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1. Introduction

Optical phase-gradient metasurfaces (PGMs)!" ! have attracted
much attention in the past few years due to their fundamental
interest and practical importance. Typically, PGMs are con-
structed as periodic gratings consisting of a supercell spatially
repeated along an interface, and each supercell consists of m unit
cells (i.e., meta-atoms), with m being an integer. The key idea of
PGMs is to introduce an abrupt phase shift covering the range of
0 to 27 discretely through m unit cells of different optical
responses to ensure complete control of the outgoing wavefront.
The phase gradient provides a new degree of freedom for the
manipulation of light propagation, allowing a number of in-
triguing optical phenomena or metadevices”®”), such as the
generalized Snell’s law (GSL)"”), metalenses'®, the photonic spin
Hall effect!®), wavefront controlling!"*'*), and perfect anoma-
lous diffraction!*~'¢],

Inspired by the concept of PGMs, recently, subwavelength
metal slit arrays with phase-gradient modulation, referred as
metagratings (MGs)!'®2°, have been used to effectively
manipulate wavefronts and realize new phenomena or effects
beyond those predicted by the GSL. It is found that anomalous
transmission and reflection through higher-order diffraction
can be completely reversed by changing the integer parity of
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In this work, inspired by advances in twisted two-dimensional materials, we design and study a new type of optical bi-layer
metasurface system, which is based on subwavelength metal slit arrays with phase-gradient modulation, referred to as
metagratings (MGs). It is shown that due to the found reversed diffraction law, the interlayer interaction that can be simply
adjusted by the gap size can produce a transition from optical beam splitting to high-efficiency asymmetric transmission of
incident light from two opposite directions. Our results provide new physics and some advantages for designing subwave-
length optical devices to realize efficient wavefront manipulation and one-way propagation.

Keywords: asymmetric transmission; high efficiency; bi-layer metagratings; abrupt phase control.

the MG design, and it obeys a new set of m-dependent diffrac-
tion equationsm].

Alternatively, angularly asymmetric diffraction was observed
theoretically and experimentally in MGs*>**), stemming from
the loss-induced suppression of higher-order diffraction'**].

Although great progress has been made with regard to single-
layer MGs, the study of the multilayer system composed of the
single-layer MG is still relatively rare. In recent years, in con-
densed matter physics, the interaction between layers of two-
dimensional (2D) materials’*®), such as graphene and MoS,,
has led to many unusual physical properties, such as topologic
transition'*”), Similarly, in the multilayer system composed of
the single-layer MG, it is highly desired to explore whether
the interlayer interactions will also bring some new phenomena
that cannot be observed in a single-layer system. Although many
efforts have been devoted to the study of few-layer metasurfa-
ces?®) distinctive effect and applications triggered by the
new set of diffraction laws in MG systems require further
exploration.

2. Models and Theories

In this work, as a concrete example, we design and study a bi-
layer MG with a relatively simple structure operating at the
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visible frequencies, and each layer of MG contains only two units
(m = 2). We will show that the interlayer interaction controlled
by simply adjusting the interlayer gap size can produce a tran-
sition from efficient optical beam splitting to high-contrast
asymmetric transmission of light incident from two opposite
directions. In particular, for positive normal incidence (PI),
the transmission is about 2%, while for negative normal inci-
dence (NI), the transmission is about 92.5%. Although the metal,
which is often considered to be with high loss at visible wave-
lengths, is involved in the designed MG system, the efficiency
of optical beam splitting is much higher than that in previously
reported dielectric PGMs!*”",

Before exploring the bi-layer MGs, we first consider two sin-
gle-layer MGs (i.e., MG-1 and MG-2, see Figs. 1(a) and 2(a),
respectively) used to form the bi-layer system and illustrate their
diffraction characteristics. The working wavelength of interest is
A =650nm. Figure 1(a) displays schematically the geometry of
MG-1, a periodic metallic slit array (gray region) filled with two
different kinds of media (colored blue regions) alternatively,
forming a supercell containing two unit cells (ie., m=2).
The period length of the supercell is p, =2a = +/21/2, w=
180 nm, and the thickness is h = 0.51. Note that the asymmetric
transmission performance of the bi-layer MG we designed is
largely affected by the groove width, which physically deter-
mines the coupling effect between the adjacent metal slits.
After numerical calculations, it is found that w =180 nm is a
good candidate. The metal is silver with ¢, =—-17.86+
0.715i%, and two filled media are air with e = =1 and an
impedance-matched material with &=pu=2, respectively.
Later, we will show that all results in this ideal case can still
be seen in the impedance-mismatched case.

