(5). The predesigned deflection angle is Φ=15° for LCP incidence
(Φ=-15° for RCP incidence according to Pancharatnam–Berry phase). In order the obtain the
simulated results of the proposed beam deflector, full-wave simulations were performed using
the time domain solver of CST Microwave Studio. Considering the symmetry of the structure,
to reduce the amount of calculation, periodic boundaries were employed in y-axis direction
and open boundaries were used in x-axis and z-axis direction. The simulated results when
GSST is in A-state under RCP and LCP incidence are shown in Figs. 4(b) and (c), respectively.
It can be inferred that the incident RCP wave can be efficiently converted to LCP wave and
perfectly guided to the predesigned angle Φ=-15°, while only co-polarized wave can be observed
under LCP incidence in the transmission field without deflection. The calculated deflection
efficiency (defined as the ratio between the deflected intensity to the predesigned angle and
incident intensity) for LCP incidence is only 2% compared with that for the RCP incidence.
When GSST changes to C-state, the corresponding results are shown in Figs. 4(e) and (f). It can
be seen that the incident RCP wave is largely blocked and the LCP incidence can be well deflected
to Φ=15°. In this case, the calculated deflection efficiency for LCP incidence is 21 times larger
than that for the RCP incidence. Therefore, the above results demonstrate that the designed
deflector can achieve efficient wavefront manipulation as well as tunable chiral transmission.

Multi-focus lens has been widely used in imaging systems, detectors, and optical communica-
tions [44,45]. The second functional device is a spin-selective multi-focus metalens as shown
in Fig. 5. Figure 5(a) depicts the ideal and implemented phase distributions for the metalens
composed of 60 unit cells (total length= 480 µm). Considering the implemented phases for
opposite spins are reversed based on Pancharatnam–Berry phase, the design process can be
concluded as follows. First, since the metalens is designed as a cylindrical lens to reduce the
simulation complexity, the phase profiles for RCP and LCP incidence follow

φRCP =
2πc
f

[

√︂
(x − dRCP)

2 + FRCP
2 − FRCP] (6)

φLCP =
2πc
f

[

√︂
(x − dLCP)

2 + FLCP
2 − FLCP] (7)

where dRCP= 0 and dLCP= 120 µm are the lateral displacement of the focal points. FRCP= 240
µm and FLCP= 320 µm are the designed focal lengths. Then, the required phase distribution φ
for the multi-focus metalens can be expressed as

φ = arg[exp(−iφRCP) + exp(iφLCP)] (8)

The orientation angle θ of the unit cell on the metalens is determined by θ=φ/2 according to
Pancharatnam–Berry phase. The simulated farfield distributions when GSST is in A- and C-state
are given in Figs. 5(b)-(e) with the same simulations setting as above beam deflector. The insets
are normalized electric field distributions at z=FRCP (top) and z=FLCP (bottom). Appendix B
(Fig. 8) depicts corresponding theoretical results for comparison. Obviously, the simulated results
agreed well with the theoretical counterparts that only RCP (LCP) incidence can be focused
to predesigned focus when GSST is in A- (C-) state, while the opposite spin will be blocked.
Therefore, the focus of the metalens can be adjusted according to the incident spin states by
changing the crystallinity of GSST, which is beneficial for chiral sensing and imaging.
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Fig. 4. Spin-selective beam deflector. (a) Ideal (solid line) and simulated (dot) phase
distributions for the deflector. (b)-(c) Normalized deflection patterns under RCP (b) and
LCP (c) incidence when GSST is in A-state. The intensity is normalized to the maximum
in (b). (d)-(e) Normalized deflection patterns under RCP (d) and LCP (e) incidence when
GSST is in C-state. The intensity is normalized to the maximum in (e). The insets in (b)-(e)
are corresponding normalized electric field distributions. The solid lines correspond to cross
polarized wave and dotted lines denote the co-polarized wave.
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Fig. 5. Spin-selective multi-focus metalens. (a) Ideal (solid line) and simulated (dot) phase
distributions for the metalens. (b)-(c) Normalized farfield distributions under RCP (b) and
LCP (c) incidence when GSST is in A-state. The intensity is normalized to the maximum in
(b). (d)-(e) Normalized farfield distributions under RCP (d) and LCP (e) incidence when
GSST is in C-state. The intensity is normalized to the maximum in (e). The insets in (b)-(e)
are corresponding normalized electric field distributions at z=FRCP and z=FLCP.

