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Metasurfaces have drawn considerable attention in manipulation of electromagnetic waves due to their exotic
subwavelength footprints. Regardless of immense progress of polarization-dependent flat optics, the realization
of on-device switchable complete phase multiplication is still missing from design multifunctional devices. Here,
by combining geometric and propagation phases, a generalized design principle is proposed that can achieve
switchable integer or fractional multiple complete phase modulation in transmitted circularly cross-polarized
light by switching the handedness of incident polarization. As a proof of concept, two types of spin-dependent
bifunctional wavefront manipulating devices, including switchable beam splitter/beam deflector and spin-
to-orbital angular momentum converter designs are numerically realized. It is believed that the proposed
single-cell spin-switchable rational-multiple complete-phase-modulation design principle based on combined
propagation and geometric phases has great potential to underpin the development of meta-optics-based multi-
functional operations in the field of integrated optics, imaging, and optical communication. © 2022 Chinese
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1. INTRODUCTION

Multifunctional planar on-chip photonic devices will play a
fundamental role in several applications such as imaging,
microscopy, and communication. In the past few years, sub-
wavelength-sized engineered structures named metasurfaces
have attracted tremendous research attention to manipulate
electromagnetic (EM) waves and provide a platform to replace
the traditional optical components [1,2]. By using these ultra-
thin elements, the amplitude, phase, and polarization of light in
transmission/reflection can be precisely tailored for wavefront
control such as metasurface holograms [3–10], vortex beam
generators [11–13], flat lenses [14–19], and anomalous beam
deflection [1,20] in linear and nonlinear regimes [21–25].

Metasurfaces can impart the desired phase profile on distinct
input polarizations. In general, polarization-dependent phase
can be classified into two categories. (1) The propagation
(or structural/dynamic/retardation) phase, which mainly comes
from the spatial structural parameters and material, contributes

to attaching independent and arbitrary phase profiles on each of
linearly orthogonal polarization. (2) The geometric phase fol-
lows the rotation-dependent Pancharatnam–Berry (PB) mecha-
nism, which imposes the opposite (in sign) and equal phase to
two circularly polarized (CP) channels. By combining both
structural parameters and rotation, both propagation and geo-
metric phases can be merged, which can result in any arbitrary
phase profile on orthogonal CP polarization channels [26,27].

This hybrid phase-modulation scheme has been studied in
many applications such as holography [26,28], switchable spi-
ral contrast imaging [29], on-demand control of optical tweez-
ers and spanning [30], orbital angular momentum (OAM)
generation [31,32], and metalenses [33,34]. Owing to its de-
sign flexibility, this scheme is favorable in uncovering unex-
plored potentials in flat EM devices. For instance, one of the
CP cross-polarized channels can be kept unmodulated by merg-
ing equal and opposite propagation phase with the geometric
phase [28]. Fortunately, this approach also seems to obtain
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switchable rational-multiple phase modulation by merging
the suitable propagation phase value with geometric phase.
The proposed approach can be used in several intriguing
wavefront engineering applications, and it provides ease in de-
sign procedure when spin-switchable multiplicative or divi-
sion operations are needed. Here, we explore two types of
spin-switchable-metasurface-based designs. (1) Beam splitter/
deflector: for input right circularly polarized (RCP) light, the
designed metasurfaces will deflect the light, and by switching
the input polarization to left circularly polarized (LCP) light,
the same design will split the light at two different angles.
(2) Rational-multiple spin-to-orbital angular momentum con-
verter (SOC) designs: the rational complete phase-multiplication
scheme facilitates a generalized scheme for spin-to-orbital angular
momentum conversion that can switch any arbitrary premedi-
tated OAM design to integer or fractional multiple OAM design
by switching the polarization handedness of incident light. Our
proposed approach, based on a non-interleaved metasurface,
establishes a generalized principle for integer or fractional
multiple of complete phase modulation and provides a new ap-
proach to realize several multifunctional wavefront engineering
phenomena.

2. DESIGN PRINCIPLE

In general, for non-interleaved metasurfaces, the transmission

matrix for the CP light can be written as T �
�
T RR T RL

T LR T LL

�
.