When a TM polarized light is incident from up down onto the
designed MG-1, it achieved an abrupt phase shift of z between

Fig. 1. (a) Structure of designed MG-1, a periodic metallic slit array (gray
region) filled with two different kinds of media (colored blue regions) alter-
natively, forming a supercell containing two unit cells (i.e, m = 2). (b) Iso-
frequency diagram indicating all possible diffraction orders. (c) and (d) are
the magnetic field patterns for incident light with two different incident
angles. The working wavelength is A = 650 nm.
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two adjacent slits at the transmitted interface, leading to a phase
gradient or effective momentum, ie., & =Agp/Ax = +/2k,,
where ky = 27/4 is the wave vector in air. After being scattered
by the MG, the diffractions of transmitted and reflected light are
governed by the following?"):

k?t = k:cn + nGl, (1)

where G, = &, = 2x/p, = +/2k, is the reciprocal lattice vector,
and the integer # is the diffraction order. Due to G, > k, for
normal incidence, such MG-1 only survives n = 0 order in both
transmission and reflection, because other diffracted waves are
evanescent waves that do not contribute to the far fields [see the
iso-frequency diagram shown by Fig. 1(b)]. Further, based on
the concept of parity reversal'*'), the condition L=m + n (L
is the number of times that the light passes through the slits)
shows that the diffraction order of n = 0 takes a round-trip proc-
ess (i.e., L =2), due to m =2, which means that the incident
wave is completely reflected. The critical angle of n =0 is 8, =
arcsin(&/ky £ 1) = £24.5°. For 6;, > 24.5° and 6;, < —24.5°,
as shown by the red arrows in Fig. 1(b), the diffraction order
of n =0 is closed, and then the incident light will be diffracted
into the order of n = £1. In this way, it is L = m + n = 1, which
means that the diffracted light enters the transmission channel,
and the direction of diffracted light is completely reversed from
the reflection side to the transmission side. These discussed
physics has been solidly confirmed by numerical simulations
carried out using COMSOL Multiphysics. Figures 1(c) and 1(d)
illustrate the obtained numerical results of field patterns for inci-
dent Gaussian beams with ;, = 0° and 45° onto MG-1, respec-
tively. One can clearly see that MG-1 reflects almost all of
the normally incident light back [Fig. 1(c)]. For 6, =45°
[Fig. 1(d)], most of incident light transmits through MG-1, with
the refraction angle that is indeed 6, = —45°.

Alternatively, Fig. 2(a) displays schematically the geometry of
MG-2 designed based on the binary unit structure of MG-1. Its
supercell can still be considered to contain two unit cells
(i.e., m =2), and its period length is p, = 2p,. Likewise, when
a TM light is incident from up down onto the designed
MG-2, the abrupt phase shift between two adjacent slits at the
transmitted interface is still #, and the phase gradient is
& = A/ Ax = \/2k,. In this case, the diffractions of both trans-
mitted and reflected light obey the following:

k;’t = k;cn + nG2) (2)

where G, = &, = 21/p, = ~/2ky. In MG-2, the diffraction orders
of n=0 and n=+1 are all open for ki =0 [see Fig. 2(b)].
However, the condition L = m + n tells us that the diffraction
orders of n=+1, which directly take one-pass propagation,
are preferential to n=0 order with the round-trip process.
Therefore, the diffraction light will take the transmission chan-
nel, and it is split equally into two beams with outgoing angle
0, = £45°. Figure 2(c) shows the numerical simulations obtained
using COMSOL Multiphysics, where MG-2 splits the Gaussian
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Fig. 2. (a) Structure of designed MG-2, a periodic metallic slit array (gray region) filled with two different kinds of media (colored blue regions) alternatively,
forming a supercell containing two unit cells (i.e, m=2J. (b) Iso-frequency diagram indicating all possible diffraction orders. (c) is the magnetic field patterns for

normally incident light.

beam that is normally incident onto it and passes through it into
two parts, with their refraction angle of 8, = +45°.

3. Results and Discussions

Next, we consider the case of bi-layer MGs by simply putting two
single-layer MGs together (see Fig. 3). By suitably adjusting the
air gap, asymmetric transmission could be obtained. In particu-
lar, for PI, most incident light is reflected due to the feature of
MG-1 [see Fig. 3(a)], while for NI, beam splitting with high effi-
ciency occurs when the incident wave passes through MG-2 and
then through MG-1 [see Fig. 3(b)]. Figure 4(a) presents the
numerically calculated relationship between the transmission/
reflection and the gap size A for both PI and NI. It is clearly seen
that for PI, the increasing A leads to the transmission efficiency
(the dashed black curve) that gradually decreases and goes to
zero. For NI, as the A increases, the transmission (the dashed
blue curve) oscillates with it, due to the multiple scattering of
light inside the air gap, and the efficiency always maintains a
high transmittance (> 90%). In particular, at A = 0.251 (indi-
cated by the red dashed line), the transmission efficiency for
PI and NI is 2% and 92.5%, respectively.

