
Functionality multiplexing in high-efficiency metasurfaces based on coherent wave
interferences
Yuejiao Zhou, Tong Liu, Changhong Dai, Dongyi Wang and Lei Zhou

Citation: Zhou YJ, Liu T, Dai CH, et al. Functionality multiplexing in high-efficiency metasurfaces based on coherent wave
interferences. Opto-Electron Adv 7, 240086(2024).

https://doi.org/10.29026/oea.2024.240086

Received: 18 April 2024; Accepted: 9 July 2024; Published online: 3 September 2024

Related articles
Dynamic interactive bitwise meta-holography with ultra-high computational and display frame rates
Yuncheng Liu, Ke Xu, Xuhao Fan, Xinger Wang, Xuan Yu, Wei Xiong, Hui Gao
Opto-Electronic Advances    2024  7,  230108        doi: 10.29026/oea.2024.230108

All-optical controlled-NOT logic gate achieving directional asymmetric transmission based on metasurface
doublet
Yijia Huang, Tianxiao Xiao, Shuai Chen, Zhengwei Xie, Jie Zheng, Jianqi Zhu, Yarong Su, Weidong Chen, Ke Liu, Mingjun Tang, Peter
Müller-Buschbaum, Ling Li
Opto-Electronic Advances    2023  6,  220073        doi: 10.29026/oea.2023.220073

Resonantly enhanced second- and third-harmonic generation in dielectric nonlinear metasurfaces
Ji Tong Wang, Pavel Tonkaev, Kirill Koshelev, Fangxing Lai, Sergey Kruk, Qinghai Song, Yuri Kivshar, Nicolae C. Panoiu
Opto-Electronic Advances    2024  7,  230186        doi: 10.29026/oea.2024.230186

More related article in Opto-Electronic Journals Group website  

http://www.oejournal.org/oea  OE_Journal  @OptoElectronAdv

https://www.oejournal.org/oea/
https://doi.org/10.29026/oea.2024.240086
https://www.oejournal.org/article/doi/10.29026/oea.2024.230108
https://doi.org/10.29026/oea.2024.230108
https://www.oejournal.org/article/doi/10.29026/oea.2023.220073
https://www.oejournal.org/article/doi/10.29026/oea.2023.220073
https://doi.org/10.29026/oea.2023.220073
https://www.oejournal.org/article/doi/10.29026/oea.2024.230186
https://doi.org/10.29026/oea.2024.230186
https://www.oejournal.org/article/doi/10.29026/oea.2024.240086#relative-article
https://www.oejournal.org/article/doi/10.29026/oea.2024.240086#relative-article
http://www.oejournal.org/oea


DOI: 10.29026/oea.2024.240086                        CSTR: 32247.14.oea.2024.240086

Functionality multiplexing in high-efficiency
metasurfaces based on coherent wave
interferences
Yuejiao Zhou1†, Tong Liu 2†, Changhong Dai1, Dongyi Wang 3* and
Lei Zhou1,4*

Multiplexing multiple  yet  distinct  functionalities  in  one single  device is  highly  desired for  modern integration optics,  but
conventional devices are usually of bulky sizes and/or low efficiencies. While recently proposed metasurfaces can be ul-
tra-thin and highly efficient, functionalities multiplexed by metadevices so far are typically restricted to two, dictated by the
number of independent polarization states of the incident light. Here, we propose a generic approach to design metade-
vices exhibiting wave-control functionalities far exceeding two, based on coherent wave interferences continuously tuned
by varying the incident polarization. After designing a series of building-block metaatoms with optical properties experi-
mentally characterized, we construct two metadevices based on the proposed strategy and experimentally demonstrate
their polarization-tuned multifunctionalities at the wavelength of 1550 nm. Specifically, upon continuously modulating the
incident polarization along different paths on the Poincare’s sphere, we show that the first device can generate two spa-
tially non-overlapping vortex beams with strengths continuously tuned, while the second device can generate a vectorial
vortex beam carrying continuously-tuned polarization distribution and/or orbital angular momentum. Our proposed strate-
gy significantly expands the wave-control functionalities equipped with a single optical device, which may stimulate nu-
merous applications in integration optics.

Keywords: metasurface; coherent  wave  interferences; vectorial  vortex  beam; functionality  multiplexing; orbital  angular
momentum; local polarization distributions; polarization-dependent
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Introduction
Along  with  rapid  developments  in  optical  sciences  and
applications,  there  is  an  increasing  demand  on  multi-
functional  optical  devices  capable  of  multiplexing  as

many as possible wave-control functionalities in one sin-
gle  ultra-compact  system.  Optical  devices  made by con-
ventional  dielectrics  are  typically  bulky  in  sizes  (com-
pared to wavelengths). Moreover, without additional de-
grees  of  freedom  to  manipulate  light,  it  is  hard  to 
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employ conventional dielectrics to realize compact opti-
cal devices with multiple functionalities, being highly un-
favourable for optical integration.

Metasurfaces,  ultra-thin  metamaterials  composed  of
planar  subwavelength  microstructures  (e.g.,  metaatoms)
possessing tailored optical responses arranged in certain
pre-designed  sequences,  exhibit  extraordinary  capabili-
ties  to  control  light  waves  and  thus  have  attracted
tremendous  attention  recently.  Through  designing  both
metaatoms and their arranging sequences, scientists have
realized  various  metasurfaces  that  can  control  locally
scattered waves in terms of both phase and polarization,
thus  forming  tailored  light  beams  in  the  far-field  based
on  Huygens’ principle.  Many  fascinating  wave-manipu-
lation functionalities  have  been realized  based  on meta-
surfaces, such as polarization control1−5, anomalous light
deflections6−11, propagating wave to surface wave conver-
sion12−15,  meta-lens  focusing16−20,  meta-holograms11,21−25,
etc. In particular, generation of complex optical fields in-
cluding vector  beams and vector  vortex  beams is  highly
desired in both fundamental science and practical appli-
cations26−33, as the additional degrees of freedom provid-
ed by  local  polarization and orbital  angular  momentum
(OAM) offer more possibilities to manipulate light prop-
erties. Moreover, employing anisotropic metaatoms with
polarization-dependent scattering properties, many mul-
tifunctional metadevices have been recently demonstrat-
ed, which exhibit distinct wave-control functionalities as
shined  by  light  with  different  polarizations.  These
metadevices are typically ultra-compact,  highly efficient,
and  exhibit  diversified  functionalities,  all  being  highly
desired  in  integration-optics  applications.  We  note  that
multifunctional  meta-surfaces  have  also  been  realized
through  varying  different  properties  of  the  incident
light34−39.  However, taking only the incident polarization
state  as  the  multiplexing  channel,  we  found  that  most
multifunctional  metadevices  realized so far  can only ex-
hibit no more than two distinct wave-control functional-
ities, dictated by the number of independent incident po-
larizations38,40−44(e.g.,  linear  polarizations  along  two  or-
thogonal  directions  or  circular  polarizations  with  two
opposite  helicities).  Facing  the  increasing  demands  on
functionality  integrations  in  photonics  research  and ap-
plications,  it  is  highly  desired  to  develop  new  strategies
for realizing metadevices with number of wave-manipu-
lation functionalities far exceeding two.