Moreover, simultaneous asymmetric transmission and wavefront manipulation provided by the
proposed metasurface can be applied in a wide variety of applications associated with information
encryption [46,47]. As a proof of concept, the third functional device is a metasurface for chiral
holograms with 1000×1000 unit cells. The target images for RCP (left panel) and LCP (right
panel) incidence are shown in Figs. 6(a). The distance between the image plane and metasurface
is set as 1.2 mm. Point source algorithm is adapted to obtain the phase distributions φRCP (left
panel in Fig. 6(b)) and φLCP (middle panel in Fig. 6(b)) [48]. Then the phase distributions (right
panel in Fig. 6(b)) for the metasurface is obtained based on Eq. (8). Vectorial diffraction theory
is used to calculate the normalized farfield distributions in Figs. 6(c)-(h) [49]. The phase and
amplitude at each position on the metasurface is retrieved from corresponding simulated results
in Figs. 2(a) and 3(a) according to the incident polarization. Figures 6(c)-(e) depict the calculated
results under different polarized incidence when GSST is in A-state. It can be inferred that only
the predesigned information for RCP incidence can be well obtained, while the information for
LCP incidence is perfectly hidden. In this case, the information channel is “ON” for the RCP
wave and “OFF” for the LCP wave. When GSST changes to C-state, the holographic image under
RCP incidence cannot be observed as shown in Fig. 6(f), which indicates that the information
channel for RCP is switched to “OFF” state. Meanwhile, the previously encrypted information
for LCP incidence can be obtained. The results under unpolarized incidence in Figs. 6(e) and (h)
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further demonstrate that the information encryption performance of the proposed metasurface
can be achieved regardless of the incident polarizations.

Fig. 6. Chiral holograms for information encryption. (a) Original images for RCP (left)
and LCP (right) incidence. (b) Calculated phase distributions. (c)-(e) Normalized farfield
distributions under RCP (c), LCP (d) and unpolarized (e) incidence when GSST is in A-state.
The intensity is normalized to the maximum in (c). (f)-(h) Normalized farfield distributions
under RCP (f), LCP (g) and unpolarized (h) incidence when GSST is in C-state. The intensity
is normalized to the maximum in (g).

3. Conclusion

Although subsequent experiments are not performed in the presented work, many previously
reported works have been demonstrated that the fabrication of structured phase-change meta atoms
with high aspect ratio can be achieved by the state-of-art nanofabrication technologies [21,50,51].
Besides, the reamorphize of GSST meta atoms with thickness up to several micrometers is
still an open question in this field that fully reamorphization of the proposed devices may
not be achievable at present. However, this problem may be solved by several methods. For
example, by applying the design principle at higher frequencies according to scalability of
Maxwell’s equations, the thickness of GSST can be further reduced to meet the requirement
for reamorphization. Additionally, recent works have demonstrated that the reamorphization
of GSST and other phase-change materials can be achieved by varies methods. The achieved
reamorphization thickness increased from initial tens of nanometers to current hundreds of
nanometers [23,29,52,53]. Since the theoretical reversible thickness of GSST film can approach
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several micrometers [21], the reamorphization of the proposed devices may be achievable in the
near future.

In summary, a generalized design methodology for spin-selective metasurfaces is proposed in
this paper. By exploiting the phase transition of GSST to introduce tunable SOI, a single-layered
metasurface can achieve efficient wavefront manipulation and reversible chiral transmission
simultaneously. The inner physics is further explained by interference theory and intrinsic chirality.
The chiral transmission performance of the proposed metasurface in both A- (8.4:1) and C-state
(12.3:1) is comparable and even better than previously reported works as shown in Appendix
C. Besides, simulated results validate that the proposed chiral metasurface can be applied to
spin- and temperature-coded information encryption, i.e., multiple channels of information can
be coded with enriched freedoms. Considering the nearly dispersionless permittivity of GSST
throughout almost the entire infrared spectrum, the design principle can be further employed for
other frequencies, which will enable more fascinating applications in optics and photonics, such
as polarimetry, chiral sensing and imaging.

APPENDIX A: Permittivity of GSST

Fig. 7. (a) Real part of permittivities ε1 when GSST is in A- and C-state. (b) Imaginary
part of permittivities ε2 when GSST is in A- and C-state. The permittivities are obtained
from measured results in ref [30].

APPENDIX B: Theoretical results for the designed metalens
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Fig. 8. (a)-(b) Normalized farfield distributions under RCP (a) and LCP (b) incidence when
GSST is in A-state. The intensity is normalized to the maximum in (a). (c)-(d) Normalized
farfield distributions under RCP (c) and LCP (d) incidence when GSST is in C-state. The
intensity is normalized to the maximum in (d). The insets in (b)-(e) are corresponding
normalized electric field distributions at z=FRCP and z=FLCP. The theoretical results are
calculated by vectorial diffraction theory. The phase and amplitude at each position on the
metalens is retrieved from corresponding simulated results in Figs. 2(a) and 3(a) according
to the incident polarization.

APPENDIX C: Comparison with reported chiral transmission metasurfaces

Extinction ratio Wavefront manipulation

Ref [36] ≈17:1 in simulation
≈10:1 in experiment

Yes

Ref [37] ≈4.5:1 in simulation
≈3.5:1 in experiment

No

Ref [38] ≈3.5:1 in simulation
≈3:1 in experiment

Yes

Ref [42] ≈17:1 in simulation
≈10:1 in experiment

No

Our work 8.4:1 when GSST in A-state
12.3:1 when GSST in C-state

Yes
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