
Nanophotonics 2023; 12(13): 2383–2396

Research Article

Zhening Fang, Haipeng Li, Yan Chen, Shulin Sun, Shiyi Xiao*, Qiong He* and Lei Zhou*

Deterministic approach to design passive
anomalous-diffraction metasurfaces with nearly
100% efficiency

https://doi.org/10.1515/nanoph-2022-0755

Received December 9, 2022; accepted February 14, 2023;

published online March 1, 2023

Abstract: Designing perfect anomalous reflectors is crucial

for achieving many metasurface-based applications, but

available design approaches for the cases of extremely large

bending angles either require unrealistic gain–loss mate-

rials or rely on brute-force optimizations lacking physical

guidance. Here, we propose a deterministic approach to

design passivemetasurfaces that can reflect impinging light

to arbitrary nonspecular directions with almost 100% effi-

ciencies. With both incident and out-going far-field waves

given, we can retrieve the surface-impedance profile of

the target metadevice by matching boundary conditions

with all allowed near-field modes added self-consistently

and then construct the metadevices deterministically based

on passive meta-atoms exhibiting local responses. We
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design/fabricate two proof-of-concept microwave metade-

vices and experimentally demonstrate that the first one

achieves anomalous reflection to a 70◦ angle with efficiency

∼98%, and the second one can generate multiple reflected

beams with desired bending angles and power allocations.

Our findings pave the way for realizing high-efficiency

wave-control metadevices with desired functionalities.

Keywords: anomalous reflector; deterministic approach;

high efficiency; metasurfaces; surface-impedance.

1 Introduction

Controlling electromagnetic (EM) waves at will is important

for both fundamental research and practical applications.

However, EM devices made by conventional materials are

bulky in sizes and of low working efficiencies. Metasur-

faces, planar metamaterials constructed by subwavelength

microstructures (e.g., meta-atoms) with tailored EM prop-

erties arranged in certain global sequences, have recently

attracted considerable attention owing to their extraordi-

nary capabilities to control EM waves [1–4]. Many fasci-

nating wave-manipulation effects were discovered based

on metasurfaces, such as beam deflection [5–17], polariza-

tionmanipulation [18–21], photonic spin-Hall effect [22–26],

holograph [27–34], andmeta-lens [35–37], etc. These devices

are flat, ultra-thin, and highly efficient, being ideal candi-

dates for future integration-optics applications.

Anomalous deflectors that can perfectly redirect inci-

dent light to predesigned nonspecular directions are the

simplest type of metasurfaces and are the basis for real-

izing metadevices with more sophisticated functionalities.

Unfortunately, designing perfect anomalous deflectors is

still challenging despite of many approaches proposed. In

early years, anomalous deflectors are designed to exhibit

linearly varying phase profiles based upon Huygens’ prin-

ciple. However, such a design principle becomes less valid

as the deflection angle increases, where parasitic scatter-

ings inevitably appear (see Figure 1(a)) [38–40]. In 2016, Alu

et al. [41] proposed a new strategy to design wave-bending
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Figure 1: Design strategies for anomalous deflectors based on different schemes. (a) conventional gradient metasurfaces with linear phase profiles,

(b) metasurfaces constructed by gain and lossy materials, (c) “nonlocal” metasurfaces, and (d) our passive and local metasurfaces with admittance

profiles Y (r‖) determined with all allowed surface modes considered self-consistently. Here, blue arrows represent undesired parasitic scatterings.

metasurfaces with perfect efficiencies. The key idea is to

retrieve the surface impedance of target device bymatching

boundary conditions on the metasurface with both incident

and out-going waves considered (see Figure 1(b)). How-

ever, while such a surface-impedance solution is in princi-

ple rigorous, metasurfaces thus designed inevitably exhibit

certain gain and lossy responses varying in space, being

extremely difficult to realize in practice. Later, some mod-

ified design approaches were proposed, based upon adding

limited auxiliary surface modes in matching the bound-

ary conditions and/or exploiting the nonlocal responses of

the meta-structures (Figure 1(c)) [42, 43]. However, many of

them still need brute-force optimizations to assist finding

the desired realistic structures ofmeta-atoms [44–46] or can

only be applied to certain restricted cases [47], since the

nonlocal response of a certainmeta-atommay also affect the

designs of its adjacentmeta-atoms and thus a self-consistent

numerical optimization is needed. A deterministic design

approach for realizing perfect-efficiency metadevices with

diversified functionalities is highly desired.

In this paper, we establish a deterministic approach

to design nearly perfect anomalous-diffraction metasur-

faces constructed with passive materials exhibiting local

responses. Different from previously proposed approaches,

here we purposely add all allowed surface modes into

the process of boundary-condition matching, with ampli-

tudes and phases of different surface modes determined

self-consistently requiring the device being purely pas-

sive. Retrieving the surface-impedance profile of the tar-

get device, we then construct the device with meta-atoms

exhibiting purely local responses based on the profile with-

out further structural optimizations. To illustrate the pow-

erfulness of our approach, we design and fabricate two

microwave metasurfaces and experimentally demonstrate

that the first one can redirect a normally incident wave to a

70◦ reflection angle with an efficiency 98%, and the second

one can generate two reflection beams with desired bend-

ing angles (23◦ and −50◦) and power flux allocation (60%

and 40%).
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2 Generic theoretical framework

Figure 1(d) schematically illustrates our design approach.

Consider a generic metasurface placed on the xoy plane

(with z = 0), which, as shined by an incident EM wave

with𝚽inc = (Einc,H inc), can generate a reflected beam with

predesigned EM field 𝚽tar = (Etar,H tar). Then the question

is: what surface admittance distribution Y (r‖) should the

metasurface exhibit?

To determine Y (r‖), we note that𝚽tar
only contains far-

field (FF) information. Suppose that we can find a series of

surface modes [SMs,𝚽SM

m
=

(
E
SM
m
,HSM

m

)
] in the space above

the metasurface, which exhibit the following characteris-

tics: (1) they are eigen solutions of Maxwell equations in

this space region; (2) they do not radiate to the FF but are

bounded on the surface; and (3) they exhibit certain sym-

metry in accordance with the metasurface and the incident

light. Thus, adding these nonradiative SMs into the total field

in this space does not affect our final goal of generating

the desired FF radiation but can change the near-field (NF)

EM environment where the metasurface is located. There-

fore, we can write the total field as 𝚽tot = 𝚽inc +𝚽bar +∑
m

Cm𝚽SM

m
, with {Cm}being a set of expansion coefficients. In

principle, we can find a series of metasurfaces to transform

𝚽inc
into 𝚽tar

in the FF, which exhibit different forms of

Y (r‖) dictated by {Cm} corresponding to different NF envi-
ronments of the metasurfaces. Here, we choose the solution

with {Cm} satisfying the requirement that the metasurface
can be realized by purely passivematerials exhibiting local

responses.

