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Metasurfaces have exhibited considerable capability for generating Airy beams.

However, the available plas-

monic/dielectric metasurfaces Airy-beam generators have low transmission efficiency and/or poor quality of generated
beam because they lack the amplitude modulation. Hyperbolic metamaterials (HMMs) have recently provided an alterna-
tive strategy for building high-performance meta-devices that are capable of flexibly modulating the phase, amplitude and
polarization state of light. Here we reveal that both the propagation phase and the Pancharatnam-Berry phase can con-
tribute to the local transmission phase of circularly polarized electromagnetic waves by using HMMs. This thus provides
us with great freedom to design HMM units with different cross-sections to independently control the transmission phase
and amplitude. Here, we design circularly polarized Airy-beam generators in the microwave and near-infrared domains,
which require binary phase and polynary amplitude, and validate the good performance in the microwave experiment. Our
work can facilate the generation of a complicated light field that highly requires independent and complete control of the
transmission phase and amplitude under circularly polarized incidence.

Keywords: hyperbolic metamaterials, Airy beam, phase and amplitude modulation

PACS: 42.25.Lc, 42.79.—e, 42.30.Lr, 78.67.Pt

1. Introduction

As a kind of diffraction-free beams, Airy beams
have attracted much attention due to their intriguing self-
bending, diffraction-free, and self-healing properties.!'=I
By making use of these unique properties, numerical po-
tential applications have been explored, including light-
sheet microscopy,>! optical nano/micromanipulation,*! op-
tical trapping,!”! optical steering,!® and curved plasma
generation.’) Customary approaches to generate Airy beams
usually require very bulky and complex optical systems, in-
cluding a spatial light modulator and a Fourier transform
lens,3#! which is against high-density photonic integration.
Metasurfaces, the two-dimensional version of metamate-
rials, have served as an innovative platform for manipulating
the properties of electromagnetic (EM) waves by locally mod-
ulating the phase, amplitude, and/or polarization state of the

10-171 Inspired by the

scattered field in a subwavelength scale.!
flexibility of locally controlling the phase and amplitude of
light, metasurfaces have been broadly employed to generate
Airy beams for both surface waves at the chip level'®-23 and
free-space light.[3-3% The Airy beams for surface waves are
revealed with plasmonic metasurfaces.!'®231 For generating
the Airy beams for free-space light, both of plasmonic and di-
electric metasurfaces are used either for linearly or circularly

e.123-301 However, the Airy beams with

polarized light incidenc
plasmonic metasurfaces still face the issue of low transmission

efficiency which is defined as the ratio of the maximum elec-
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tric field intensity of the Airy beams to the intensity of the
incident plane waves,>>31:321 due to the intrinsically low con-
version efficiency for plasmonic meta-atoms.>>->’1 The Airy
beams with dielectric metasurfaces can address the issue of
low transmission efficiency, but they typically have a poor
quality due to the lack of amplitude modulation.**! Quite re-
cently, a novel approach for constructing transmissive meta-
surfaces, with high working efficiencies (the total transmis-
sion/incidence ratio) and broad working bands has been estab-
lished with hyperbolic metamaterials (HMM:s).3>331 HMMs
can support a branch of surface waves (SWs) on their lateral
walls, and they use SWs propagation inside the HMMs to ma-
nipulate the transmission phase and amplitude. HMMs have
been demonstrated to be capable of molding the wave-front of
the transmitted EM waves in nearly arbitrary ways, leading to
a variety of applications such as focusing lenses, 3! polariza-
tion manipulation,**33! and Airy beam generation for linearly
polarized EM waves. 3%

In this paper, it is shown that the local transmission phase
of circularly polarized EM waves is associated with both the
propagation phase and the Pancharatnam-Berry (PB) phase.
The local transmission amplitude of circularly polarized EM
waves through the HMM is highly dependent on its cross-
sections. Meanwhile, we can always make the local transmis-
sion phase reach the pre-designed value by modulating the ori-
entation angle to realize particular wave-manipulation applica-
tions. As a demonstration of strategies for obtaining a complex
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EM field, we have designed and fabricated a microwave Airy
beam generator, which demonstrated good performance in ex-
periment.