In  this  paper,  we  propose  an  approach  to  design
metadevices  exhibiting  (in  principle)  infinite  number  of

wave-control functionalities based on coherent wave in-
terferences  tuned  by  continuously  varying  the  polariza-
tion state of incident light, and experimentally verify the
concept  in  the  telecom  wavelength  regime  (1550  nm).
After  designing  a  series  of  metaatoms  with  tailored  re-
flection  phases  and  polarization-conversion  capabilities,
we construct two functional metadevices and experimen-
tally  characterize  their  wave-control  functionalities  un-
der illuminations of light with polarization continuously
tuned along a certain path on the Poincare’s sphere. Our
experiments  show that  the  first  device  can generate  two
non-overlapping yet distinct vortex beams with continu-
ously varying strengths, while the second one can gener-
ate a single vectorial  vortex beam carrying orbital  angu-
lar  momentum  (OAM)  and/or  local  polarization  distri-
butions  (LPDs)  continuously  tuned by  varying  the  inci-
dent  polarization.  Experimental  results  are  in  excellent
agreement  with  numerical  simulations  and  theoretical
expectations. 

Results
 

Concept and design strategies

F+ (r) |σ̂+ (r)⟩ F− (r) |σ̂− (r)⟩

We start  from introducing the working principle  of  our
proposed  multifunctional  metadevice,  as  schematically
depicted  in Fig. 1.  Suppose  that  our  designed  metasur-
face can generate two distinct light beams in the far field,
as shined by incident light beams possessing two orthog-
onal polarizations.  Without losing generality,  we choose
left  circular  polarization (LCP) and right  circular  polar-
ization (RCP) as two polarization bases, and assume that
the reflected waves are  and 

 

|σ0

=A+|+
+A−|−

|σ0

Metasurface

A+

A−

Fig. 1 | Schematics  of  multiplexing  metadevices  based  on  co-
herent wave interferences. Illuminated by a light  beam with polar-

ization continuously tuned characterized by two continuously varying

circular-polarization  expansion  coefficients,  wave  reflected  by  the

metadevice  can  exhibit  different  wave-fronts  and  polarization  distri-

butions dictated by two expansion coefficients.
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|A+|2 + |A−|2 = 1

A+ · F+ (r) |σ̂+ (r)⟩+ A− · F− (r) |σ̂− (r)⟩

F+ (r) |σ̂+ (r)⟩ F− (r) |σ̂− (r)⟩

under  LCP  and  RCP  incidences,  respectively.  Here,
 are  complex functions of  representing the non-

trivial wave-fronts of two generated beams, while 
denote the LPDs on equal-phase planes of the generated
light beams. Now consider the case that the metasurface
is  shined  by  a  light  beam  with  an  arbitrary  polarization
described  by  (  de-
note  the  LCP  and  RCP  components,  respectively)  with

 and  being  two  complex  amplitudes  satisfying
. Based on the law of linear decompo-

sition,  we  find  that  the  scattered  light  beam in  this  case
must  be .  Ob-
viously,  the  generated  beams  under  arbitrary-polariza-
tion  incidences can  be  completely  different  as  long  as

 is  distinct  from ,  indicat-
ing  that  we  can  generate  infinite  numbers  of  beams  as
the incident polarization continuously changes.

|A±|2

r

Further  analyses  show  that  there  are  two  different
ways of functionality multiplexing. In the first case where
two  original  beams  with  opposite  helicities  are  spatially
non-overlapping, the scattered field generated under ar-
bitrary-polarization incidence still contains two spatially-
separated beams,  but with strengths ( )  continuous-
ly  modulated  by  varying  the  incident  polarization.  On
the  other  hand,  the  case  where  two  original  beams  are
spatially overlapping is more interesting. At every single
position , we can always get 

A+·F+ (r) |σ̂+ (r)⟩+ A− · F− (r) |σ̂− (r)⟩
=Ff (r) |σ̂ f (r)⟩ , (1)

Ff (r)
σ̂ f (r) Ff (r) σ̂ f (r)

A±

which  means  that  coherent  interferences  between  two
scattered  beams  can  generate  a  new  vectorial  beam  ex-
hibiting a new wave-front (dictated by ) and a new
LPD (dictated by ). Obviously,  and  sen-
sitively  depend  on  the  two  complex  amplitudes ,
which in turn, dictated by the incident polarization state.

ξ

Before  experimentally  validating  the  above  two
schemes,  we  first  design  a  series  of  metaatoms  suitable
for  constructing  our  metadevices,  and  experimentally
characterize their optical properties. As discussed in pre-
vious  paragraphs,  the  desired  metaatoms  should  scatter
light  with  tailored  phase  and  polarization.  To  achieve
this  end,  we  choose  the  metaatom  in  metal/insulator/
metal  (MIM)  configuration  [Fig. 2(a)]  as  our  building
block, where the metallic resonator on the top layer is ro-
tated by an angle  with respect to the laboratory system.
Suppose  that  such  a  metaatom  possesses  mirror-reflec-
tion  symmetries  against  two  local  axes  denoted  by

u and v

R =

(
|ruu| eiΦu

|rvv| eiΦv

)
|ruu,vv| Φu,v

R̃ = SM(ξ)
(

ruu 0
0 rvv

)
M(ξ)−1S−1(

1
0

)
and

(
0
1

)