Numerical simulations using Gaussian beams were carried
out to demonstrate the performance of asymmetric transmission
in bi-layer MGs. For comparison, two cases of A =0 and A =
0.25] are discussed separately. For the case of A =0, Figs. 4(b)
and 4(c) show the field patterns for PI and NI, respectively.
Clearly, for the incident light with a wavelength A =650 nm,
the beam splitting is well demonstrated whether it is PI or NI, in
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Fig. 3. Structure of designed hi-layer MG system based on MG-1 and MG-2.
(a) and (b) schematically show the scattering process for (a) positive inci-
dence (PI) and (b) negative incidence (NI), respectively.
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Fig. & (a) When the TM wave is incident to the bi-layer MGs, which are filled
with impedance-matched material, the relationship curve between the trans-
mission and reflection efficiency and the size of the air gap for Pl and NI,
respectively. Magnetic field diagram when the air gap with A =0 for
(b) PI'and (c) NI, and magnetic field diagram when the air gap with A =
0.254 for (d) Pl and () NI.

spite of a little bit reflection. For the case of A = 0.254, as shown
in Fig. 4(d), the PI beam is almost totally reflected by MG-1. The
extremely low transmitted light stems from the evanescent wave
bounded at the outgoing interface of MG-1 that tunnels through
MG-2, leading to weak beam splitting. By contrast, the field pat-
tern in Fig. 4(e) displays that the NI beam is firstly split in the air
gap and then propagates through MG-1. As a result, the
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Fig. 5. (a) Geometric structure of nonmagnetic unit cell for the design of
magnetic MGs based on the local Fabry-Perot (FP) resonances.
(b) Transmission and phase shift of the unit cell versus the height d of filled
dielectric with 5 = 4 and uy =1. (¢} and (d) show the schematic diagram of
the redesigned bi-layer MGs for (c) Pl and (d) NI, respectively.
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Fig. 6. Performance demonstrations. (a) Relationship between the transmission/reflection efficiency and the size of the air gap for Pl and NI. (b) Magnetic field
pattern for Pl when A =580 nm. (c) Magnetic field pattern for NI when A =580 nm.

transmitted waves are two outgoing beams as expected.
Therefore, high-efficiency asymmetric transmission is achieved
by adjusting the size of the air gap of the bi-layer MGs composed
of MG-1 and MG-2.

Although the impedance-matched material is used in the
above discussions, similar results can be obtained by using non-
magnetic dielectrics. To demonstrate this point, here we employ
the concept of local Fabry-Perot (FP) resonances'*'! in metasur-
faces to redesign the single-layer MG. Figure 5(a) shows its new
unit cell, a silver slit array filled with a nonmagnetic dielectric of
€5 =4and p; = 1 (the blue area). The light green area represents
the air. Here, h =0.751 and w = 180nm. For incident light
with 4 =650nm, Fig. 5(b) shows the calculated transmission
and phase of light through the designed unit cell, in which a
series of local FP resonances with T = 1 can be seen. In particu-
lar, when d; =133 nm and d, = 406.5nm, as indicated by the
black dashed line in Fig. 5(b), their phase shift is z, which fully
meets the requirements of PGM with two unit cells (m = 2).
Figures 5(c) and 5(d) show the corresponding geometric
diagram of the bi-layer structure designed using such nonmag-
netic MGs for the realization of asymmetric transmission.

Such a designed bi-layer MG exhibits good performance.
Figure 6(a) presents the numerically calculated relationship
between the transmission/reflection and the gap size for both
PI and NI. Likewise, as A increases from zero, for PI, the trans-
mission gradually decreases and goes to zero. Unlike the imped-
ance-matched case, the saturated reflection efficiency reduces to
80%, due to the more absorption. For NI, as shown by the blue
curve in Fig. 6(a), similar oscillation is seen in the transmission
spetrum. In particular, when A = 580 nm [see the red dotted line
in Fig. 6(a)], for NI, the transmission is T = 1%. For P]I, the effi-
ciency of optical beam splitting is T = 69%. Such an efficiency is
much higher than that previously reported in dielectric
PGMs!*”), where the splitting efficiency is below 50%. The met-
als are often considered to be with higher loss at visible wave-
lengths than the dielectric. Our results show that the metallic
PGMs can also exhibit a better perfomance than dielectric-based
ones, because of stronger layer interaction enabled by surface
plasmons. Moreover, Figs. 6(b) and 6(c) illustrate the corre-
sponding simulated field patterns when a Gaussian beam with
the wavelength of A =650nm is incident on the bi-layer MGs
from PI and NI, respectively. The calculated results confirm
our findings. Therefore, the effect of asymmetric transmission

could still be achieved when the bi-layer MGs are filled with
impedance-mismatched materials.

4. Conclusion

In summary, we have designed and studied a bi-layer MG at the
visible frequencies, with each MG consisting of subwavelength
metal slit arrays with phase-gradient modulation. Based on the
found reversed diffraction law, we have shown that the interlayer
interaction can produce a transition from optical beam splitting
to high-efficiency asymmetric transmission of incident light
from two opposite directions. Numerical simulations fully con-
firm our findings. Due to the tolerance!"** in designing the
metasurface with discrete unit structures, such a bi-layer MG
has a certain broadband response. We have numerically proved
that the asymmetric transmission remains good for working
wavelengths from 600 nm to 700 nm, although it is designed
at the target wavelength of 650 nm. The effect of efficient asym-
metric transmission provides unlimited possibilities for poten-
tial applications, such as optical multi-functional devices®?,
optical imaging systems®?, and optical communication
systems[34].
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