2. Results and discussion

Figure 1 shows the schematic diagram of a circularly po-
larized Airy beam generator with HMMs, and the HMM meta-
atom, comprised of an alternating metal-dielectric multilayer,
is presented in the top right corner. The Airy beam generator
is assumed to be sufficiently long along the y direction so that
the field intensity distributions along the y direction are uni-
form. Figure 1 merely shows the cross-sectional field intensity
distribution of the Airy beam in an arbitrary x—z plane along
the y direction. It has been demonstrated that such an HMM
array structure can support a branch of SW mode on both lat-
eral walls, whose propagation constant is closely related to the
geometry and the gap separation between the adjacent HMM
units.?3 A rectangle-shaped HMM (RHMM) can serve as a
birefringent optical material (i.e., a phase shift can be intro-
duced between the length and width directions because of dif-
ferent propagation constants of the SW modes). With the defi-
nition of the long- and short-edges of RHMM as [ and s (I > s),
the modal birefringence can be numerically retrieved by calcu-
lating the dispersion relations of /- and s-polarized SW modes
with the eigenmode solver of commercial software CST Mi-
crowave Studio. As a validation in the microwave regime, the
multilayer structure is made up of alternate copper and FR4
layers. For the RHMM array with transversal period P = P, =
P, = 13 mm, longitudinal period P, = ty, +13 = 0.518 mm,
and short-edge width W; = 6 mm, the dispersion relations of
the SW modes for different W; are shown in Fig. 2(a). There
is no birefringence for W; = Wy = 6 mm as the propagation
constants of the /- and s-polarized SW modes are equal (blue
solid line in Fig. 2(a)). With the increase of W, the disper-
sion relation of the s-polarized SW mode varies gently, while
that of the /-polarized SW mode changes dramatically. Con-
sequently, the birefringent index, defined as the difference of
effective refraction index of the /- and s-polarized SW modes,
is increased monotonously (Fig. 2(b)).

Considering the modal birefringence of an RHMM unit,
we can denote the complex transmission coefficients for /- and
s-polarization incidences as

1 =Arexp(j¢r), t;=Asexp(jgs), 1)

where A; and A; stand for the transmission amplitudes; ¢;
and @, represent the transmission phases along the /- and s-
polarized directions, respectively. Besides, the orientation an-
gle between the x axis of the laboratory coordinate and the /
axis of the RHMM unit is denoted as 6 (Fig. 1) Hence, the
complex transmission electric field for left circular polariza-
tion (LCP) and right circular polarization (RCP) incidences

can be expressed as[*3

1 1 .
Ey = 5 (t+15)eco + 5 (11— 15) exp(0]26) ecross,  (2)

where e, and ecqss are the circular-polarized based vectors
for the co-polarized and cross-polarized EM waves, respec-
tively. o = %1 is for the LCP (o = 1) and RCP (6 = —1)
incident EM waves, respectively. Combining Eqgs. (1) and (2)
yields the cross-polarized transmission electric field, E cross,
as

1 . . .
Eicross = 5 [Arexp (jgr) — Asexp (jos)] exp (j200) ecross

1
= ECexp (x)exp (j200) ecross, 3)

where C and x are the modulus and argument of the com-
plex value [A;exp (j¢;) — Agexp (jos)], respectively. The local
transmission amplitude of E ¢oss is C/2, which is merely de-
pendent on the RHMM cross section, and is not affected by
the orientation angle 0. As for the local transmission phase of
E ¢ross, 1t is the sum of the propagation phase y and PB phase
200, which are determined by the RHMM cross-section and
0, respectively. We can thus flexibly design the HMMs of dif-
ferent cross-sections and tune their orientation angles to gen-
erate a particular complex EM field. To generate Airy beams,
it is highly desirable to construct binary phase and polynary
amplitude distributions. We can firstly change the long-edge
width of the RHMM, W,, to make the local transmission am-
plitude of E o5 follow the desired polynary amplitude dis-
tributions, regardless of its local transmission phase. After-
wards, we can simply tune 0 to change the PB phase to make
the transmission phase (the sum of the propagation phase y
and PB phase 206 0) follow the binary phase distributions (i.e.,
alternative appearing 0 and & phase profile).