M (ξ) =
(

cosξ −sinξ
sinξ cosξ

)
S =

√
2
2

(
1 −i
1 i

)

|ruu| = |rvv| = 1 ruu = eiΦ u rvv = eiΦ v

,  and  exhibits  a  reflection  Jones-Matrix

 in  linear-polarization  (LP)

bases  where  and  represent  reflection  ampli-
tudes  and  phases,  respectively.  Then,  the  rotated
metaatom  must  exhibit  a  Jones-Matrix

 in  circular-polar-

ization  (CP)  bases  (with denoting

LCP  and  RCP  states,  respectively),  where

 and 

describe, respectively, the rotation operation and the LP-
CP base transformation.  We first  neglect  material  losses
as  we  establish  the  theoretical  framework,  i.e.  suppose
that ,  and . Under il-
luminations of CP light with different helicities, through
simple  derivations  we  find  that  the  scattered  waves  can
be  written  as  (see  Supplementary  information  (SI)  for
details): 

R̃ |σ⟩ = eiΦσ
(

e−iΨσ/2cos(Θσ/2)
eiΨσ/2sin(Θσ/2)

)
, (2)

where  
Φσ = ΦRes + ΦPB

Θσ = σ
(
ΔΦ− π

2

)
+

π
2

Ψσ = 2ξ − σπ
2

, (3)

⟩ |±⟩
ΔΦ = Φv − Φu

ΦRes = (Φu + Φv)/2− π/4

ΦPB = σ · ξ

ΔΦ = ±π

Φσ = Φu + σ · 2ξ Θσ = πσ/2+ π/2 Ψσ = 0

{Φu,Φv}
{ΦRes,ΔΦ} ξ

Φσ

{Θσ,Ψσ}

where,  |σ =  denote the incident LCP and RCP com-
ponents respectively,  is the difference be-
tween reflection phases for incident light polarized along
two  local  axes,  denotes  the
polarization-independent  resonant  phase,  and

 is  the  polarization-dependent  geometric
phase  which  is  of  the  Pancharatnam–Berry  (PB)
origin45−50.  Note  that  in  the  special  case  of 
where  degeneracy  of  polarization  states  happens,  it  is
customized  to  re-define  these  phases  as

,  and ,  re-
spectively  (see  ref.28 for  detailed  explanations). Equa-
tions  (2,  3) indicate  that,  by  selecting  appropriate  MIM
metaatoms  yielding  desired  reflection  phases 
(or  equivalently, )  and  rotation  angles ,  we
can  achieve  scattered  waves  with  pre-designed  phases
(i.e., )  and  polarization  states  (characterized  by

), as shined by a CP light beam with a particular
spin.

We  now  design  a  series  of  MIM  metaatoms  that  are
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ξ

{ΦRes,ΔΦ} .
30 nm -

Lu and Lv

w = 80 nm

{ΦRes,ΔΦ} (Lu, Lv)

u and v

Px = Py = 625 nm
ΔΦ ΦRes Lu and Lv

ΔΦ ΦRes

Lu and Lv

used  later  for  constructing  our  metadevices.  Since  the
role of rotation angle  is clear, we only focus on choos-
ing  MIM  metaatoms  yielding  desired  reflection  phases

As depicted in Fig. 2(a), our MIM metaatom
consists  of  a  thick Au metallic  cross  formed by
two bars with lengths , a 120 nm - thick contin-
uous Au film, and a 120 nm - thick SiO2 spacer separat-
ing  two metallic  layers.  Fixing  the  widths  of  all  metallic
bars  as ,  we  employ  finite-difference-time-
domain (FDTD) simulations to study how the reflection
phases  vary  against  two  lengths  of
the  metaatom,  which  is  repeated  along  direc-
tions  to  form  a  square  lattice  with  periodicity

. Figure 2(b, c) depict  the  simulated
 and  as  functions  of ,  indicating  that

metaatoms with desired  and  can be obtained via
selecting appropriate .

ΔΦ = π/2

Figure 2(b, c) help  us  efficiently  design  all  metaatoms
needed  to  construct  the  metadevices  realized  in  this
work.  As  an  illustration,  we  experimentally  characterize
12 metaatoms that we designed, with 4 of them (labelled
as Nos.  1–4 in Fig. 2(b, c))  functioning as quarter-wave-
plates  (QWPs)  with  but  exhibiting  different

ΦRes

ΔΦ = π
ΦRes

Px = Py = 625 nm
Lu and Lv

ΔΦ

LPR =
|Imax − Imin|
|Imax + Imin|

Imax and Imin

ΔΦ = π/2

resonant phases  and the remaining 8 metaatoms (la-
belled as Nos. 5–12 in Fig. 2(b, c)) being half-wave-plates
(HWPs)  with  exhibiting  different  resonant
phases . We fabricate 12 realistic samples, each con-
taining  a  periodic  array  (with  periodicity

) of metaatoms with structural param-
eters  marked in Fig. 2(b, c) (see Section 1 in SI
for their  geometrical  parameters  and scanning-electron-
microscopy (SEM) images), and measure their reflection
spectra  using  the  experimental  setup  schematically  de-
picted  in Fig.  S9 of  SI.  To  characterize ,  we  experi-
mentally  measure  the  linear-polarization  rate  (LPR)  of
these samples under different light incidences. Here, LPR

is  defined  as  with  de-

noting  the  maximum  and  minimum  intensities  of  light
reflected by the sample, as a linear polarizer is placed in
front of the receiver and rotated to filter out light waves
with  certain  linear  polarizations.  As  shown  in Fig.
2(d−g), under the RCP incidence, the measured LPRs of
samples 1–4 are close to 1 at the vicinity of 1550 nm (see
dashed  lines),  indicating  that  these  metaatoms  are  in-
deed  functioning  as  QWPs  with .  We  also
measure  polarization-filtered  intensity  patterns  of  light
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Fig. 2 | Schematic, phase diagrams and experimental characterizations of metaatoms. (a) Schematic of the designed metal-insulator-metal

meta-atom with geometric parameters dStr = 30 nm, dSub = 120 nm, dInt = 120 nm, w = 80 nm, and Px = Py = 625 nm fixed. FDTD-simulated (b)

phase difference ΔΦ and (c) resonant phase ΦRes of metaatoms with different Lu and Lv at the wavelength of 1550 nm. Orange dashed lines de-

note the cases ΔΦ = 0.5π and − 1.5π and black dashed lines denote the cases ΔΦ = ±π. Orange and black stars represent metaatoms labelled

as Nos. 1–4 (functioning as QWPs) and Nos. 5–12 (functioning as HWPs), correspondingly. Experimentally measured LPR spectra of metaatoms