We now illustrate the design strategy, taking the

anomalous-reflection metasurface as a specific example.

As shown in Figure 2(a), suppose that the incident and ref-

lected light beams are both transverse-magnetic (TM) –

polarized plane waves, propagating along 𝜃i and 𝜃r

directions, respectively. Thus, 𝚽inc
and 𝚽tar

can be

explicitly written as 𝚽inc =
(
E
i,H i

)
=

(
−x̂𝜂0 cos 𝜃i+

ẑ𝜂0 sin 𝜃
i, ŷ

)
ei(k

i
x
x−ki

z
z) and 𝚽tar =

(
E
tar,H tar

)
=

Ar
(
x̂𝜂0 cos 𝜃

r + ẑ𝜂0 sin 𝜃
r, ŷ

)
ei(k

r
x
x+kr

z
z). Here, ki(r)x =

k0 sin 𝜃
i(r), ki(r)z = k0 cos 𝜃

i(r), k0 and 𝜂0 are the wavevector

and impedance of light in vacuum, and |Ar| = √
cos 𝜃i√
cos 𝜃r

is

determined by the law of energy conservation. Now 𝚽tot

only contains
{
Htot
y
, Etot

x
, Etot

z

}
components, we can then

retrieve the surface admittance of the metasurface under

design by

Y (x) = − 2Htot
y
(x)∕Etot

x
(x)

|||z=0. (1)

It is interesting to note that Y (x) is generally a complex

function, which consists of both real and imaginary parts.

According to the Poynting theorem,wefind that the real part

of surface admittance Re[Y (x)] can be expressed as

Re[Y (x)] = −4 Ptot
z
(x)

|Etotx (x)|2
|||||z=0, (2)

where Ptot
z
(x) = (1∕2)Re

[
Etot
x
(x) ⋅ (Htot

y
(x))∗

]
denotes the z

component of Poynting vector measured on a plane right

above the metasurface. Equation (2) indicates that the pres-

ence of Re[Y (x)] signifies the imbalance of energy flowat the

local x position on the surface, which further dictates that

the local constitutional material must be either lossy (with

Ptot
z

< 0) or active (with Ptot
z

> 0). Hence, the criterion that

our metasurface can be constructed by purely passive and

lossless materials is simply

Re[Y (x)] ≡ 0 or Etot
x
(x) ≡ 0 (3)

at every point on the surface. In general, Equation (3) cannot

be satisfied without auxiliary fields. To demonstrate this

point, we take only the propagating waves into account and

get

⎧⎪⎪⎨⎪⎪⎩

Etot
x
(x) = 𝜂0 cos 𝜃

rAreik0 sin 𝜃rx − 𝜂0 cos 𝜃
ieik0 sin 𝜃ix

Htot
y
(x) = Areik0 sin 𝜃rx + eik0 sin 𝜃ix

Y (x) = − 2

𝜂0

Areik0 sin 𝜃rx + eik0 sin 𝜃ix

cos 𝜃rAreik0 sin 𝜃rx − cos 𝜃ieik0 sin 𝜃ix

⋅

(4)

Equation (4) shows that Y (x) is a complex function

as long as 𝜃r ≠ 𝜃i, except for the special case of

𝜃r = −𝜃i (i.e., the retro-reflection case) where a

purely imaginary Y (x) function can be found without

the help of auxiliary fields (see more details in

Section I of Supporting Information (SI)). Figure 1(b) plots

the Re[Y (x)] distribution of a metasurface for a case of

𝜃
i = 0◦ and 𝜃r = 70◦, calculated with Equation (4). The

periodic oscillations in Re[Y (x)] already imply that the local

constitutional material constructing the metasurface must

be either gain or lossy materials, which is indeed the case

predicted by Ref. [41].

We now discuss how to make Equation (3) satisfied

with appropriate auxiliary modes added. Assuming

that our metasurface is a periodic structure with lattice

constant P, we understand that the reflected light beam

must be a linear combination of diffracted modes dictated

by Bloch’s theorem. Here, we set the incident wave

as the 0th-order mode while the reflected one is set

as the 1st-order of the whole periodic system. The

periodicity and two angles must satisfy the constraint

2𝜋∕P = k0 sin 𝜃
r − k0 sin 𝜃

i. In this case, SMs allowed

in the system are all high-order evanescent waves

(k(m)x = ki
x
+m ⋅ 2𝜋∕P) with |k(m)x | > k0 (see Figure 2(b)).
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Figure 2: Deterministic approach of meta-deflector with arbitraray angle and perfect efficiency. (a) Schematics of a metasurface exhibiting admittance

distribution YTM(x) that can reflect normally incident transverse-magnetic (TM) wave to an angle of 70
◦, corresponding to the+1st order diffraction

channel of the system. (b) Locations of different diffraction modes on the k
x
axis, with those inside or out the circle being propagating modes (PMs) or

surface modes (SMs), respectively. (c) Calculated 𝜎RMS with different cut-off numbers. (d) Distributions of P
tot
z
(x) and Im[YTM(x)] with different N (e.g., 1,

2, 3, and 5) considered and (e) the corresponding simulated H-field distributions of scattered waves on the xoz plane. Here, Ptot
z
(x) is normalized with Pi

z
,

and 𝜂 represents the working efficiency of the designed model metasurface.