Here, T RR andT LL are the copolarization channels for LCP
and RCP incoming light, respectively. T RL andT LR are the
cross-polarizations for LCP and RCP light, respectively. In this
work, cross-polarization channels are utilized for rational-
multiple complete phase modulation. We use a C-2 rotational
symmetric single silicon meta-atom on glass substrate and gen-
eralize the design principle, which can obtain the integer or
fractional multiple complete phase modulation. It is known
that the PB phase comes from the rotation θ�x, y� of dielectric/
metallic nanostructures with respect to the x axis and imparts
twice the rotational angle phase shift on transmitted cross-
polarized light, i.e., �2θσ�x, y� when circularly polarized light
��σ� illuminates the sample at normal incidence as illustrated
in Fig. 1. The operating wavelength λo � 780 nm, height of
meta-atoms (H), and pitch are fixed for all the designs.

The expression for the Jones matrix, for the rotated meta-
atom, for the incoming and transmitted electric fields can be
written as [34]

J � Rc�θ�
�
eiϕRR eiϕRL

eiϕLR eiϕLL

�
Rc�−θ� �

�
eiϕRR ei�ϕRL�2σθ�

ei�ϕLR�2σθ� eiϕLL

�
,

(1)

where Rc�θ� is the rotation matrix; ϕLL, ϕRL, ϕLR , and ϕRR are
propagation phases. For the RCP ��σ� input light, the expres-
sions of PB phase for the cross-polarization transmission chan-
nel can be written as ϕRCP→LCP�x, y� � −2σθ�x, y�. Similarly,
for the LCP �−σ� input light, the expressions of PB phase
for the cross-polarization transmission channel can be written
as ϕLCP→RCP�x, y� � �2σθ�x, y�. In addition to rotation
an additional degree of freedom in terms of propagation/

retardation phase, ϕ�x, y� � ϕLR � ϕRL can be introduced by
spatially varying structural parameters L1 and L2. Therefore,
ϕRCP→LCP�x, y� � ϕ�x, y� − 2σθ�x, y� and ϕLCP→RCP�x, y� �
ϕ�x, y� � 2σθ�x, y� can be independently controlled by ex-
ploiting the ϕ�x, y� and θ�x, y� to achieve fractional or integer
multiple complete phase modulation of factor m. For instance,
ϕ�x,y��ϕLL �ϕRR ��4θ�x,y� leads to ϕRCP→LCP�x, y� �
2θ∕ − 6θ and ϕLCP→RCP�x, y� � 6θ∕ − 2θ, which indicates
that 3 times of complete phase modulation can be imparted
on left or right crossed CP light. For this scenario, in the case
of RCP (�σ � �1) input light, the expression for transmitted
electric field from Eq. (1) can be written as

Eout
Rin

�
�

eiϕRR

ei�ϕLR−2θ��4θ−2θ�2θ�

�
or

�
eiϕRR

ei�ϕLR−2θ�−4θ−2θ�−6θ�

�
:

(2)

Similarly, in the case of LCP (−σ � −1) input light, the
expression for transmitted electric field from Eq. (1) can be
written as

Eout
Lin �

�
ei�ϕRL�2θ��4θ�2θ�6θ�

eiϕLL

�
or

�
ei�ϕRL�2θ�−4θ�2θ�−2θ�

eiϕLL

�
:

(3)

Figure 1 presents the schematic of metasurface design to
achieve fractional or integer multiples of complete phase