(d)  No.1,  (e)  No.2,  (f)  No.3,  (g)  No.4  under  the  RCP incidence and metaatoms (h)  No.5,  (i)  No.6,  (j)  No.7,  (k)  No.8,  (l)  No.9,  (m)  No.10,  (n)

No.11, (o) No.12 under the incidence of LP light polarized along the angle 135°. Dashed lines denote the positions of 1550 nm.
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ΔΦ = π
ΦRes

ΦRes

ΦRes

waves reflected by these samples under the illuminations
LCP light at 1550 nm. The measured patterns (see Fig. S5
in SI) clearly show that the reflected light beams are lin-
early  polarized,  reinforcing  the  notion  that  these
metaatoms  all  function  as  QWPs.  As  for  samples  5–12,
we  shine  them  with  LP  light  beams  with E field  polar-
ized along the angle of 135° with respect to the u axis and
measure  their  LPR spectra. Figure 2(h−o) show that  the
measured  LPRs  of  these  samples  are  close  to  1  around
the  wavelength  1550  nm  while  the  polarizations  of  re-
flected  lights  are  approximately  along  the  angle  of  45°
with respect  to the u axis  (see Fig.  S5 in SI),  unambigu-
ously  demonstrating  that  these  metaatoms  behave  as
HWPs with . However, we cannot directly mea-
sure  of these samples due to lacking appropriate ex-
perimental setup. Instead, we reply on numerical simula-
tions  to  characterize  the  phase  responses  of  these  sam-
ples.  Simulated spectra of reflection phases and  are
depicted in Figs.  S3,  S4 of  SI,  showing that  these QWPs
and  HWPs  possess  different  in  consistency  with
those given in Fig. 2(c).

With  suitable  metaatoms  designed,  we  next  employ
them  to  construct  two  functionality-multiplexing
metadevices  based  on  two  strategies  described  in  this
section,  and experimentally  characterize  their  wave-ma-
nipulation capabilities as they are shined by light beams
with continuously varied polarization states. 

Metadevice I: A multi-vortex-beam multiplexer

l+ and l−)

Φσ
tar

{Θσ
tar,Ψσ

tar

We now construct our first metadevice based on the first
strategy,  which  can  generate  two  distinct  vortex  beams
exhibiting  different  strengths  as  the  incident  polariza-
tion  changes.  Strictly  speaking,  such  a  metadevice  does
not  belong  to  the  class  of  multifunctional  metadevices
exhibiting  infinite  functionalities  due  to  coherent  inter-
ferences.  However,  we  find  that  studying  this  metade-
vice I can vividly illustrate the concept of modulating the
intensities of LCP and RCP components inside the inci-
dent beam via tuning the polarization state, which is es-
sential for the readers to understand the mechanism pro-
posed in  this  paper.  As  discussed  in  the  last  section,  we
need to design a metasurface that can generate two spa-
tially  non-overlapping  vortex  beams  carrying  different
topological  charges  ( ,  as  shined  by  CP  light
beams  with  opposite  spins.  According  to  these  require-
ments,  we design a metasurface exhibiting the following
distributions  of  reflection  phase  ( )  and  polarization
state (characterized by }), as shined by CP light

with spin σ:  
Φσ

tar (r) = ζσxx+ lσϕ

Θσ
tar (r) =

π
2
(σ + 1)

Ψσ
tar (r) = 0

, (4)

ζ+x = 5π/8Px ζ-x = −3π/8Px

θ+r =arcsin(ζ+x/k0)≈51◦ θ−r =arcsin(ζ-x/k0)≈−28◦

l+ = 3 l− = −1

{Lu, Lv, ξ}

here, we set  and  to ensure that
different CP components inside the incident light are re-
flected to opposite sides of the surface normal with angles

 and ,
respectively6−8.  Meanwhile,  vortex  beams  generated  un-
der two different CP incidences will carry different topo-
logical charges (  and ), as expected. With
these  distributions,  we  then  retrieve  the  required  geo-
metrical  parameters  of  metaatoms  located  at
different  positions,  and  fabricate  the  designed  metade-
vice  with  its  SEM picture  and a  zoom-in  picture  shown
in Fig. 3(b). We note that all metaatoms needed here are
HWPs, though exhibiting different resonant phases.

l+ = +3 l− = −1

We  experimentally  characterize  the  wave-scattering
properties  of  the  fabricated  metadevice,  starting  from
considering two extreme cases — the LCP and RCP inci-
dences. Figure 3(d) and 3(h) depict  the  measured angu-
lar  distributions  of  reflected  light  intensities  at  different
wavelengths under LCP and RCP incidences, respective-
ly.  In  each  case,  we  find  clearly  that  the  normally  inci-
dent  LCP  (or  RCP)  light  beam  is  anomalously  reflected
to  a  pre-designed  angle  at  the  right-hand  (or  left-hand)
side of the surface normal, as expected. We then employ
a home-made Michaelson interferometer to characterize
the OAM carried by the reflected beams in these two ex-
treme cases51,52, at the wavelength of 1550 nm. We inter-
fere the reflected beams with a spherical wave and record
the interference patterns in Fig. 3(i) (for LCP incidence)
and Fig. 3(m) (for  RCP  incidence),  respectively.  The
third-order spiral shape and its up-side-down first-order
counterpart  observed  in Fig. 3(i, m) indicate  that  the
generated  light  beams  carry  topological  charges  of

 and , respectively.

