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Abstract: Althoughmany approaches have been proposed
tomanipulate propagatingwaves (PWs) and surface waves
(SWs), usually each operation needs a separate meta-de-
vice, being unfavorable for optical integrations. Here, we
propose a scheme to design a single meta-device that can
efficiently generate SWs and/or PWs with pre-designed
wavefronts, under the excitations of circularly polarized
(CP) PWs with different helicity. As a proof of concept, we
design and fabricate a microwave meta-device and exper-
imentally demonstrate that it can convert incident CP
waves of opposite helicity to SWs possessing different
wavefronts and traveling to opposite directions, both
exhibiting very high efficiencies. We further generalize our

scheme to design a meta-device and numerically demon-
strate that it can either excite a SW beam with tailored
wavefront or generate a far-field PW with pre-designed
wavefront, as shined by CP waves with different helicity.
Our work opens the door to achieving simultaneous con-
trols on far- and near-field electromagnetic environments
based on a single ultra-compact platform.

Keywords: far-field; helicity; metasurface; near-field;
surface wave.

1 Introduction

Propagating waves (PWs) and surface waves (SWs, elec-
tromagnetic (EM) eigen-modes bounded atmetal/dielectric
interfaces) are two distinct types of EM-wave modes, both
having found important applications in practice [1, 2]. The
arbitrary control on these two types of EMmodes is the vital
goal of photonics research. Conventional optical elements
(e.g., lenses) utilize the propagating phases accumulated
inside the devices to tailor the wavefronts of PWs. Manip-
ulations on surface waves (SWs) have also been achieved
by SW devices constructed in the same spirit with optical
devices for controlling PWs [3, 4]. However, since natural
materials usually exhibit limited variation ranges of
permittivity ε and usually do not have magnetic responses
(i.e., μ � 1), conventional devices often exhibit curved
shapes and bulky configurations to ensure enough phase
accumulations, and are usually of low efficiencies due to
the impedance-mismatch issue.

Recently, metasurfaces, i.e., ultra-thin metamaterials
composed by planar meta-atoms exhibiting tailored phase
responses for transmitted or reflectedwaves, were shown to
possess strong capabilities to manipulate EM waves [5–7].
Many fascinating PW-manipulation effects were discov-
ered, including anomalous reflection/refraction [5–8],
photonic spin Hall effect [9–11], meta-holograms [12–15],
flat lenses [16–23], complex-beam generations [24–28], and
many others [29–33]. Meanwhile, gradient metasurfaces
were also proposed as new bridges linking PWs and SWs
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with very high efficiencies [6, 34–36], as long as the varia-
tion slopes of reflection/transmission phases on such de-
vices exceed the free-space EM wave-vector. The phase
responses of meta-atoms in these metasufaces are dictated
by either structural resonances [5, 6] or the Pancharatnam-
Berry (PB) mechanism [37, 38], in responses to linearly or
circularly polarized (CP) waves, respectively. Utilizing the
interfacial effects (e.g., abrupt phase changes) rather than
the bulk effects (e.g., propagation phase accumulations),
these meta-devices usually exhibit flat configurations,
subwavelength sizes, and multiple functionalities. How-
ever, while many different schemes have been proposed
to manipulate PWs and SWs, usually each of these func-
tionalities needs a separate meta-device, being highly
undesired for future integration-optics applications.

In this paper, we propose a new strategy to realize
meta-devices that can efficiently and simultaneously
manipulate the wavefronts of PWs and SWs in pre-
designed manners, with functionalities dictated by the
helicity of excitation CP wave. As a proof of concept, we
first realize a single microwave meta-device and experi-
mentally demonstrate that it can convert an input CP PW to
a SW beam with wavefront depending on the helicity of
excitation CP wave (Figure 1A). We further extend the
concept to design another microwave meta-device, which,
upon excitations of CP PWs with different helicity, can
realize either an anomalously deflected PW or a focused
SW, as shown in Figure 1B. Our results substantially enrich
the capabilities of metasurfaces to manipulate both far-
field and near-field properties of EM waves, which can find
many applications in practice.