Fig. 1. Schematic illustration of a unit cell for rational-multiple
phase modulation through merged propagation and geometric phases.
For RCP (�σ) light, the silicon meta-atom ofH � 420 nm rotated at
θ�x, y� on glass substrate transfers a �2σθ�x, y� geometric phase shift
on the cross-polarization channel, i.e., LCP (�σ) light (left side). The
sign of the geometric phase gets reversed, i.e.,�2θ�x, y�, while switch-
ing the input polarization, i.e., LCP (�σ) (right side). The propaga-
tion phase�nθ�x, y� can be merged with the PB phase, which yields to
rational-multiple complete phase modulation on either RCP or LCP
light. In the 2D representation (in the middle), Px � Py � 400 nm is
the pitch of the unit cell, x and y are the global coordinates, u and v are
the local coordinates of the meta-atom, θ�x, y� is the angle between u
and x, and L1 and L2 are the spatially varying dimensions of the meta-
atom. Herein, the additional parameters �σ and −σ are selected as
right and left circular polarization, respectively.
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modulation. It is illustrated that the expression for PB phase
can be modified by adding/subtracting the propagation phase
from the geometric phase, which can lead to spin-switchable
rational-multiple complete phase modulation. It should be
noted that, when propagation phase is added/subtracted from
the PB phase, the global rational-multiple phase modulation
w.r.t. initial phase in the same (when n > 2) or opposite direc-
tion (when n < 2) can be achieved on circularly crossed-
polarized light by flipping the spin of incident light. The
detailed explanation can be seen in Appendix A for the case of
θ � π∕8. The value of multiplication factor m can be obtained
on circularly crossed-polarized light upon switching the hand-
edness of incident light by judiciously optimizing the ϕ�x, y�
and θ�x, y�. A generalized table is designed with incremental
value n of propagation phase to achievem times complete phase
modulation on cross-polarization upon switching the handed-
ness of polarization of incident light. The complete tabular il-
lustration for different values of multiplication factor m is listed
in Table 1. It is presented that by adding or subtracting the
propagation phase from geometric phase, the global rational-
multiple complete phase modulation can be achieved on the
cross-polarization channel at output by flipping the polariza-
tion of incident light. One can interpret that the proposed ap-
proach provides several quick relationships to manipulate the
CP orthogonal light, and it facilitates hassle-free parametric se-
lection instead of building a bulk library when multiplication or
division operations are needed. Here, numerical simulations are
performed by the finite-difference time-domain (FDTD)
Lumerical simulation tool, for normally incident CP light from
the top of the meta-atom and the spatially variant structural
parameters L1 and L2, and rotation angles θ�x, y� are optimized.

For high efficiency, along the complete phase modulation,
uniform amplitude is an essential component. Thus, we carried
out 2D parametric sweep between L1 and L2 for the fundamen-
tal unit cell. The amplitude and phase distributions of the fun-
damental meta-atom for the linearly orthogonal input
polarization are shown in Fig. 2. Structural parameters with
high amplitude are chosen in our designs for CP incident light.

3. SPIN-SELECTIVE BEAM DEFLECTOR AND
SPLITTER

In the optical field, beam deflectors and beam splitters are well-
established optical components, which can be realized by sev-
eral techniques such as waveguides [35,36], gratings [37–39],
and metamaterials [40–43]. Among them, metasurface-based
beam steering devices are currently of great topical interest
in research due to their subwavelength size, low fabrication
cost, high efficiency, multifunctionality, and facile tunability.
In recent years, metasurface-based multifunctional non-
interleaved designs for beam splitting and deflection have been
studied widely for linear and circular polarization. However, by
using the propagation phase for linearly polarized light and PB
phase for CP light, the transmitted beam splits/deflects at sym-
metrical angle due to fixed and opposite phase relationships
between linearly/circularly orthogonal polarized light. For in-
stance, Guo et al. proposed a single-layered metasurface design
that splits and deflects the linearly polarized light at symmet-
rical angle by tuning the linearly polarized incident light [44].
Similarly, Wen et al. observed symmetric beam deflection for
CP cross polarization by switching the spin of incident light
[45]. Recent studies suggest that the fixed phase relationship

Table 1. A Generalized Tabular Representation of the Proposed Polarization-Switchable Rational-Multiple Complete-
Phase-Modulation Scheme

Serial No. Propagation/Structural/Retardation/Dynamic Phase and Geometric Phase Phase Modulation

1 ϕRCP→LCP�x, y� � 0 − 2θ�x, y� � −2θ�x, y�
ϕLCP→RCP�x, y� � 0� 2θ�x, y� � 2θ�x, y� Equal with opposite sign

2 ϕRCP→LCP�x, y� � �0.4θ�x, y� − 2θ�x, y� � −1.6θ�x, y�∕−2.4θ�x, y�
ϕLCP→RCP�x, y� � �0.4θ�x, y� � 2θ�x, y� � 2.4θ�x, y��∕1.6θ�x, y� 1.5× with opposite sign

3 ϕRCP→LCP�x, y� � �θ�x, y� − 2θ�x, y� � −θ�x, y�∕−3θ�x, y�
ϕLCP→RCP�x, y� � �θ�x, y� � 2θ�x, y� � 3θ�x, y��∕θ�x, y� 3× with opposite sign