|σ0⟩ = cos
Θ0

2
|+⟩+ sin

Θ0

2
|−⟩

Θ0 π

Θ0 = 0 π/3 π/2 2π/3
π

With two extreme cases  studied,  we next  characterize
the  incident-polarization-dependent  wave-scattering
properties of the fabricated metadevice. Setting the inci-

dent  polarization  as  with

 continuously  varying  from  0  to ,  we  find  that  the
pattern of  wave scattered by  our  metadevice  is  continu-
ously modulated. Choosing , , ,  and

 as example points labelled as 1, 2, 3, 4, 5 on a specific
trajectory on the Poincare’s sphere (see inset to Fig. 3(c)),
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we  measure  the  angular  distributions  of  reflected  light
intensity  at  different  wavelengths,  as  illustrated  in Fig.
3(d−h).  In  general  cases,  there  are  two  reflected  light
beams  propagating  respectively  along  the  angles  of  51°
and −28°  at  the  central  wavelength  of  1550  nm.  Mean-
while,  the  strength  of  the −28°-directed  beam  increases

Θ0

|A+| |A−|

while that of the 51°-directed beam decreases as  con-
tinuously  increases,  and  the  experimentally  measured
amplitudes  and  of two reflection beams at dif-
ferent  incident  angles  are  compared  with  their
theoretically  calculated  counterparts  (see  solid  lines  in
Fig. 3(c))  to  capture  the  corresponding  quantitative
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Fig. 3 | Experimental characterizations on metadevice I. (a) Schematic illustration of working principle of metadevice I: The device can gener-

ate two spatially separating vortex beams carrying different topological charges with strengths tuned by varying the LCP/RCP components inside

the incident beam. (b) SEM image of the fabricated sample and a zoom-in picture (inset). (c) Amplitudes of two beams (|A+| (red) and |A−| (blue))

versus Θ0 obtained from theoretical calculations (line) and experimental measurements (stars); Five polarization states labelled by 1, 2, 3, 4 and

5 on the Poincare’s sphere, adopted as incident polarizations for further experimental characterizations. (d–h) Experimentally measured angular

distributions of intensity of light reflected by our metasurface under illuminations of normally incident light with different wavelengths exhibiting po-

larizations corresponding to those 5 points on the Poincare’s sphere as shown in (c). (i–m) Measured interference patterns between a spherical

wave and the waves reflected by the metasurface, as shined by normally incident light at 1550 nm with polarizations corresponding to those 5

points on the Poincare’ sphere as shown in (c). Only a single interference pattern is shown in (i) and (m) as only one reflected beam exists in

these two cases.
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51◦

l+ = +3 −28◦

l− = −1

relation between the intensity of the vortex light and the
polarization  state  of  the  incident  light.  Excellent  agree-
ment  between  theoretical  and  experimental  results  is
noted.  We  next  perform  similar  interference  experi-
ments as in the LCP/RCP cases to characterize the OAM
properties of  the reflected light beams.  Interference pat-
terns reveal that the -directed beam takes an OAM of

 while the -directed one takes an OAM of
 [Fig. 3(i−m)], as expected. 

Metadevice II: A vectorial-vortex-beam multiplexer

Φσ
tar

{Θσ
tar,Ψσ

tar}

We now construct our second metadevice that can real-
ize a vectorial vortex beam with OAM and LPD continu-
ously  tuned  by  varying  the  incident  polarization.  As
mentioned in previous sections, we need to first design a
metasurface  that  can  generate  two  vortex  beams  carry-
ing  distinct  OAMs  and  LPDs  yet  propagating  along  the
same direction, as shined by CP light beams with oppo-
site  helicities.  Following  this  guideline,  we  request  our
metasurface to exhibit the following spin-dependent dis-
tributions of reflection phase ( ) and polarization state
(characterized by ):  

Φσ
tar (r) = lσϕ

Θσ
tar (r) =

π
2
(σ + 1)

Ψσ
tar (r) = 0

, (5)

l+ = 4 l− = 0

|σ0⟩ = A+ |+⟩+ A− |−⟩
Ff (r) |σ̂ f (r)⟩

eiΦEP
tar(r)

(
e−iΨEP

tar(r)/2cos(ΘEP
tar (r) /2)

e+iΨEP
tar(r)/2sin(ΘEP

tar (r) /2)

)

with  and .  Different  from  metadevice  I
(see Eq.  (4)),  we  note  that  in  this  case  the  two  vortex
beams generated under LCP and RCP incidences are ex-
pected to propagate along the same direction, though ex-
hibiting different OAMs and LPDs. Suppose that the in-
cident  polarization  is  an  EP  one  with

,  we find that  the reflected light
wave  can  be  generally  written  as 

= ,  where  the  in-

volved  functions  take  the  following  analytical  expres-
sions [see derivation details in Section 2.3 in SI]:  

ΦEP
tar (r) = 2ϕ+

arg (A+) + arg (A−)

2

ΘEP
tar = 2arctan

|A+|
|A−|

ΨEP
tar (r) = 4ϕ+ arg (A+)− arg (A−)

, (6)

|A+| · |A−| ̸= 0
ΘEP

tar r ΨEP
tar

ϕ
|A+| · |A−| = 0

for  the  general  case  with .  We  note  that
 is independent of position  and  is a linear func-

tion of the azimuthal angle .  Meanwhile,  in the special
cases  of  LCP  or  RCP  incidences  with ,

Φ+
tar (r) = 4ϕ Θ+

tar = π
Ψ+

tar (r) = 0
Φ−

tar (r) = Θ−
tar = Ψ−

tar (r) = 0

Eq. (6) is no longer valid since some terms in Eq. (6) are
ill-defined.  Under  such  circumstances,  these  functions
should  be  rewritten  as , ,

 for  the  case  of  LCP  incidence  and
 for  the  case  of  RCP

incidence.

A+ and A− ΘEP
tar ΨEP

tar (r)

ΦEP
tar (r)

|σ̂ in⟩ = A+ |+⟩+ A− |−⟩

E (r)
[
e−iΨEP

tar(r)/2cos (ΘEP
tar/2) ê+ + eiΨEP

tar(r)/2sin (ΘEP
tar/2)

ê−] eiΦ
EP
tar(r) Ez (r) ẑ

w
⟨lz (r)⟩

d2r⊥
w ε0

2ω

(
∂ΦEP

tar (r)
∂ϕ

− 1
2
cosΘEP

tar
∂ΨEP

tar (r)
∂ϕ

)
d2r⊥

w
⟨e⟩ d2r⊥ =

ε0
2

w
d2r⊥

Expressions  given  in Eq.  (6) capture  the  essential
properties of waves scattered by a metasurface described
by Eq.  (5),  under  the  illumination  of  an  EP  light  with

. Obviously,  and  characterize the
LPD property of the generated light beam. Meanwhile, in
the  generic  case  that  the  reflected  light  is  a  vectorial
beam,  alone  is  not  enough  to  dictate  the  OAM
carried  by  the  beam,  and  the  inhomogeneous  LPD  can
also  contribute  to  the  OAM53,54.  Mathematically,  as  the
metasurface  is  illuminated  by  an  EP  light  with

,  we  can  derive  the  field  distri-
bution  on  the xy-plane  right  above  the  metasurface  as

=

+ , based on Huygens’ principle.  Under
the paraxial approximation, we can derive the time-aver-
aged OAM per unit length of the light beam as 

= .