Therefore, we get the exact field distribution of each

evanescent modes as: 𝚽SM

m
=

(
E
SM
m
,HSM

m

)
= (−x̂𝜂0i𝛼(m)z

eik
(m)
x x + ẑ𝜂0ik

(m)
x eik

(m)
x x, ŷCie

ik(
m)
x x)eik

(m)
x x−𝛼(m)z z), where

𝛼(m)z =
√
k(m)x

2∕k2
0
− 1 is the attenuation factor of the

mth order of SM. Labeling these SMs according to their

|k(m)x | values, we then choose a finite number (N) order of

SMs with amplitudes {Cm} (with m = ±1,±2,… ,±N) to
add into the total field and obtain the total field near the

metasurface, thus deriving the admittance distribution:
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⎧⎪⎪⎪⎪⎨⎪⎪⎪⎪⎩

E(x) = 𝜂0 cos 𝜃
ieik0 sin 𝜃ix − 𝜂0 cos 𝜃

rAreik0 sin 𝜃rx −
∑

m≠0,±1
𝜂0Cmi𝛼

(m)
z
eik

(m)
x x

H
(
y
)
= eik0 sin 𝜃ix + Areik0 sin 𝜃rx +

∑
m≠0,±1

Cie
ik(

m)
x x

Y (x) = 2

𝜂0

eik0 sin 𝜃ix + Areik0 sin 𝜃rx + ∑
m≠0,±1

Cme
ik(

m)
x x

cos 𝜃ieik0 sin 𝜃ix − cos 𝜃rAreik0 sin 𝜃rx − ∑
m≠0,±1

Cmi𝛼
(m)
z eik

(m)
x x

(5)

Obviously, varying the values of {Cm} can significantly
change the form of Y (x), and our task is to find a solution

of {Cm, i = ±1,… ,±N} that makes Equation (3) satisfied.

Practically, Equation (3) is difficult to solve since the profile

has infinite degrees of freedom. To make the criterion more

tractable, we define:

𝜎RMS =

√
∫

P∕2

−P∕2
|Ptotz (x)|2dx∕

√
∫

P∕2

−P∕2
|Pincz (x)|2dx (6)

to measure the root-mean-square (RMS) value of the

imbalanced energy follow within a super cell. Therefore,

Equation (3) is in principle equivalent to 𝜎RMS = 0. In gen-

eral situations, exact solutions of {Cm} can be found only

when we add infinite number of SMs (i.e., N →∞) into

the system, since Equation (3) generally has infinite num-

ber of degrees of freedom in a continuous space. Here, we

describe a practical way to find an approximate solution

with well-controlled accuracy. Our solution-searching pro-

cess contains the following steps: (1) starting from a finite

cut-off number N , using standard optimization techniques

to search for the values of {Cm} that yield the minimized

value of 𝜎RMS; (2) if Min(𝜎RMS) < 𝛿 with 𝛿 being the target

accuracy that we aim at, then stop searching and obtain

the desired{Cm}; and (3) if not, increase the cut-off N and

repeat the above searching procedures until a solution with

satisfactory accuracy is obtained.

Figure 2(c)–(e) depict our calculation process for

designing a passive metasurface that can deflect the nor-

mally incident light (𝜃i = 0◦) to a large angle (𝜃r = 70◦) with

(nearly) 100% efficiency. By increasing the cut-off numberN

from 1 to 8, we calculate the optimized values of {Cm} by
minimizing 𝜎RMS in each case and obtain the distributions

of Y (x) for the metasurface under design by putting {Cm}
into Equation (5). Figure 2(c) illustrates that the 𝜎RMS value

indeed decreases dramatically as N increases. Setting the

accuracy threshold as = 0.1, we find that adding N = 3 into

the system (or 4 SMs in another word) is enough to ensure

a convergent design meeting our accuracy requirement.

Figure 2(d) depicts the distributions of Ptot
z
(x) and Im[Y (x)]

at four representative cases with N = 1, 2, 3, 5, respectively.

Without auxiliary SMs added (i.e., N = 1), we find Ptot
z
(x)

fluctuates over x and its absolute values are large in certain

regions, indicating that themetasurfacemust be constituted

by lossy materials (in the region where Ptot
z
(x) < 0) or gain

materials (in the regions where Ptot
z
(x) > 0). However, with

more auxiliary SMs (with amplitudes {Cm} appropriately

adjusted) added, we find that fluctuations in Ptot
z
(x) are sig-

nificantly suppressed. In particular, in the cases ofN > 3, we

find that Ptot
z
(x) ≈ 0 nearly everywhere, indicating that the

metasurface can be constructed by purely passivematerials

with local responses determined by the corresponding Y (x)

functions. The fact that Y (x) is (nearly) purely imaginary is

also consistent with our notion that the metasurface can be

constructed by local and passive materials.

To validate our design approach, we perform full-wave

simulations to study the scattering of normally incident light

by metasurfaces exhibiting Y (x) = Im[YN (x)] with different

values ofN . Figure 2(e) plots theH-field distributions of scat-

tered waves on the xoz plane in different cases. Obviously,

the working efficiency of the anomalous reflector increases

as a function of N and approaches 100% as N ≥ 3. In addi-

tion, the wavefront of the reflected beam becomes more

flattened as N increases, in consistency with the enhanced

anomalous-reflection efficiency. Since the complexity of the

corresponding realistic structure is decided by the number

of SMs included in theoretical calculation according to the

Shannon sampling theorem [48–50], we decide to choose

Y (x) = Im[Y3(x)] for final practical realization, after balanc-

ing the requirements on efficiency and simplicity.

It is interesting to compare our metasurface design

scheme with the one based on conventional Huygens’ prin-

ciple scheme [6, 7], in which the metasurface under design

should exhibit the following surface admittance:

Y (x) = 2

𝜂0 cos 𝜃
i

eik0 sin 𝜃rx + eik0 sin 𝜃ix

eik0 sin 𝜃rx − eik0 sin 𝜃ix
(7)

at each position x (see detailed derivation in Section II of SI).

Comparing Equations (4) and (5) with Equation (7), we

find that the admittance profile retrieved in Ref. [41]
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(Equation (4)) has correctly considered the local-field

correction due to the desired radiated FF, and our newly

developed formula (Equation (5)) further considers the

local-field corrections due to NFs contributed by all possible

SMs allowed by the system. With more possible modes

added, it is natural to expect that our scheme can yield

better results than previous trials.

We now discuss the performance of our design scheme

for different {𝜃i, 𝜃r} combinations. Figure 3 depicts how

the theoretically calculated 𝜎RMS varies against 𝜃
i and 𝜃r

with different number of SMs added. In each case, we

always find that 𝜎RMS = 0 in the case of specular reflection

(𝜃i = 𝜃r, dashed line), or retro-reflection (𝜃i = −𝜃r, solid
line), as expected. Meanwhile, the convergence area (i.e.,

with 𝜎RMS < 𝛿) in the 𝜃i – 𝜃
r phase diagrams continuously

expands as N increases, indicating that adding more SMs

can indeedhelp speedup obtaining convergent solutions for

highly mismatched incidence/deflection angles. Practically,

we find that settingN = 5 in our scheme is enough to ensure

finding appropriate admittance profiles for metasurfaces

with arbitrary anomalous-reflection abilities.