4 ϕRCP→LCP�x, y� � �2θ�x, y� − 2θ�x, y� � 0�x, y�∕−4θ�x, y�
ϕLCP→RCP�x, y� � �2θ�x, y� � 2θ�x, y� � 4θ�x, y��∕0�x, y� 0×

5 ϕRCP→LCP�x, y� � �2.5θ�x, y� − 2θ�x, y� � 0.5θ�x, y�∕−4.5θ�x, y�
ϕLCP→RCP�x, y� � �2.5θ�x, y� � 2θ�x, y� � 4.5θ�x, y��∕−0.5θ�x, y� 9×

6 ϕRCP→LCP�x, y� � �3θ�x, y� − 2θ�x, y� � θ�x, y�∕−5θ�x, y�
ϕLCP→RCP�x, y� � �3θ�x, y� � 2θ�x, y� � 5θ�x, y��∕−θ�x, y� 5×

7 ϕRCP→LCP�x, y� � �4θ�x, y� − 2θ�x, y� � 2θ�x, y�∕−6θ�x, y�
ϕLCP→RCP�x, y� � �4θ�x, y� � 2θ�x, y� � 6θ�x, y��∕−2θ�x, y� 3×

8 ϕRCP→LCP�x, y� � �4.67θ�x, y� − 2θ�x, y� � 2.67θ�x, y�∕−6.67θ�x, y�
ϕLCP→RCP�x, y� � �4.67θ�x, y� � 2θ�x, y� � 6.67θ�x, y��∕−2.67θ�x, y� ∼2.5×

9 ϕRCP→LCP�x, y� � �6θ�x, y� − 2θ�x, y� � 4θ�x, y�∕−8θ�x, y�
ϕLCP→RCP�x, y� � �6θ�x, y� � 2θ�x, y� � 8θ�x, y��∕−4θ�x, y� 2×

10 ϕRCP→LCP�x, y� � �10θ�x, y� − 2θ�x, y� � 8θ�x, y�∕−12θ�x, y�
ϕLCP→RCP�x, y� � �10θ�x, y� � 2θ�x, y� � 12θ�x, y��∕−8θ�x, y� 1.5×
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can be modified for CP orthogonal polarization by merging the
propagation phase with geometric phase [26]. By using hybrid
phase modulation Wang et al. [28] and Li et al. [27] proposed
that asymmetric deflection can be realized for the CP light.
However, to the best of our knowledge, there is a lack of single-
layered non-interleaved design that can perform beam deflec-
tion for one CP light in a certain direction, and the same design
has the tendency to split the light symmetrically for the other
CP light. Fortunately, the proposed rational-multiple complete
modulation scheme has the potential to realize a bifunctional
design to perform the said functionalities in a handy way. The
schematic of the bifunctional beam steering design is illustrated
in Fig. 3. It can be inferred that under the incidence of RCP
light, the designed metasurfaces can be regarded as a beam de-
flector, while the designed device acts as a beam splitter under
the LCP light.

To implement the proposed design, ϕ�x, y� � �6θ�x, y� is
set for propagation phase; therefore, ϕRCP→LCP�x, y� � 4θ and
ϕLCP→RCP�x, y� � 8θ, which indicates that twice the complete
phase modulation can be achieved by switching the incident
polarization. After optimizing the L1 and L2 and θ�x, y�, we
arrange four meta-atoms in the supercell with phase difference
of π∕2 w.r.t neighbouring elements for the RCP input light as
illustrated in Fig. 3 (left side), and then the design works as a
beam deflector according to the generalized Snell’s law [1]. The
structural parametric values of meta-atoms selected for the
beam deflector are tabulated in Table 2, and they are arranged
periodically from left to right as shown in Fig. 3. The analytical
beam deflection according to the generalized Snell’s law can be
calculated as

sin�θt�nt − sin�θi�ni �
λ0
2π

dϕ

dx
� λ0

2π

2π

dx
,

θt � jθt j� arcsin

�
λo
ntΛ

�
� arcsin

�
780 nm

1.45×1600 nm

�
� 19.64°:

(4)

In Eq. (4), ni �air� � 1, nt � 1.45 (glass substrate), and
the period of the supercell Λ � pitch × amount of elements �
400 nm × 4 � 1600 nm are selected. The above equation
indicates that the array of periodically arranged meta-atoms
covering 0−2π complete phase shift deflects the incident light
at 19.64º.