Meanwhile,  noting  that  the  time-averaged  energy  per
unit  length  stored  in  the  light  beam  is

, we find that the averaged OAM

per  photon  carried  by  the  light  beam  is  [see  derivation
details in Section 2.3 in SI]: 

Lz = ℏω

w
⟨lz (r)⟩ d2r⊥w
⟨e⟩ d2r⊥

=

[
2−2cos

(
2arctan

|A+|
|A−|

)]
ℏ ,

(7)
A+ and A−

A+ = 0 A− = 0
Lz = 0 Lz = 4

r γ
φ (r) ΘEP

tar ΨEP
tar (r)

which  sensitively  depends  on  the  values  of .
In  the  extreme  cases  of  or ,  we  get

 or , respectively, in consistency with theo-
retical  expectations.  Meanwhile,  local  polarization  at  a
position  is  an  EP  state  with  ellipticity  and  orienta-
tion angle  determined by  and  through
the following equations,  

γ = cosΘEP
tar = cos

(
2arctan

|A+|
|A−|

)
φ (r)= ΨEP

tar (r)
2

=2ϕ+
arg (A+)− arg (A−)

2

, (8)

|A+| |A−| ̸= 0
|A+| · |A−| = 0

for  the  general  case  with .  In  the  special
cases of LCP or RCP incidence with , we
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γ = −1,φ = 0
γ = 1,φ = 0

{A
+
,A−}

have  for  the  LCP  incidence  and
 for  the  RCP  incidence,  respectively. Equa-

tions  (6–8) clearly  show  that  changing  the  incident  po-
larization can significantly  modulate  the OAM property
[Eq. (7)] and LPD property [Eq. (8)] of the light beam re-
flected by our metadevice, through varying two complex
amplitudes .

We  now  fabricate  the  metadevice  constructed  by
metaatoms  possessing  appropriate  geometrical  parame-
ters  retrieved  from  their  properties  specified  in Eq.  (5).
Figure 4(a) depicts  the  SEM  picture  of  the  fabricated
sample.  In  what  follows,  choosing  two  representative

paths on the Poincare’s sphere to change the incident po-
larization,  we  will  analytically  study  and  experimentally
characterize  how  the  light  beam  reflected  by  our  meta-
surface is modulated by such polarization changes.

Θ0 and Ψ0

(π/2,0) (π/3,0) 2π/3, π)
(π, 0)

The first  path  we choose  follows  the  meridian on the
Poincare’s sphere [Fig. 4(b)] where both  vary
correspondingly.  To gain an explicit  picture on how the
polarization  evolves  on  the  trajectory,  we  choose  five
representative  points  { , ,  (0,0),  (
and }  labelled as  1,  2,  3,  4,  and 5,  respectively  (see
Fig. 4(b)).  Clearly,  the  incident  polarization  changes
from  LP  to  EP,  LCP,  EP,  and  finally  to  RCP  along  the
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Fig. 4 | Experimental characterizations on metadevice II with incident polarization changing along path-I on the Poincare’s sphere. (a)

SEM image of the fabricated sample and a zoom-in picture (inset). (b) Path-I on the Poincare’s sphere on which the incident polarization varies,

with 1, 2, 3, 4 and 5 denoting five incident polarization states adopted for experimental characterizations. Theoretically calculated (line) and ex-

perimentally measured (stars) values of (c) Lz (d) φ0 and (e) γ0 versus the parameter δ, which is the relative angle between a linear polarizer and

a QWP employed in experiments to generate the desired incident polarization state. Measured intensity patterns of light reflected by our metasur-

face,  under the illuminations of  light  at  1550 nm with polarizations with number (f)  1,  (g)  2,  (h)  3,  (i)  4,  and (j)  5 on the Poincare’s sphere as

shown in (b), with a rotatable polarizer placed in front of the detecting CCD tiled at the angles indicated by the white double-head arrows shown

in right-up corners of each panels. Green symbols (arrows/circles/ellipse) illustrate the theoretically predicted polarization distributions in different

cases. (k-o) Measured interference patterns between a spherical wave and the waves reflected by the metasurface, as shined by normally inci-

dent light at 1550 nm with polarizations corresponding to those 5 points on the Poincare’ sphere as shown in (b).
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{A
+
,A−}

Θ0 = 2arcsin
∣∣√2(1+ i)

(e2iδ − i)/4| Ψ0 = arg
[√

2
(
1+ i )( e2iδ − i)/4]−

arg
{√

2
[
(1+ i) + (1− i) e2iδ]/4}

δ

δ = π/4 or 3π/4
Θ0 = 0 or π Ψ0

Ψ0 = 0
{A

+
,A−} δ

{A
+
,A−}

{Lz, γ φ (r) })
δ

δ δ
{A

+
,A−}, Lz

γ ≡ γ0

φ
2π ϕ 4π

φ0 = φ(ϕ = 0)

γ0 φ0

δ

trajectory,  with  varying  correspondingly.  To
facilitate further analyses, we use 

 and 
 to  describe  such  a

path, where  is just the relative angle between the linear
polarizer and QWP employed in our experiments to gen-
erate the desired incident polarization state (see Section 3
in  SI).  In  the  special  cases  of  yielding

, we find that  is ill-defined so that we just
set . Based on these analytical expressions, we can
easily retrieve how  vary against  on the path,
and then substitute  into Eqs. (7, 8) to evaluate
how  the  essential  properties  (i.e. ,  of  re-
flected light change as the function of . As shown by the
solid  line  in Fig. 4(c),  OAM  carried  by  each  photon  in
the generated beam changes significantly as a function of

. This is quite understandable as  dictates the values of
 which in turn, determine  through Eq. (7).