3 Meta-atom designs

We now design a set of meta-atoms that are suitable to

construct our metasurfaces with admittance distributions

given in Equation (5). Since our scheme has ensured that

the final Re[Y (x)] function is negligible, we only consider

the Im[Y (x)] function in matching the boundary conditions.

Figure 3: 𝜎RMS of the designed anomalous-reflection metasurface versus 𝜃
i
and 𝜃

r
. The figures are calculated with (a) N = 1, (b) N = 2, (c) N = 3, and

(d) N = 5 considered, correspondingly. Here, we set 𝛿 = 0.1. Dashed line and solid line denote the specular reflection mode and the retro-reflection

mode, respectively, both of which are the rigorous solutions to Equation (3) without the help of auxiliary fields.
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In practical designs, it is more convenient to sort out meta-

atoms from the required reflection properties (including

reflection phase and amplitude). Connecting the admittance

Im(Y ) with reflection coefficient r of a given surface and

assuming that the meta-atoms exhibit local responses, we

find that the meta-atom located at the position x should

exhibit the following reflection coefficient

r(x) = 2− i𝜂0Im
[
Y (x)

]
2+ i𝜂0Im

[
Y (x)

] , (8)

determined by the admittance value required at this very

position x. Equation (8) can be further re-written as r(x) =
ei𝜑(x) with reflection amplitude being 100% and reflec-

tion phase given by 𝜑(x) = −2 arctan[i𝜂0Y (x)]. Therefore,
our task is to find a series of meta-atoms that can per-

fectly reflect EM waves with different reflection phases and

exhibit local responses.

We find that the groove structure, where a groove

is etched on a metallic plate (see inset to Figure 4(a)), is

the suitable meta-atom satisfying all above requirements.

The continuous metallic film on the back can ensure total

reflection of incident EM wave, while changing the height

h of the groove can modify the resonant mode supported

by the structure, which in turn, changes the reflection

phase drastically [51]. More importantly, compared with the

metal–insulator–metal (MIM) meta-atoms (see Figure 4(b))

that can also perfectly reflect EM waves with tailored

reflection phases [52], the groovemeta-atoms exhibit more

localized responses to external illuminations, manifested

by much reduced mutual couplings between neighboring

meta-atoms. To illustrate this property, we numerically

examine how the resonant modes supported by the groove

or MIMmeta-atoms, both being repeated in xy-planes form-

ing periodic metasurfaces, evolve as a function of the inci-

dent angle 𝜃i (Figure 4(c) and (e)) or the width of the meta-

atomsw (𝑤m) for the periodic structure (Figure 4(d) and (f)),

respectively. As either 𝜃i or w (𝑤m) changes, while the reso-

nant mode is hardly changed in the groove structure case

(Figure 4(c) and (e)), the same thing is not true for the MIM

case (Figure 4(d) and (f)). Noting that angular dispersion

of a metasurface is ultimately determined by the coupling

between neighboring meta-atoms [14, 53], we reach the con-

clusion that mutual-coupling issue is weaker in the groove

structure case than in the MIM case. These results confirm

that the groove meta-atoms exhibit highly localized opti-

cal responses under external excitations, which are highly

desired for constructing ourmetasurfaces in a deterministic

way.

Figure 4(a) depicts the numerically computed spectra

of reflection amplitude and phase of a periodic array of a

typical meta-atom with 𝑤 = 6 mm and h = 3.05 mm.

Clearly, we find that the reflection amplitude is always

100%, while the reflection phase changes from −𝜋 to 𝜋

continuously as frequency increases, due to the cavity

resonant mode at f = 13.3 GHz supported by the groove.

Fixing the working frequency at 13.3 GHz, we employ

FEM simulations to establish the relation between the

reflection phase of the meta-atom and the parameter h,

which facilitates our designs in the remaining part of this

paper (see more details in Section III of SI).

4 Experimental demonstration of

an anomalous deflector with

large bending angle and nearly

perfect efficiency

We first employ the proposed scheme to design an anoma-

lous reflector that can deflect a normally incident TM-

polarized wave to the angel of 70◦ with nearly perfect effi-

ciency at the frequency 13.3 GHz. Retrieving the admittance

profile Y (x) of the target metadevice with 4 SMs added

self-consistently (N = 3), we employ Equation (8) to obtain

the required phase distribution 𝜑(x) of the metasurface

(red curve in Figure 5(b)). Calculations on a model system

possessing the retrieved Y (x) profile show that the device

exhibits aworking efficiency 𝜂 = 99.9%. Set theworking fre-
quency at 13.3 GHz, we follow the design strategy described

in Section 3 to sort out 4 groove meta-atoms with differ-

ent h based on the discretized reflection phases (see blue

curves in Figure 5(b)) and use them to form ourmetadevice.

Figure 5(a) shows the photograph of a fabricated sample

containing 20 meta-atoms in total, with a side-view picture

shown in the upper panel of Figure 5(b). It is interesting to

note that the desired 𝜑(x) profile is quite different from the

gradient phase profile according to Huygens’ principle, due

to the local-field corrections discussed in Section II of SI.

We then experimentally characterize the performance

of the fabricated metadevice. In our measurements, we

adopt a horn antenna as a source to normally illuminate

the fabricated sample and put another one on a circu-

lar track with a radius of 1 m to measure the angular

distribution of scattered power flux. Both antennas are

connected to a vector network analyzer. Figure 5(c) plots

the measured scattered power flux as a function of fre-

quency and reflection angle. Here, the reference is defined

as the power flux reflected by a flat metallic mirror (with

the same size as our metadevice) under the same excita-

tion condition. Clearly, the anomalous-reflectionmode takes

nearly all scattered power, while parasitic scatterings are



2390 — Z. Fang et al.: Deterministic design approach for meta-deflectors

Figure 4: FEM-computed normal-incidence spectra of reflection amplitude and phase of a periodic metasurface consisting of (a) groove meta-atoms

(see inset) or (b) MIM meta-atoms (see inset) with the following geometrical parameters: h = 5.23 mm,𝑤 = 6 mm, h
m
= 3.05 mm, and𝑤

m
= 6 mm,

respectively. FEM-computed reflection phase versus frequency and incident angle of a metasurface consisting of periodic arrays of (c) groove

meta-atoms or (d) MIM meta-atoms. FEM-computed reflection phase versus frequency and periodicity of a metasurface consisting of periodic arrays

of (e) groove meta-atoms or (f) MIM meta-atoms. Black dashed lines in (c–f) denote the zero-reflection-phase positions corresponding to the resonant

frequencies of the systems.

significantly suppressed within the whole frequency band

(12.5–15.0 GHz). Meanwhile, the measured peak deflection

angle 𝜃r is a decreasing function of frequency f , following

the diffraction law 𝜃r = arcsin(
c0
f p
).