Interestingly, for the LCP input light, each element in the
supercell (excluding the fundamental one) experiences twice
the phase shift. Therefore, the phase difference between the
neighboring elements will be π. Technically, one can state that
binary phase gradient dϕ

dx is placed periodically on the metasur-
face. Hence, the designed device works as a beam splitter again
according to the generalized Snell’s law [42]:

sin�θt�nt − sin�θi�ni �
λ0
2π

dϕ

dx
� λ0

2π

�π

dx
,

θt � arcsin
λ0

2π × nt

�π

dx
� arcsin

�
780

2π × 1.45
�π

400

�

� �42.25°: (5)

In Eq. (5), ni �air� � 1 and nt � 1.45 (glass substrate) are
set. The above equation indicates that transmitted light will
bend at two different angles, i.e., �42.25°.

The FDTD simulation results of 10 periodically arranged
supercells for beam deflection and splitting are presented in
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Fig. 2. Amplitude and phase distribution of the fundamental unit
cell for the linearly orthogonal input polarizations. From electric fields
Exx and Eyy , the transmission amplitude (top) and phase (bottom) are
obtained from parametric sweep of L1 and L2 ranging from 50 to
250 nm. These results indicate the high amplitude as well as complete
2π phase coverage at operating frequency.

Fig. 3. Design and operating principle of spin-selective beam deflec-
tor and splitter. For RCP ��σ� incident light, the structural parameters
are obtained when propagation phase ϕ�x, y� � �6θ�x, y� is combined
with geometric phase and meta-atoms are arranged in a super-cell with
the phase difference of π∕2 (left side). This design works as beam
deflector that deflects cross-polarized light at a certain angle θ. For
the LCP �−σ�, twice the phase multiplication with each of meta-atoms
(excluding the fundamental one) turns the unit cells into binary unit
cells with phase delay of π, which splits the light (right side).

Table 2. Structural and Rotational Parametric Values of
Selected Meta-Atoms for the Beam Deflector/Splitter

Meta-atom No. L1 �nm� L2 �nm� θ�x, y�
1 180 90 0
2 195 130 π∕8
3 120 185 π∕4
4 175 110 3π∕8
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Fig. 4. The Fig. 4(a) (left side) shows that the wavefront of ELCP

will refract from the normal at a certain angle under RCP light.
The disturbance of uniformity of transmitted electric field
ERCP under LCP light shows that the beam is splitting at cer-
tain angles (right side). The far-field distribution results are in-
cluded in Fig. 4(b), which show that strong beam deflection
and splitting can be observed in the desired direction. It is
worth mentioning that the deflection and splitting angles com-
puted by FDTD simulations exactly match with the analyti-
cally calculated results.

4. SPIN-SWITCHABLE RATIONAL-MULTIPLE
SOC DESIGNS

A vortex beam (VB) is a spiral distribution of EM wavefront
that carries OAM determined by an azimuthal phase term
exp�ilϕ�, where l is a topological charge and ϕ is the azimu-
thal phase angle. VBs can be used in several applications such as
optical tweezers, quantum information coding, signal process-
ing, and OAM communication [46–50]. Optics has seen sud-
den progress in metasurface-based VB generation through SOC
and OAM-state manipulation both in free space and on a chip
[8,13,13,32,51]. OAM-based optical communication and
high-dimensional quantum information systems demand the
performance of complex switching and routing [46].

Here, we also explore the versatility of the proposed gener-
alized rational-multiple complete-phase-modulation scheme for
SOC designs, which generates two beams for circularly
orthogonal polarization with the value of topological charge

l1 and l2 � ml1. The value of m can be obtained by suitable
selection of modified PB phase expression as presented in
Table 1. Complex switching operations such as ml including
even �2l� and odd �2l� 1� require the rational multiplication
of the OAM mode with factor m, which can be useful in fiber-
optic mode conversion and optical data encoding. Our pro-
posed spin-dependent phase-multiplication method has the po-
tential to perform these operations with the predesigned
metasurface producing arbitrary value of l at output as pre-
sented in Fig. 5.