2 Physical concept

We describe our strategy to design such meta-devices
exhibiting multi-functionalities, starting from the func-
tionality of converting a PW to a SW with pre-designed
wavefront. As discussed in Ref. [6], to convert a normally
incident PW to a SW, we need to construct a metasurface
with a linear retardation phase profile Φ(x, y) � Φ0 + ξ xx
where ξ x > k0 with k0 being the free-space wave-vector.
However, the SW thus generated must exhibit a trivial
wavefront with equal-phase planes being y-z planes at
x = const. Now, if we further add a purposely designedΨ(y)
phase function to Φ(x,  y), we can not only generate a SW
through the meta-device, but also can simultaneously
modulate its wavefront through Ψ(y).

Consider the first case with Ψ(y) varying against y
linearly, and then we have

Φ(x,  y) � Φ0 + ξ xx + ξ yy (1)

Obviously, shining such a metasurface by a normally
incident EM wave, Huygen’s law tells us that EM wave

reflected must take a tangential k vectork
→
|| � ξ xx̂ + ξ yŷ. In

the case of (ξ x)2 + (ξ y)2 > k20, such a “reflected” wave is

actually a “driven” SW bounded on the metasurface [6],
traveling along an oblique direction in-between x and y
axes. To guide such a “driven” SW out of the meta-device,
we design a homogeneous “plasmonic metal” supporting
an eigen SWmode with wave-vector kSW at this frequency,
and then place two pieces of such plasmonicmetals at both

Figure 1: Physical concept and theoretical
verifications on ideal models.
Schematics of the proposedmetasurfaces to
achieve helicity-delinked manipulations on
(A) surface waves (SWs) and (B) on both
propagatingwave (PW)andSW,asshinedby
circularly polarized (CP) waves of different
helicity. Numerically computed Re[Ez] field
patterns on the surface of a plasmonicmetal
supporting an SSP mode with eigen wave-
vector kSW at the frequency ω, excited by
an ideal current source j

→(x,  y,  t) � j0x̂exp
[iΦ(x,  y)] exp(−iωt) with Φ(x,  y) given by
(C) Eq. (3) and (D) Eq. (1), respectively, placed
on the top surface of the plasmonic metal.
Here, color maps show the distributions of
Φ(x,  y).
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sides of the meta-device (see Figure 1A). Since ky must be
conserved at the interface between the “plasmonic metal”
and the meta-device, the SW generated on the “plasmonic
metal” must travel along the direction

θr � sin−1(ξ y/kSW) (2)

showing that the SW beam indeed exhibits an oblique
equal-phase plane as desired. Full-wave simulations on an
ideal model are performed to demonstrate such a scheme,
as depicted in Figure 1D (see Sec. A in Supplementary
Material for calculation details). In addition, the above
argument indicates that the value of ξ x does not affect the
traveling direction (e.g., Eq. (2)) as long as the con-
dition

�����������
(ξ x)2 + (ξ y)2

√
> k0 is satisfied. However, we demon-

strate that choosing different ξ x can slightly influence the
final conversion efficiency (see Figure S1 in Supplementary
Material). Such a property offers us more freedoms to
design our meta-device in practice.

Following this idea, we can generate arbitrary SW
beams on the plasmonic metal with desired wavefronts via
choosing appropriate Ψ(y) functions. For example, sup-
pose the phase profile is given by

Φ(x,  y) � Φ0 − ξ xx − kSW( ������
y2 + F2

√
− F) (3)

one easily expects that the generate SW beam will focus to
a point at a distance F from the device center. Strictly
speaking, we need to set an additional restriction on ξ x to
ensure that the generated beam is the SW allowed on the
plasmonic metal. Since ∂Ψ(y)/∂y is not a constant but
rather varies from 0 to a finite value as y changes from the
middle point to the device edge, we find that a necessary
condition is to require that ξ x > k0, which ensures that no
leakage to PW can happen at every local point on themeta-
device. Finite-element-method (FEM) simulations based on
a similar ideal model perfectly demonstrate the desired
effect, as depicted in Figure 1C (see Figure S2 in Supple-
mentary Material for more details).

Compared to the SW controls, generating PWs with
arbitrary wavefronts are relatively easy to realize, as
already demonstrated in previous literature [5, 6, 8]. For
example, metasurface with Φ(x,  y) � Φ0 + ξ yy (with

ξ y < k0) can reflect a normally incident PW to an anomalous

direction. For other PW-manipulation effects, one can
simply retrieve the phase distributionsΦ(x,  y) according to
the desired functionalities.