We quantitatively estimate the working efficiency of

the fabricated metadevice, defined as the ratio between

the integrated power carried by the anomalous reflection

beam and that by the impinging beam. Insets to Figure 5(c)

depict themeasured angular distributions of the power flux

of scattered beam at two particular frequencies 13.3 GHz

and 14.5 GHz, from which we can quantitatively evaluate

the working efficiencies based on the power integrations.

We depict the evaluated working efficiencies of our

metadevice at different frequencies as solid circles in

Figure 5(d). We also employ FEM simulations to study

the scattering patterns of the metadevice, from which we
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Figure 5: Experimental demonstration of meta-deflector with bending angle of 70◦. (a) Picture of the fabricated anomalous meta-deflector composed

by groove meta-atoms. (b) Reflection-phase distribution of the metadevice obtained with our theory (red line) and its truncated version (blue line)

based on which the realistic structure is designed. Top panel depicts the side-view picture of the realistic sample. (c) Measured normalized scattered

power flux versus reflection angle and frequency, as the metasurface is shined by normally incident waves at different frequencies. Two insets

illustrate the angular distributions of measured scattered power flux at 13.3 GHz and 14.5 GHz, respectively. (d) Working efficiency of the anomalous

meta-deflector as a function of frequency, obtained by experiments (red circle) and simulations (blue line). Inset depicts the zoom-in view of the

efficiency spectra within the shaded frequency range. (e) Numerically simulated working efficiencies of anomalous meta-deflector aiming for different

bending angles, with the metasurfaces as model systems designed by CHS (solid line), as realistic systems composed by groove meta-atoms according

to the CHS design (triangles), and as realistic systems composed by groove meta-atoms according to our new scheme (stars).

retrieve the working efficiencies of the device at different

frequencies, and depict them as a solid line in Figure 5(d).

Experimentally retrievedworking efficiencies are generally

in excellent agreement with numerically retrieved ones. In

particular, the experimental efficiencies of our metadevice

are found to exceed 95% within 13.3–14.5 GHz, unambigu-

ously demonstrating the broadband high-efficiency

performance of the device. We note that the imperfect

working efficiency obtained in our experiment is due to

imperfections in our experimental characterizations, inclu-

ding the finite-size effect of the fabricated metasurface

and the nonideal incident wave. Such issues are generally

irrelevant with the design strategy to realize the meta-

surfaces but rather solvable via improving the experimental

conditions.

To illustrate its powerfulness,we further design anoma-

lous reflectors with bending angle changing from 50◦

to 80◦ under normal incidence and then numerically

estimate their working efficiencies. It should be noted that

the working frequencies of these metadevices are tied with
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their target bending angle 𝜃r as long as we fix the value

of super periodicity P. Solid stars in Figure 5(e) are the

calculated efficiencies of these metadevices, which are all

very close to 100%. In comparison, we also use the groove

meta-atoms to construct metadevices exhibiting different

deflection angles, designed with the conventional Huygens’

principle scheme (see Section IV of SI for details). Numer-

ical evaluations on these realistic structures show that

their working efficiencies (black hollow triangles) follow

nicely with theoretical prediction (purple solid line) based

on Equation (8), deviating quickly from 100% as the target

deflection angle increases. This reinforces our notation that

metadevices designed with the conventional Huygens’ prin-

ciple scheme inevitably exhibit low working efficiencies for

large bending angles, since such a design approach neglects

local field corrections. We emphasize that our design

scheme can also be adopted to realize meta-deflectors for

arbitrary bending angles (e.g., even near the grazing angle)

with almost perfect efficiency.

To reveal the underlying physics, we compare the

power flux distributions in the space above the metasur-

faces designed with different approaches, all under illu-

minations of the same normally incident EM waves (see

Figure 6(a)). We consider three different systems, which are

the model metasurfaces with admittance profiles given by

the gain & loss scheme and our newly proposed theory,

and the realistic metasurface composed by groove meta-

atoms. All these metasurfaces are designed for 70◦ bend-

ing angle under normal incidence. Figure 6(b)–(d) compare

the distributions of Ptot
z (x) on three planes with different

z above the metasurfaces. We find that the Ptot
z (x) distribu-

tion only exhibits a lateral shift as z varies in the case of

gain & loss metasurface (blue lines in Figure 6(b)), caused

by the interference between incident wave and anoma-

lously reflected wave, which possesses a phase factor eikxx .

In contrast, Ptot
z (x) changes significantly as z varies in the

case of our metasurface (black lines in Figure 6(b)). Such an

obvious difference is induced by the additional SMs added

in our scheme, which significantly changes the total wave

pattern and thus the finalPtot
z (x) distribution. As z decreases,

auxiliary modes considered in our scheme exhibit stronger

fields due to their evanescent natures and thus the mod-

ification on Ptot
z
(x) becomes more dramatic. In particular,

on the z = 0 plane right above the metasurface, Ptot
z (x) is

nearly 0 everywhere in the case of our metasurface, con-

sistent with the proposed design criterion Equation (3). The

evolution ofPtot
z
(x) over zwell reveals the crucial role played

by the additional SMs added in our design scheme, which

help match the boundary conditions on the metasurface

yet keep the far fields as desired. Finally, we also compare

Ptot
z
(x) in the cases of model metasurface and its corre-

sponding realistic structure. These two Ptot
z (x) distributions

essentially exhibit the same behaviors except for certain

fluctuations in the realistic case, due to strong near fields

induced around the corners of realistic meta-atoms. Nev-

ertheless, we find that the average of Ptot
z (x) over a single

meta-atom in the realistic-sample case (red line) is close

to the value of Ptot
z (x) in the model case (black line), both

being nearly zero, in consistency with the effective medium

theory.