The schematic of spin-switchable SOC design in Fig. 5
illustrates that for the RCP input light, a metasurface can be
designed that can carry OAM with an arbitrary value of topo-
logical charge l1 on transmitted cross-polarization channel. On
switching the handedness of input light, i.e., LCP, the prede-
signed metasurface can multiply the OAM mode with any in-
teger or fraction value of multiplication factor m on the cross-
polarization channel at output depending upon the design
feature. To achieve polarization-switchable rational-multiple
OAM mode conversion, we implemented five different designs
for RCP input light. Among them, the first four designs can
multiply the OAM mode with topological charge value
l1 � 2 with multiplication factor value m � 1.5, m � 2,
m ≈ 2.5, m � 3, and the fifth design can multiply the
OAM mode with topological charge value l1 � −2 with
multiplication factor value m � −3 upon switching the input
polarization handedness. The spatially varying structural
parameters L1 and L2 of meta-atoms and rotation angels θ�x, y�
for each of the designs are optimized separately. The total phase
distribution ϕtotal of meta-atoms on the substrate can be calcu-
lated by ϕtotal�α, r� � αϕl�r�, where α and r are the coordinate
parameters in the polar coordinates system. ϕl�r� is the phase
distribution of the arbitrary value of topological charge l.

To perform switchable rational-multiple SOC, five types of
metasurface designs are numerically simulated. For each of the
five designs, the meta-atoms are arranged on the glass substrate
such that each device transmits LCP light carrying topological

Fig. 4. Numerically computed results for beam deflection and split-
ting. (a) Under the incidence of RCP and LCP light on the meta de-
sign, the transmitted electric fields ELCP (left side) and ELCP (right
side) after passing through metasurface array in the x–z plane clearly
demonstrate the polarization-switchable beam deflection and splitting
phenomena. (b) Far-field results of spin-selective beam deflector and
splitter. The circularly cross-polarized light deflects under RCP inci-
dence and splits under LCP incidence. The left arrow in the middle
indicates incident polarization, and the right arrow indicates the polari-
zation handedness at output.

Fig. 5. Schematic of the working principle of the rational-multiple
spin-switchable SOC. For RCP incoming light, the LCP light emerg-
ing from the back side of the design can carry OAM with any arbitrary
value of topological charge value l. By switching the incident light to
LCP, the predesigned device can switch the topological charge value
multiple of m depending upon the design feature. In this representa-
tion, the design is composed of silicon meta-atoms with azimuthal
angle α and radius r on the glass substrate.
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charge of value l1 � 2 for the RCP incoming light [Figs. 6(a),
6(c), 6(e), and 6(g)], except the fifth design, which carries OAM
value l1 � −2 [Fig. 6(i)]. For LCP input light, these designs
are encoded such that they can perform odd − l1�2l1 − 1�
[Fig. 6(b)], even − l1�2l1� [Fig. 6(d)], odd − l1�2l1 � 1�
[Fig. 6(f)], ml1 where m � 3 [Fig. 6(h)], and ml1 �
m × �−2� where m � −3 [Fig. 6(j)]. These operations are per-
formed by multiplication of l1 with multiplication factors
m � 1.5, m � 2, m � 2.5, m � 3, and m � −3 obtained from
a hybrid phase-modulation scheme (Table 1). Conversely,
it can be asserted that for RCP light, each design is performing
division operation on the transmitted cross-polarized light,
i.e., LCP such that l1 � l2∕1.5 � 3∕1.5 � 2 [Fig. 6(a)], l1 �
l2∕2 � 4∕2 � 2 [Fig. 6(c)], l1 � l2∕2 � 5∕2.5 � 2
[Fig. 6(e)], l1 � l2∕3 � 6∕3 � 2 [Fig. 6(g)], and l1 �
l2∕3 � −6∕3 � −2 [Fig. 6(i)]. The radius r of simulated de-
signs is 21.1 μm. The near-field and far-field results of each of
the five designs are presented in Fig. 6. The near-field phase
profile of each design demonstrates the mode conversion with
multiplication factor. In the far field, doughnut shapes of
the amplitude also validate the rational-multiple OAM mode
conversion.