Now our strategy is very clear: we need to design a
metasurface exhibiting two different reflection-phase dis-
tributions in responses to normally incident CP waves with
different helicity, as depicted in Figure 1C, D. To achieve

this end, we need to find a series of meta-atoms that can
possess arbitrary desired phase responses under the exci-
tations of CP waves with different helicity.

3 Meta-atom designs

We choose the microwave regime to prove our scheme. The
meta-atoms that we designed are depicted in Figure 2A,
which consist of connected-double-ring resonators with arc-
length (L) and ametallic ground plane separated by a 3mm-
thick dielectric substrate(εr � 3 + 0.01i). Due to thepresence
of the metallic ground plate, these meta-atoms can
completely reflect EM waves polarized along two cross
directions (denotedas “u” and “v” axes in the following), but
with different reflection phases (φuu and φvv). We optimized
thegeometriesof thesemeta-atoms such that their reflection-
phase differences φuu − φvv can remain at about 180°within
a quite broad bandwidth (8–18 GHz). As an illustration, we
present in Figure 2B the numerically calculated and experi-
mentally measured φuu(f ) and φvv(f ) spectra of a micro-
wave sample consisting of a periodic array (with periodicity
6 mm) of meta-atoms with L = 3.98 mm. In addition, while
varying the arm-length L can change the individual values of
φuuand φvv, it does not affect the “half-wave-plate” proper-
ties of the resulting meta-atoms, as shown by the calculated
φuu ∼ L and φvv ∼ L relations in Figure 2C at the working
frequency 12 GHz. Such broadband half-wave-plate behav-
iors are obtained by carefully optimizing the anisotropy and
quality factors of our meta-atoms.

We now demonstrate that these meta-atoms can pro-
vide us the desired helicity-delinked phase responses.
Following the Jones’matrix analyses presented in Ref [10],
consider one such meta-atom with arc-length L and rota-
tion angle θ with respect to the z axis (see Figure 2A), we
find that its spin-flipped (anomalous) reflection coeffi-

cient is generally given by ra � 0.5 ⋅ (ruu − rvv) ⋅ ei2σθ with σ
denoting the spin of incident CP wave (σ � +: left circular
polarization, LCP; σ � −: right circular polarization, RCP).
Rewrite the above formula as ra � ���

Ra
√

eiϕres eiσϕPB � ���
Ra

√
eiϕσ

withRa= |0.5⋅(ruu−rvv)|2 denoting the power efficiency of the
anomalous reflection, we find that the total phase of the
anomalously scattered wave under CP excitation with
spin-σ is

ϕσ � ϕres + σϕPB (4)

which contains two parts,

{ϕres � arg(ruu − rvv)
ϕPB � 2θ (5)
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describing, respectively, the phases contributed by the
resonance mechanism and the PB mechanism, depending
on the structural detail (L) and the orientational angle (θ).
Furthermore, since ϕres is independent of spin σ of the
incident CPwavewhile σϕPB is closely related to σ, the total
phases (ϕres + σϕPB) generated by these meta-atoms can
thus be controlled independently for different spin,which is
the desired property.We note that the power efficienciesRa

of these meta-atoms remain at nearly 100% (see Figure 2B,
C), implying the excellent performances of the devices
fabricated with these meta-atoms.

Solid line in Figure 2F depicts howϕres changes against
L at the frequency 12 GHz, obtained by FEM calculations on
a series of periodic metasurfaces consisting of meta-atoms
with different L. The ϕres ∼ L relation, together with the
analytical relation ϕPB � 2θ presented in Figure 2E, show
that varying θ or L can indeed well control the two parts of
reflection phases, providing us enough freedoms to design
a metasurface exhibiting the desired spin-delinked phase
distributions.