Figure 6: Power flux analysis for the meta-deflector with bending angle of 70◦. (a) Schematics of the investigated system. (b) Normalized distributions

of Ptot
z
(x) on 3 horizontal planes at z = 0, 0.1𝜆, and 0.5𝜆 above the metasurface shined by normally incident wave. Blue lines represent the case that the

metasurface is the loss & gain metasurface, black lines represent the case that the metasurface is a model system designed with our approach, and

red lines represent the case that the metasurface is a realistic system composed by groove meta-atoms [see inset of the lower panel in (b)]. Red line in

the bottom panel represents the result multiplied by a factor of 1/10.
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Figure 7: Experimental demonstration of metasurface-based multiple beam generator. (a) Left: Schematics of the multiple-beam generator designed

with our strategy. Right: Properties of diffraction modes with different orders. (b) Red line represents the reflection phase profile of the metadevice

exhibiting the reflection functionality as shown in (a), designed by our scheme. Blue line represents a truncated version of red line, based on which the

realistic metadevice is achieved. Top panel depicts the side-view picture of the realistic sample. (c) Measured normalized scattered power flux versus

detection angle and frequency, as the metasurface is shined by normally incident waves at different frequencies. Inset illustrates the measured

angular distribution of scattered power flux at 12.2 GHz. (d) Blue circles and red squares represent the calculated power efficiencies of two reflected

beams generated by our metadevice, as shined by normally incident waves at different frequencies. Black triangles represent the sum of power

efficiencies carried by two modes. (e) Measured (red hollow circle) and calculated (blue line) normalized far-field scattering patterns of our

metadevice, as shined by normally incident wave at 12.2 GHz.

5 Application: metasurface

enabling multiple beam

generation with predesigned

property

Our scheme is so general that it can also be extended to

design other metadevices for realizingmore complex wave-

front controls with nearly 100% efficiencies. As an illus-

tration, we design a metasurface that can reflect normally

incident EM wave to two different directions (𝜃r1 = 23◦ and

𝜃
r2 = −50◦) with efficiencies 60% and 40%, respectively,

as schematically shown in Figure 7(a). We purposely set

the super periodicity as P = 𝜆0∕||sin 𝜃r1 − sin 𝜃i|| so that the
deflection angles for +1 and −2 diffraction modes are just

𝜃r1 = 23◦ and 𝜃r2 = −50◦, respectively, according to Bloch’s
theorem. With the target scattering pattern known, we can

thus write out the total EM fields in the region above the

metasurface. Specifically, the parallel components of E and

H fields are:
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⎧⎪⎪⎪⎨⎪⎪⎪⎩

H‖ = eik0 sin 𝜃ix + Ar1eik0 sin 𝜃r1x + Ar2eik0 sin 𝜃r2x +
∑

m≠0,±1,±2
Cie

ik(
m)
x x

E‖ = 𝜂0

[
cos 𝜃ie−ik0 sin 𝜃ix − cos 𝜃r1Ar1e−ik0 sin 𝜃r1x − cos 𝜃r2Ar2e−ik0 sin 𝜃r2x

−
∑

m≠0,±1,±2
Cii𝛼

(m)
z
e−ik

(m)
x x

] (9)

where the expansion coefficients of two desired scattering

FFmodes are |Ar1| = √
3√

5 cos(𝜃r1)
and |Ar2| = √

2√
5 cos(𝜃r2)

, respec-

tively, dictated by the pre-conditions and the law of energy

conservation, and {Cm} are a set of coefficients of the NF

SMs added in our scheme.

We then follow the design strategy described in

Section 2 to determine the expansion coefficients {Cm} to

complete our design. Setting N = 8, we obtain a metasur-

face design exhibiting satisfactory accuracy, with reflection

phase profile shown as a red line in Figure 7(b). We then

truncate the profile phase into 32 sub cells (blue line in

Figure 7(b)) and sort out the corresponding groove meta-

atoms based on the desired phases of each subcells. We

next fabricate out the sample according to the design (see

Section III of SI for the detailed parameters), and a side-

view picture is shown in the upper inset to Figure 6(b).

With the fabricated metasurface at hand, we then exper-

imentally measure its reflection patterns at different fre-

quencies under normal incidence, following the character-

ization scheme described in last section. Figure 7(c) depicts

the measured normalized power flux as the function of

reflection angle and frequency, with the inset showing the

angle distribution measured at the frequency 12.2 GHz cor-

responding to the dashed line. From the measured data, we

can easily retrieve the power flux taken by two scattered

modes and calculate their efficiencieswith the reference sig-

nal taken as that reflected by a flat metallic surface. We find

that at the working frequency 12.2 GHz, these two scattered

modes take the power efficiencies 59.7% and 39.7%, respec-
tively, in nice agreement with the predesigned conditions.

The sum of these efficiencies is generally close to 100% and

reaches 99.4% at 12.2 GHz in particular, indicating that the

parasitic scatterings are negligible. We also note that the

working efficiencies oscillate with the frequency of input

wave, which is due to our frequency-dependent design

strategy and the intrinsic dispersion properties of our con-

stitutional meta-atoms. Figure 7(e) compares the normal-

ized scattering patterns of our metadevice under normal-

incidence illumination at 12.2 GHz, obtained by experiments

and FEM simulations. Nice agreement is noted between

these two patterns.

6 Conclusions

To summarize, we established a deterministic approach to

design purely passive metasurfaces that can reflect inci-

dent light to arbitrary nonspecular directions with nearly

perfect efficiencies. With both incident and out-going far-

field waves known, we purposely add all allowed surface

waves into the process of boundary-conditionmatching and

determine their coefficients under the requirement that

the device remains purely passive and local. Retrieving

the surface-impedance distribution of the target device, we

employ groove meta-atoms to construct realistic metasur-

faces according to the impedance profiles. Two metade-

vices are designed/fabricated and experimentally charac-

terized, one enabling perfect anomalous reflection to a

large bending angle and another splitting normally inci-

dent beam to two anomalous reflection channels with pre-

designed efficiencies. Our results open the door to realize

high-efficiency wave-control metadevices with diversified

functionalities.

Author contributions: All the authors have accepted

responsibility for the entire content of this submitted

manuscript and approved submission.

Research funding: Thisworkwas supported by theNational

Key Research and Development Program of China (No.

2022YFA1404700 and 2020YFA0710100), National Natural Sci-

ence Foundation of China (No. 12221004, No. 11734007, No.

62192771, No. 11874118, and No. 62175141), and the Natural

Science Foundation of Shanghai (No. 20JC1414601 and No.

20JC1414602).

Conflict of interest statement: The authors declare no con-

flicts of interest regarding this article.

References

[1] N. Yu and F. Capasso, “Flat optics with designer metasurfaces,”

Nat. Mater., vol. 13, no. 2, pp. 139−150, 2014..
[2] S. Sun, Q. He, J. Hao, S. Xiao, and L. Zhou, “Electromagnetic

metasurfaces: physics and applications,” Adv. Opt. Photon., vol. 11,

no. 2, pp. 380−479, 2019..