Meanwhile,  LPD of the reflected beam also changes sig-
nificantly  along  with  tuning  the  incident  polarization.
First of all, we note that LPDs of reflected light beams in
these  cases  all  share  a  common  characteristic:  Polariza-
tion states at different local points exhibit identical ellip-
ticity (i.e., ) and distinct polarization angle. Notic-
ing that the variation of polarization angle  over the en-
tire  range  of  azimuthal  angle  is  always ,  we
choose  as a characteristic value to quanti-
tatively  describe  the  change of  polarization distribution.
Solid lines in Fig. 4(d) and 4(e) depict, respectively, how
the theoretically computed  and of the reflected light
beam  change  as  varying .  To  gain  a  pictorial  under-
standing on such changes, we show in Fig. 4(f−j) the ex-
pected LPDs of  light  beams under  five  selected incident
polarizations  by  double-head  green  arrows  or
circles/ellipses.

δ
δ

We  perform  experiments  to  verify  these  theoretical
predictions.  In  our  experiments,  we  employ  a  QWP
combined with a linear polarizer rotated by a relative an-
gle  to  generate  the  light  beam  with  desired  polariza-
tion state. Choosing  appropriately to generate incident
light beams with polarizations corresponding to points 1,
2,  3,  4  and  5  on  the  Poincare’s  sphere  [Fig. 4(b)],  we
shine  the  metadevice  by  the  generated  light  beams  and
experimentally  characterize  the  properties  of  reflected
light beams. A rotatable polarizer (denoted as the detect-
ing polarizer) is placed in front of the charged couple de-
vice  (CCD)  to  analyse  the  LPDs  of  reflected  beams27,28.

ϕ

ϕ

ϕ

γ0 φ0}

Lz = +2,+3,+4,+1 0

Figure 4(f−j) depict  the  CCD-recorded  field  patterns
with  the  detecting  polarizer  orientated  at  different  an-
gles (see white arrows), for incident light taking polariza-
tions labelled as 1, 2, 3, 4 and 5, correspondingly. In gen-
eral,  these  polarizer-filtered  patterns  are  well  consistent
with  the  predicted  polarization  patterns.  For  example,
under  the  LP  incidence  (Fig. 4(f)),  four  intensity  zeros
appear  in the measured patterns  with zero-intensity  an-
gles rotating along with the detecting polarizer, implying
that the local polarization must be an LP one with polar-
ization  direction  rotated  against  the  azimuthal  angle .
Meanwhile,  as  the  incident  polarization  becomes  an  EP
state (Fig. 4(g) and 4(i)), no intensity zeros appear in the
measured  patterns  but  the  measured  light  intensity  still
varies against with , implying that now the local polar-
ization  must  be  an  EP  state  with  the  polarization  angle
rotated  as  a  function  of .  Finally,  under  the  LCP  (Fig.
4(h)) or RCP (Fig. 4(j)) incidence, measured light inten-
sity does not change obviously in all  patterns measured,
clearly demonstrating that the polarization state at every
local point must be a CP one. We retrieve two character-
istic  quantities  { ,  from  the  measured  patterns  un-
der  five  different  incident  polarizations  (see  SI  for  de-
tails)  and draw them as  stars  in Fig. 4(d, e).  Experimen-
tal  values  agree  well  with  theoretical  predictions  (Fig.
4(d, e)).  We  further  employ  our  home-made  Michael-
son-interferometer  to  characterize  the  OAM  properties
of the reflected beams under different incident polariza-
tions.  Interfering  the  reflected  light  beams  with  a  refer-
ence  spherical  wave,  we  show  the  obtained  interference
patterns in Fig. 4(k–o) for incident polarizations 1–5, re-
spectively. Counting the number of bifurcations in these
interference  patterns,  we  find  that  the  reflected  light
beams  carry  OAMs  with  topological  charges

 and , respectively, in good consis-
tency with theoretical predictions [Fig. 4(c)].

Θ0 π/2 Ψ0

{A
+
,A−} Ψ0

Ψ0

We  now  consider  the  second  path  along  the  equator
on  the  Poincare’s  sphere  with  fixed  at  and 
varied continuously (see the bolded line in Fig. 5(a)). On
this path the incident polarization is kept as LP but with
the orientation angle continuously changed. We retrieve
how  the  two  amplitudes  vary  against  on
the path, and put them into Eqs. (7, 8) to calculate the es-
sential  properties  of  reflected  light  beams  with  different

.  Theoretical  calculations  reveal  that  whereas  the
OAM  carried  by  the  reflected  light  remains  unchanged
when the incident polarization varies along the path (see
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γ (r) ≡ 0
φ (r)

Ψ0

π/2 π 3π/2

γ0 and φ0

γ0 and φ0 Ψ0

Fig. 5(b)),  the  LPD  of  the  reflected  light  beam  does
change  significantly.  Specifically,  we  find  that  the  LPDs
are all LP ones at each local point (i.e., , see Fig.
5(d)),  but  the  distribution  of  polarization  angles 
changes  dramatically  as  the  incident  polarization varies.
For  explicit  illustrations,  we  choose  four  representative
points on the path (labelled as 1, 2, 3, and 4 with  be-
ing  0, ,  and ,  respectively),  and  show  in Fig.
5(e−h) the calculated LPDs in different cases by double-
head green arrows. Similar to Fig. 4, we use  to
quantitatively characterize the LPD. Figure 5(c, d) depict
the calculated  as functions of , which clear-
ly  illustrate  how the  LPD of  the  reflected  beam changes
as varying the incident polarization along the given path
on the Poincare’s sphere.