We note, however, that these phases (ϕres andϕPB) are
obtained by far-field (FF) calculations. Meanwhile, some
functionalities being demonstrated here are on SW con-
trols, on which whether these FF phases are still valid
remain questionable. To answer this question, we further
study the phases of SWs generated by meta-couplers

composed by meta-atoms with different L and θ. To begin
with, we first design a “plasmonic metal” supporting spoof
SWs in the microwave regime, which is a metallic ground
plane with a 3 mm-thick dielectric layer put on its top (see
inset to Figure 2D). Figure 2D depicts the FEM-simulated
dispersion relation of the SW modes supported by such a
system, which exhibits an eigen wave-vector kSW = 1.172k0
with k0 being the free-space wave-vector at the frequency
12 GHz. We next design a series of SW PB meta-coupler
composed by a periodic array (periodicity p = 6 mm) of
meta-atoms with orientation angles rotating with a step
Δφ � 50.62° along the x axis, generating a dispersionless
phase gradient ξ x � 2 Δ φ/p � 1.172k0. Although these
meta-couplers all exhibit the same phase gradients, their
initial meta-atoms possess different L and θ, thus gener-
ating different initial phases. We then connect these meta-
couplers with the designed plasmonic metal (see inset to
Figure 2E), and then compute the phases of SWs generated
on the plasmonicmetal, as themeta-couplers are shined by
CP waves with σ � + at 12 GHz. Open circles in Figure 2E, F

represent the computed SW phases (ϕSW
PB and ϕSW

res ) varying

against θ and L, respectively. While the computed ϕSW
PB ∼ θ

relation is strictly identical to the analytical relation (see
Figure 2E) protected by the generalized translation invari-

ance symmetry, the ϕSW
res ∼ L relation, however, exhibits

Figure 2: Characterizations on the designed meta-atoms and plasmonic metal.
(A) Geometry of the designedmeta-atom (sized 6 × 6mm2) consisting of a metallic connected-double-ring and a flat metallic mirror separated
by a 3 mm thick dielectric spacer. The radius and width of the double-ring are 2.5 and 0.2 mm, respectively. (B) Measured and simulated
spectra of reflection-phase (φuu and φvv ) and working efficiency Ra of the meta-atoms. (C) Reflection phases (φuu and φvv ) and working
efficiency Ra for a series of meta-atoms with different L, obtained by numerical simulations at 12 GHz. (D) Finite-element-method (FEM)-
simulated dispersion relation (red line) of the eigen SWs supported by the plasmonic metal as depicted in the inset. (E) Pancharatnam-Berry
(PB) phases of meta-atoms with different θ with L fixed at 3.98 mm, obtained by both near-field calculations (see inset) and far-field
calculations at 12GHz. (F) Resonant phases ofmeta-atomswith different Lwith θ fixed at 0∘, obtained by both near-field calculations (see inset
to Figure 2E) and far-field calculations at 12 GHz.
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non-negligible deviations from that obtained with FF cal-
culations (see Figure 2F), indicating that the local-field
corrections play very important roles here. Therefore, to get
a better performance for our meta-device, we will deter-
mine the geometrical parameters (L) of meta-atoms

based on the ϕSW
res ∼ L relation (instead of the original

ϕres ∼ L relation) when designing meta-devices realizing
the SWcontrol functionalities (see Sec. B in Supplementary
Material for more details). Obviously, such design scheme
is quite different from that for designing metasurfaces
achieving helicity-delinked manipulations of free-space
waves [39, 40], although based on similar concept. Mean-
while, we still use the original ϕres ∼ L relation to sort out
the meta-atoms when designing meta-devices for PW-
manipulation functionalities.

4 Meta-devices realizations:
microwave experiments and
simulations

With both near-field and far-field properties of our meta-
atoms fully grasped, we now use these meta-atoms to
demonstrate two meta-devices with helicity-dependent

functionalities. The first meta-device exhibits the following
σ-dependent phase distributions at the frequency 12 GHz:

⎧⎪⎪⎨⎪⎪⎩ ϕ+(x, y) � ϕ0 − ξ xx − ksw( ������
y2 + F2

√
− F)

ϕ−(x, y) � ϕ0 + ξ xx + ξ yy (6)

where ξ x � kSW � 1.172k0, ξ y � −sin 30° ⋅kSW and F= 120mm.
According to our analyses presented in Sec. 2, this meta-
device can convert two spin-polarized microwaves to SWs
flowing to opposite directions, yet exhibiting focusing or
deflecting wavefronts. We now employ the meta-atoms
designed inSec. 3 to construct suchameta-device.According
to (4), we immediately get the required phase distributions
contributed by two mechanisms:

{ϕres(x, y) � [ϕ+(x, y) + ϕ−(x, y)]/2
ϕPB(x, y) � [ϕ+(x, y) − ϕ−(x, y)]/2 (7)

Put Eq. (6) to Eq. (7), we thus obtain the exact values of
two phases (ϕres and ϕPB) at every point occupied by a

meta-atom. Such information, combined with theϕSW
PB � 2θ

and ϕSW
res ∼ L relations presented in Figures 2E,F, help us

unambiguously determine the geometrical sizes (L) and
orientation angles (θ) of allmeta-atoms located at different
positions. Such a strategy guides us to design and fabricate
our bi-functional SW metasurface as depicted in Figure 3B

Figure 3: Helicity-delinked metasurface for near-field SW manipulations: numerical demonstrations.
(A) Comparison between a conventional PB meta-coupler and a helicity-delinked bi-functional meta-coupler. (B) Part of the proposed meta-
coupler for generating SWs with either hyperbolic or linear phase profile dictated by the helicity of input CP waves. (C, D) FEM simulated near-
field Re[Ez ] patterns on the whole system, as the meta-coupler is illuminated by CP waves with σ � + and σ � −, respectively.
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(see Sec. C in Supplementary Material for more details of
the sample). Inside the sample, each column consists of an
array of identical meta-atoms with spatially varying θ
generating a phase gradient ξ x, while the initial meta-
atoms of different columns are of different L and θ, which
collectively generate the desired linear phase profile (blue
line) and parabolic phase profile (red line) for CP excita-
tions with different spins.

We first employed FEM simulations to verify our
theoretical predictions. Figure 3C, D depict the simulated
Re[Ez] field distributions on a reference plane 1 mm above
the whole device, as the meta-coupler is shined by nor-
mally incident CP waves with different spins. The simu-
lated patterns show clearly that the incident CP waves are
first converted into SWs, which are then deflected to an
oblique direction (for σ � −) or focused to a focal point (for
σ � +), respectively. Moreover, the deflection angle is
estimated at about 29.5° and the focal length is found as
126.2 mm, both in excellent agreement with theoretical
predictions. The efficiencies of two functionalities (i.e., SW
anomalous deflection and SW focusing) are estimated as
62% and 61%, respectively. They are lower than the bare
efficiencies of individual meta-atoms (Figure 2B, C), due to
the following two reasons: 1) The scatterings are enhanced
in the process of coupling from PW to SW [34, 42]; 2) Only
spoof SWs with transverse-magnetic (TM) polarization
exist on the designed “plasmonicmetal”while the incident
CP wave contains both TM and transverse-electric (TE)
components [41]. Such performance can be further
improved if a plasmonic metal supporting both TE and TM
polarized SWs is adopted in our meta-device. However, we

note that these values are already substantially higher than
50% even though the adopted plamonic metal only sup-
ports TM SW. This implies that an intriguing polarization
cross-talking effect must take place in the conversion
process, considering that the impinging CP wave contains
50% TE component and 50% TM component [41].

We finally fabricated out the meta-device and then
adopted near-field scanning technique to experimentally
characterize its performances. As shown in Figure 4A, we
illuminated the meta-coupler by normally incident CP
waves emitted from a horn antenna, and then adopted a
monopole antenna tomap the local Re[Ez] field distribution
on a plane 1 mm above the plasmonic metal. Both mono-
pole antenna and horn antenna were connected to a vector
network analyzer (Agilent E8362CPNA). Figure 4B–Edepict
the measured Re[Ez] patterns on the plasmonic metals at
two representing frequencies, respectively, as the meta-
device is shined by CP waves with different helicity. The
measured patterns clearly illustrate the expected helicity-
dependent SW manipulations of our meta-device. At the
designed working frequency 12 GHz, the measured deflec-
tion angle for the SW beam on the right-hand side is
θr � 28.5°, while the measured focal length of the SW beam
on the left-hand side is F = 131mm, in good agreement with
both theoretical predictions and full wave simulations (see
Figure S6 in Supplementary Material). Interestingly, the
meta-device still works well for frequencies slightly devi-
ating away from the working frequency. For example, at
13 GHz, the measured results show clear features of
anomalous deflection and focusing effects, although the
measured deflection angle (25.5°) and focal length (162mm)