5. ROUTES TO REALIZE THE PROPOSED
DESIGNS EXPERIMENTALLY

All of the above mentioned designs can be validated
experimentally by following the processes reported in
Refs. [22,28,52–54], which have been experimentally realized,

having silicon meta-atoms on the glass substrate at the same
operating frequency region with almost the same pitch and
height of meta-atoms for holography and beam deflection ap-
plications. The fabrication process starts with the deposition of
a silicon layer through plasma-enhanced chemical vapor depo-
sition with subsequent deposition of metallic film through elec-
tron beam evaporation, which works as a hard mask. After that,
positive resist coating is needed to pattern the structures
through electron beam lithography, and subsequent etching
of written silicon needs to be performed through inductive
etching. In the end, the additional metal needs to be removed
through etchant. After successful fabrication, the standard
optical setup utilized in Refs. [13,22] can be arranged for op-
tical measurements.

6. CONCLUSION

In summary, by simultaneous exploitation of propagation and
geometric phases, a generalized scheme is proposed for rational-
multiple complete phase modulation. Two types of designs,
including spin-selective beam deflector/splitter and spin-
switchable SOC designs, are numerically validated. The spin-
selective beam deflector/splitter design works as beam deflector
for RCP light and turns into a beam splitter under LCP in-
put light. The SOC designs tend to convert any predesigned
arbitrary OAM value to a rational-multiple OAM value on
circularly orthogonal polarization by switching the incidence
polarization. It is predicted that the proposed design scheme
will empower a broad range of metasurface-based applications

Fig. 6. Numerical simulation results for polarization-switchable rational-multiple SOC designs. Five different designs with different structural
parameters for OAMmode with topological charge value l1 � 2 are implemented; the specific design can switch to 1.5, 2, 2.5, 3, or −3 times of l1

by switching the handedness of incident light. (a), (c), (e), (g), (i) Near-field amplitude and phase of each design and far-field result of each design;
(b), (d), (f ), (h), (j) their corresponding rational-multiple results.
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such as imaging, sensing, quantum science, and optical
communication.

APPENDIX A: EXPLANATION OF RATIONAL
MULTIPLICATION FOR DIFFERENT
PROPAGATION PHASE VALUES WHEN θ � π∕8
Figures 7(a)–7(c) depict the phase modulation under RCP
(top) and LCP (bottom) incidence polarization when the
propagation phase with n � 0, n > 2, and n < 2 is merged
with geometric phase and the value of rotation angle is
θ ≥ 0. When a meta-atom is rotated at θ � π∕8, the PB phase
value −π∕4 in the clockwise (CW) direction can be obtained
for the cross-polarized light, i.e., LCP under RCP incidence
[Fig. 7(a) (top)]. The cross-polarized, i.e., RCP light, experien-
ces equal phase shift, i.e., π∕4, in the counter-clockwise
(CCW) direction by flipping the incident light polarization
to LCP [Fig. 7(a) (bottom)]. When the propagation phase value
nθ � 4 × π∕8 � π∕2 is added to PB phase, the transmitted
cross polarization, i.e., LCP, will have phase value π∕4 in
the CCW direction [Fig. 7(b) (top)]. On transmitted cross-po-
larized light, 3 times the phase shift, i.e., 3π∕4, can be obtained
in the CCW direction by switching the handedness of incident
polarization to LCP [Fig. 7(b) (bottom)]. When the propaga-
tion phase value nθ � 1 × π∕8 � π∕8 is added to PB phase,
the transmitted cross polarization, i.e., LCP, will have phase
value −π∕8 in the CW direction [Fig. 7(c) (top)]. On transmit-
ted cross-polarized light, 3 times the phase shift, i.e., 3π∕8, can

be obtained in the CCW direction by switching the handedness
of incident polarization to LCP [Fig. 7(c) (bottom)]. There will
be no phase shift on transmitted cross LCP light when propa-
gation phase nθ � 2 × π∕8 � π∕4; see Ref. [28].
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Fig. 7. Phase modulations when the meta-atom is rotated at θ � π∕8. (a) The PB phase provides equal phase modulation with opposite sign;
(b) 3 times phase modulation when n � 4, and (c) 3 times phase modulation with opposite sign when n � 1.
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