Z. Fang et al.: Deterministic design approach for meta-deflectors — 2395

[3] H. Chen, A. J. Taylor, and N. Yu, “A review of metasurfaces: physics

and applications,” Rep. Prog. Phys., vol. 79, p. 076401, 2016..

[4] M. Qian, C. Liu, Q. Xiao, et al., “Information metasurfaces and

intelligent metasurfaces,” Photon. Insights, vol. 1, no. 1, p. R01,

2022..

[5] S. Sun, K. Y. Yang, C. M. Wang, et al., “Etc, “high-efficiency

broadband anomalous reflection by gradient meta-surfaces”,

Nano Lett., vol. 12, no. 12, pp. 6223−6229, 2012..
[6] N. Yu, P. Genevet, M. A. Kats, et al., “Light propagation with phase

discontinuities: generalized laws of reflection and refraction,”

Science, vol. 334, no. 6054, pp. 333−337, 2011..
[7] S. Sun, Q. He, S. Xiao, Q. Xu, X. Li, and L. Zhou, “Gradient-index

meta-surfaces as a bridge linking propagating waves and surface

waves,” Nat. Mater., vol. 11, no. 5, pp. 426−431, 2012..
[8] Z. Li, E. Palacios, S. Butun, and K. Aydin, “Visible-frequency

metaurfaces for broadband anomalous reflection and

high-efficiency spectrum splitting,” Nano Lett., vol. 15, no. 3,

pp. 1615−1621, 2015..
[9] B. Yang, T. Liu, H. Guo, S. Xiao, and L. Zhou, “High-performance

meta-devices based on multilayer meta-atoms: interplay between

the number of layers and phase coverage,” Sci. Bull., vol. 64, no. 12,

pp. 823−835, 2019..
[10] L. Zhang, X. Q. Chen, S. Liu, et al., “Space-time-coding digital

metasurfaces,” Nat. Commun., vol. 9, no. 1, p. 4334, 2018..

[11] T. Shan, X. Pan, M. Li, S. Xu, and F. Yang, “Coding programmable

metasurfaces based on deep learning techniques,” IEEE J. Em. Sel.

Top. C., vol. 10, no. 1, pp. 114−125, 2020..
[12] X. Cai, R. Tang, H. Zhou, et al., “Dynamically controlling terahertz

wavefronts with cascaded metasurfaces,” Adv. Photon., vol. 3, no. 3,

p. 036003, 2021..

[13] H. X. Xu, G. Hu, Y. Wang, et al., “Polarization-insensitive 3D

conformal-skin metasurface cloak,” Light Sci. Appl., vol. 10, p. 75,

2021..

[14] X. Zhang, Q. Li, F. Liu, et al., “Controlling angular dispersions in

optical metasurfaces,” Light Sci. Appl., vol. 9, p. 76, 2020..

[15] Q. Song, M. Odeh, J. Zúñiga-Pérez, B. Kanté, and P. Genevet,

“Plasmonic topological metasurface by encircling an exceptional

point,” Science, vol. 373, no. 6559, pp. 1133−1137, 2021..
[16] G. Ding, K. Chen, G. Qian, et al., “Independent energy Allocation of

dual-helical multi-Beams with spin-selective transmissive

metasurface”, Adv. Opt. Mater., vol. 8, p. 16 2000342, 2020..

[17] T. Shi, Y. Wang, Z. Deng, et al., “All-Dielectric kissing-dimer

Metagratings for asymmetric high diffraction”, Adv. Opt. Mater.,

vol. 24, p. 1901389, 2019..

[18] Y. Zhao and A. Alù, “Manipulating light polarization with ultrathin

plasmonic metasurfaces,” Phys. Rev. B, vol. 84, no. 20, p. 205428,

2011..

[19] A. Arbabi, Y. Horie, M. Bagheri, and A. Faraon, “Dielectric

metasurfaces for complete control of phase and polarization with

subwavelength spatial resolution and high transmission,” Nat.

Nanotechnol., vol. 10, no. 11, pp. 937−943, 2015..
[20] J. Zi, Q. Xu, Q. Wang, et al., “Antireflection-assisted all-dielectric

terahertz metamaterial polarization converter,” Appl. Phys. Lett.,

vol. 113, no. 10, p. 101104, 2018..

[21] A. H. Dorrah, N. A. Rubin, A. Zaidi, M. Tamagnone, and F. Capasso,

“metasurface optics for on-demand polarization transformations

along the optical path,” Nat. Photonics, vol. 15, pp. 287−296,
2021..

[22] X. Yin, Z. Ye, J. Rho, Y. Wang, and X. Zhang, “Photonic spin Hall

effect at metasurfaces,” Science, vol. 339, pp. 1405−1407, 2013..
[23] S. Xiao, F. Zhong, H. Liu, S. Zhu, and J. Li, “Flexible coherent control

of plasmonic spin-Hall effect,” Nat. Commun., vol. 6, no. 1, p. 8360,

2015..

[24] K. Y. Bliokh, F. J. Rodríguez-Fortuño, F. Nori, and A. V. Zayats,

“Spin-orbit interactions of light,” Nat. Photonics, vol. 9, no. 12,

pp. 769−808, 2015..
[25] X. Ling, F. Guan, X. Cai, et al., “Topology-induced phase transitions

in spin-orbit photonics,” Laser Photon. Rev., vol. 15, p. 2000492,

2021..

[26] Y. Guo, S. Zhang, M. Pu, et al., “Spin-decoupled metasurface for

simultaneous detection of spin and orbital angular momenta via

momentum transformation,” Light Sci. Appl., vol. 10, p. 63, 2021..

[27] W. T. Chen, K. Y. Yang, C. M. Wang, et al., “High-efficiency

broadband meta-hologram with polarization-controlled dual

images,” Nano Lett., vol. 14, no. 1, pp. 225−230, 2014..
[28] G. Zheng, H. Mühlenbernd, M. Kenney, G. Li, T. Zentgraf, and S.

Zhang, “Metasurface holograms reaching 80% efficiency,” Nat.

Nanotechnol., vol. 10, no. 4, pp. 308−312, 2015..
[29] X. Zhang, S. Yang, W. Yue, et al., “Direct polarization measurement

using a multiplexed Pancharatnam−Berry metahologram,”
Optica, vol. 6, no. 9, pp. 1190−1198, 2019..