Figure 4: Experimental demonstration on
helicity-delinked SW manipulations.
(A) Schematic of the experimental setup
consisting of the fabricated PB meta-device
connected by two plasmonic metals, a
source horn, amonopole detection antenna,
and a network analyzer. Right panel in (A)
depicts the image of part of the fabricated
meta-device sample. Measured Re[Ez] field
patterns on the plasmonic metal at (B, C)
12 GHz and (D, E) 13 GHz, as the meta-device
is shined by normally incident CP wave with
(B,D)σ � + and (C, E)σ � −, respectively.
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are different from the designed values. In addition,
bifunctional metasurface for SW manipulations can oper-
ate within a frequency band of about 2 GHz (see Sec. E in
Supplementary Material).

We finally employ our scheme to design a meta-device
that can achieve helicity-delinked manipulations on both
SWs and PWs.We assume that themeta-device exhibits the
following helicity-dependent phase distributions at the
frequency 12 GHz:

⎧⎪⎨⎪⎩
ϕ+(x, y) � ϕ0 + ξ yy

ϕ−(x, y) � ϕ0 + kSWx − kSW( ������
y2 + F2

√
− F) (8)

where ξ y � −k0 sin 30° and F = 120 mm. According to
our analyses presented in Sec. 2, we expect that such a
meta-device can deflect a normally incident CP beam with
σ � + to an off-normal direction with θr � −30° on the y-z
plane, and can convert a normally incident CP beam with
σ � − into a SW which is then focused to a point at a dis-
tance F away from the device center.

We employ the established strategy to sort out the
desired meta-atoms (with appropriate L and θ) for con-
structing this meta-device. The only difference is that here
we used the ϕres ∼ L relation obtained by FF calculation
(see Figure 2F) to retrieve the geometric parameters L of the
meta-atoms. Figure 5B depicts part of the designed sample,
with detailed distributions of L and θ given in Figure S8 in
Supplementary Material.

We employednumerical simulations to demonstrate the
functionality of such a meta-device. Figure 5C depicts the
simulated Re[Ez] distribution on a y-z planewith x =0, as the
metasurface is illuminated by a normally incident CP with
σ � +. The simulated pattern clearly demonstrates the

anomalous reflection functionality of the device for LCP
wave.Meanwhile, aswe change thehelicity of incident CP to
σ � −, we find that now the device first converts the incident
CP wave to a SW and then focuses it to a point on the
plasmonic metal placed at the right-hand side of the device
(see Figure 5D). Finally, we note that the proposed meta-
surface for SWmanipulations still works under small-angle
oblique incidences but with efficiencies slightly decreased,
as long as the wave-vectors of the “driven” SWs generated
on the metasurface do not deviate significantly from that of
the eigen SWs on the plasmonic metal (see Sec. G in Sup-
plementary Material for numerical demonstrations).

5 Conclusions

In summary, we proposed a new scheme to employ a
single metasurface to simultaneously tailor the wave-
fronts of SWs and PWs, under the excitations of input CP
waves with different helicity. The crucial step is to find a
set of meta-atoms exhibiting helicity-delinked phase re-
sponses to incident CP excitations, achieved through
combining two distinct mechanisms (PB and resonance
mechanisms) for phase modulations. As the proof of
concept, we employed these meta-atoms to design two
meta-devices, and performed full-wave simulations and
experiments to demonstrate their excellent helicity-
delinked bi-functionalities on wave manipulations. Our
results establish a novel platform to control PWs and/or
SWs as desired using a single ultra-compact meta-device,
which may stimulate many practical applications (e.g.,
on-chip photonic devices, sensing and super resolution
imaging, etc.,) in different frequency regimes.

Figure 5: A bi-functionalmetasurface for both
PW and SW manipulations.
(A) Schematic of the designed bifunctional
metasurface for simultaneously
manipulating PW and SW. (B) Layout of the
metasurface composed by PBmeta-atoms of
different L and θ. (C) Simulated Re[Ez] field
pattern on a y-z plane x = 0 as the meta-
coupler is illuminated by normally incident
CP wave with σ � +. (D) Simulated Re[Ez]
field pattern on the top surface of the meta-
systemas themeta-coupler is illuminatedby
normally incident CP wave with σ � −. Here,
the working frequency is 12 GHz.
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