We  now  experimentally  verify  the  above  theoretical
predictions. In our experiment, we fix the incident polar-

ization  as  those  4  states  specified  on  the  Poincare’s
sphere,  and  study  the  properties  of  the  reflected  light
beams  correspondingly.  We  employ  the  same  tech-
niques as  in Fig. 4 to analyse LPDs of  the reflected light
beams  under  four  different  incident  polarizations.  The
CCD-recorded field patterns with different detection-po-
larizer  orientations  are  shown  in Fig. 5(e−h),  for  inci-
dent light beams carrying polarizations labelled as 1, 2, 3
and 4, respectively. Under a particular incident polariza-
tion, measured patterns always contain four intensity ze-
ros with angle positions rotating along with the polarizer
orientation,  unambiguously illustrating the vectorial  na-
ture of the reflected beam. The angular positions of these
intensity  zeros  also  consist  well  with  theoretically  pre-
dicted LPDs. Meanwhile, we find that the intensity zeros
obtained under the same detection polarizer also change
as  the  incident  polarization  varies,  reinforcing  our
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Fig. 5 | Experimental characterizations on metadevice II with incident polarization changing along path-II on the Poincare’s sphere. (a)

Path-II on the Poincare’s sphere on which the incident polarization varies, with 1, 2, 3, and 4 denoting four representative incident polarization

states adopted for experimental characterizations. Theoretically calculated (line) and experimentally measured (stars) values of (b) Lz (c) φ0 and

(d) γ0 versus the parameter Ψ0, which is the azimuthal angle on the Poincare’s sphere. Measured intensity patterns of light reflected by our meta-

surface, under the illuminations of light at 1550 nm with polarizations denoted by number (e) 1, (f) 2, (g) 3 and (h) 4 on the Poincare’s sphere as

shown in (a), with a rotatable polarizer placed in front of the detecting CCD tiled at the angles indicated by the white double-head arrows shown

in right-up corners of each panels. Green symbols (arrows/circles/ellipse) illustrate the theoretically predicted polarization distributions in different

cases. (i-l) Measured interference patterns between a spherical wave and the waves reflected by the metasurface, as shined by normally inci-

dent light at 1550 nm with polarizations corresponding to those four points on the Poincare’ sphere as shown in (a).
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γ0,φ0}

prediction that the LPD of the generated vectorial beam
is  modulated  by  varying  the  incident  polarization.  We
retrieve  the  values  of  two  characteristic  quantities
{  from our serial measurements for each incident
polarization,  and  depict  them  by  solid  stars  in Fig. 5(c,
d).  Experimental  results  are in excellent  agreement with
theoretical  predictions.  We  finally  employ  our  home-
made  Michaelson-interferometer  to  characterize  the
OAM  properties  of  the  generated  light  beams.  Interfer-
ing  the  reflected  light  beams  with  a  spherical  wave,  we
find that the interference patterns (see Fig. 5(i−l)) all in-
dicate that the light beams carry a +2 topological charge,
independent  of  the  orientation  of  incident  polarization.
This is again in excellent agreement with theoretical pre-
dictions [Fig. 5(b)]. 

Conclusions
In  short,  we  experimentally  demonstrate  that  metade-
vices exhibiting infinite wave-control  functionalities  can
be realized,  based on coherent  wave interferences  tuned
by  continuously  varying  the  incident  polarization.  We
first  design  a  series  of  metaatoms  and  experimentally
demonstrate  that  they  exhibit  tailored  reflection  phases
and  polarization-conversion  capabilities.  We  next  use
these  metaatoms  to  construct  two  functional  metade-
vices  exhibiting  continuously  tuned  wave-control  func-
tionalities  as  the  incident  polarization  is  modulated
along a certain path on the Poincare’s sphere. Our exper-
iments  reveal  that  the first  metadevice can generate  two
distinct vortex beams that are non-overlapping in space,
with  beam  strengths  continuously  tuned  by  varying  the
incident  polarization.  Meanwhile,  the  second  metade-
vice can generate a single vectorial vortex beam carrying
OAM and/or LPD continuously tuned by varying the in-
cident  polarization  along  two  specific  paths  on  the
Poincare’s  sphere.  Experimental  results  are  in  excellent
agreement with theoretical predictions. Our findings can
find  numerous  applications  in  practice  and  can  stimu-
late  many  future  studies.  For  example,  extensions  to
near-field  and  far-field  complexing  and/or  transmissive
systems are interesting future projects, and using vectori-
al  beams  as  the  incident  light  can  further  enrich  the
wave-manipulation functionalities of the metadevices. 

Materials and methods
 

Numerical simulation

FDTD simulations are performed using a numerical soft-

εr (ω) = ε∞ −
ωp

2

ω(ω+ iΓ) ε∞ = 9

ωp = 1.367× 1016 s−1 Γ = 3.1824× 1014 s−1

ε = 2.25

Γ

ware. The permittivity of Au was described by the Drude

model ,  with ,

, ,  obtained  by
fitting  with  experimental  results.  The  SiO2 spacer  was
considered  as  a  lossless  dielectric  with  permittivity

.  Additional  losses  caused by surface  roughness
and grain boundary effects in thin films as well as dielec-
tric  losses  were  effectively  considered  in  the  fitting  pa-
rameter .  Absorbing  boundary  conditions  were  imple-
mented  to  remove  the  energy  of  those  scattered  waves
flowing outside the simulation domain. 

Sample fabrication
All  MIM  tri-layer  samples  were  fabricated  using  stan-
dard  thin-film  deposition  and  electron-beam  lithogra-
phy  (EBL)  techniques.  We  first  deposited  5  nm Cr,  120
nm Au, 5 nm Cr and a 120 nm SiO2 dielectric layer onto
a  silicon  substrate  using  magnetron  DC  sputtering  (Cr
and  Au)  and  RF  sputtering  (SiO2).  Secondly,  we
lithographed  the  cross  structures  with  EBL,  employing
an ~100 nm thick PMMA2 layer at an acceleration volt-
age  of  100  keV.  After  development  in  a  solution  of
methyl isobutyl ketone and isopropyl alcohol, a 5 nm Cr
adhesion layer and a 30 nm Au layer were subsequently
deposited using electron-beam evaporation. The Au pat-
terns were finally formed on top of the SiO2 film after a
lift-off process using acetone. 

Experimental setup
A homemade near-infra-red (NIR) macroscopic angular
resolution  spectroscope  was  employed  for  characteriza-
tions of metadevice I.  The size of the incident light spot
was minimized to 130 μm. While the sample was placed
on a fixed stage, the fibre-coupled receiver equipped with
a  polarizer  was  placed  on  a  motorized  rotation  stage  to
collect the reflected signal in the right direction. An NIR
microimaging  system  with  a  homemade  Michelson  in-
terferometer  was  employed  for  characterizations  of
metadevice  II,  by  performing  real-time  imaging  of  the
far-field  vectorial  light  beam  and  its  interferences  with
the reference light.
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