[30] Y. Huang, W. Chen, W. Tsai, et al., “Aluminum plasmonic multicolor

meta-hologram,” Nano Lett., vol. 15, pp. 3122−3127, 2015..
[31] X. Luo, Y. Hu, X. Li, et al., “Integrated metasurfaces with

microprints and helicity-multiplexed holograms for real-time

optical encryption,” Adv. Opt. Mater., vol. 8, p. 1902020, 2020..

[32] W. Wan, W. Qiao, D. Pu, et al., “Holographic sampling display

based on metagratings,” iScience, vol. 23, p. 100773, 2020..

[33] I. Kim, J. Jang, G. Kim et al., “Pixelated bifunctional

metasurface-driven dynamic vectorial holographic color prints for

photonic security platform,” Nat. Commun., vol. 12, p. 3614, 2021..

[34] Z. Deng, S. Zhang, and G. Wang, “A facile grating approach

towards broadband, wide-angle and high-efficiency holographic

metasurfaces,” Nanoscale, vol. 8, pp. 1588−1594, 2016..
[35] Q. Zhang, M. Li, T. Liao, and X. Cui, “Design of beam deflector,

splitters, wave plates and metalens using photonic elements with

dielectric metasurface,” Opt. Commun., vol. 411, pp. 93−100, 2018..
[36] X. Ni, S. Ishii, A. V. Kildishev, and V. M. Shalaev, “Ultra-thin, planar,

Babinet-inverted plasmonic metalenses,” Light Sci. Appl., vol. 2,

p. 72, 2013..

[37] F. Lemoult, M. Fink, and G. Lerosey, “Far-field sub-wavelength

imaging and focusing using a wire medium based resonant

metalens,”Wave Random Complex, vol. 21, pp. 614−627, 2011..
[38] V. S. Asadchy, M. Alboyeh, S. N. Tcvetkova, A. D’ıaz-Rubio, Y. Ra’di,

and S. A. Tretyakov, “Perfect control of reflection and refraction

using spatially dispersive metasurface,” Phys. Rev. B, vol. 94,

p. 075142, 2016..

[39] D. M. Pozar, “Wideband reflect arrays using artificial impedance

surfaces,” Electron. Lett., vol. 43, no. 3, pp. 148−149, 2007..
[40] A. Epstein and G. V. Eleftheriades, “Passive lossless Huygens

metasurfaces for conversion of arbitrary source field to directive

radiation,” IEEE Trans. Antenn. Propag, vol. 62, pp. 5680−5695,
2014..

[41] N. M. Estakhri and A. Alù, “Wave-front transformation with

gradient metasurfaces,” Phys. Rev. X , vol. 6, p. 041008,

2016..



2396 — Z. Fang et al.: Deterministic design approach for meta-deflectors

[42] A. Epstein and G. V. Eleftheriades, “Synthesis of passive lossless

metasurfaces using auxiliary fields for reflectionless beam

splitting and perfect reflection,” Phys. Rev. Lett., vol. 117, no. 25,

p. 256103, 2016..

[43] A. Diaz-Rubio, V. S. Asadchy, A. Elsakka, and S. A. Tretyakov, “From

the generalized reflection law to the realization of perfect

anomalous reflectors,” Sci. Adv., vol. 3, no. 8, p. e602714,

2017..

[44] J. P. S. Wong, A. Epstein, and G. V. Eleftheriades, “Reflectionless

wide-angle refracting metasurfaces,” IEEE Antenn. Wireless Propag.

Lett., vol. 15, pp. 1293−1296, 2016..
[45] V. S. Asadchy, A. Wickberg, A. Diaz-Rubio, and M. Wegner,

“Eliminating scattering loss in anomalously reflecting optical

metasurfaces,” ACS Photonics, vol. 4, no. 5, pp. 1264−1270,
2017..

[46] Z. Fan, M. R. Shcherbakov, M. Allen, J. Allen, B. Wenner, and

G. Shvets, “Perfect diffraction with multiresonant bianisotropic

metagratings,” ACS Photonics, vol. 5, no. 11, pp. 4303−4311,
2018..

[47] D. H. Kwon and S. A. Tretyakov, “Perfect reflection control for

impenetrable surfaces using surface waves of orthogonal

polarization,” Phys. Rev. B, vol. 96, no. 8, p. 085438,

2017..

[48] E. T. Whittaker, “XVIII—on the functions which are represented by

the expansions of the interpolation-theory,” Proc. Roy. Soc. Edinb.,

vol. 35, pp. 181−194, 1915..
[49] V. A. Kotelnikov, “On the transmission capacity of the ‘ether’ and of

cables in electrical communications,” in Proceedings of the First

All-Union Conference on the Technological Reconstruction of the

Communications Sector and the Development of Low-Current

Engineering, Moscow, 1933.

[50] C. E. Shannon, “A mathematical theory of communication,” Bell

Syst. Tech. J., vol. 27, no. 3, pp. 379−423, 1948..
[51] F. J. Garcia-Vidal, L. Martín-Moreno, and J. B. Pendry, “Surfaces

with holes in them: new plasmonic metamaterials,” J. Opt. A: Pure

Appl. Opt., vol. 7, p. S97, 2005..

[52] C. Qu, S. Ma, J. Hao, et al., “Tailor the functionalities of

metasurfaces based on a complete phase diagram,” Phys. Rev.

Lett., vol. 115, p. 235503, 2015..

[53] M. Qiu, M. Jia, S. Ma, S. Sun, Q. He, and L. Zhou, “Angular

dispersions in terahertz metasurfaces: physics and applications,”

Phys. Rev. Appl., vol. 9, no. 5, p. 054050, 2018..

Supplementary Material: This article contains supplementary material

(https://doi.org/10.1515/nanoph-2022-0755).

https://doi.org/10.1515/nanoph-2022-0755

	1 Introduction
	2 Generic theoretical framework
	3 Meta-atom designs
	4 Experimental demonstration of an anomalous deflector with large bending angle and nearly perfect efficiency
	5 Application: metasurface enabling multiple beam generation with predesigned property
	6 Conclusions


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (Euroscale Coated v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.7
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 35
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 600
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1000
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.10000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError false
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /DEU <>
    /ENU ()
    /ENN ()
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName (ISO Coated v2 \(ECI\))
      /DestinationProfileSelector /UseName
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName <FEFF005B0048006F006800650020004100750066006C00F600730075006E0067005D>
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements true
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 8.503940
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /UseName
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [595.276 841.890]
>> setpagedevice