hyperbolic
metamaterial

Fig. 1. Schematic diagram of an HMM Airy beam generator, where the
HMM meta-atom is presented in the top right corner. The thicknesses of the
metal and dielectric layers are denoted by #y, and #q, respectively. The widths
of long- and short-edges of HMM are denoted by W; and W, respectively.
The angle between the / axis and the x axis is the orientation angle 8. LCP
plane waves normally illuminate the HMM Airy beam generator from the
left-hand side.
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Fig. 2. (a) The dispersion relations of /- and s-polarized fundamen-
tal SW modes for RHMM with different W;. (b) The birefringent
index between /- and s-polarized fundamental SW modes as a func-
tion of W; at 8.6 GHz. RHMM meta-atom is made up of multi-
layered copper (conductivity of 5.8 x 107 Q~!-m~! and thickness of
tm = 0.068 mm) and FR4 (relative permittivity of 4.34-0.025j and thick-
ness of 7y = 0.45 mm).

Using the finite difference time domain (FDTD) method
of the commercial software Lumerical FDTD Solutions, we
simulated the EM responses of the RHMM arrays. It is em-
phasized here that both of the LCP and RCP incidences can be
used to design the Airy beam generator, we have merely taken
the LCP incidence as an example. In this case, both of the
LCP and RCP components exist in the output space, but the
device’s geometrical parameters have been designed to enable
the phase and amplitude distributions of the RCP component
to follow the Airy envelope. The transmission amplitude and
propagation phase of the RCP component vary with W (from
6 mm to 8 mm) under LCP incidences at 8.6 GHz, as respec-
tively shown with red squares and blue dots in Fig. 3. For real-
izing binary phase distributions, the PB phase can be flexibly
modulated by 6 to make the local transmission phase alterna-
tively appear at the 0 and 7 phase. Different PB phases are
introduced to keep the transmission phase of the RCP compo-
nent constantly at 0 and 7, respectively. The required orienta-
tion angle for 0 and 7 can be extracted as

bo=—x/2,6z=—(1—2)/2, @)

where 0 and O represent the orientation angles used in
Figs. 3(a) and 3(b), respectively.

For the generation of the Airy beam, the transmitted EM
waves of an HMM Airy beam generator should satisfy the ini-
tial envelope of the Airy beam. For a finite energy 1D Airy

beam its electric field distribution satisfies!

0(&9)=ails— (5) i)
3

conlo-(£) 4 (=) (D)

where Ai represents the Airy function, a is the decay factor to
obtain the finite energy Airy beam, and s = (x — xo)/w denotes
the normalized dimensionless transverse coordinate. In addi-
tion, x, xp, w, and § =z/ (kowz), respectively, represent the real
laboratory coordinate, the reference coordinate for normaliza-
tion, the scaling length, and the propagation length normalized
with the Rayleigh distance (k is the wavenumber in free space)
Apparently under the condition of £ = 0, we can write the ini-
tial Airy envelope as

¢ (& =0,x) = Ai[(x—xo) /w]expla(x—xo)/w]. ~ (6)

In the light of the Airy function, ¢ (§ = 0,x) must be real val-
ues. Namely, the initial phase experiences alternating values
of 0 and 7.
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Fig. 3. The amplitude (red line) and propagation phase (blue line) of the
transmitted RCP electric field as a function of W; upon LCP incidences at
8.6 GHz. The introduced PB phase [green line in (a) and purple line in (b)]
causes the transmission phase of RCP to be zero [parallel dashed lines in
(a)], and to be 7 [parallel dashed lines in (b)]. 32 pairs of copper/FR4 layers
and 2 mm thick FR4 substrate are used for the RHMM meta-atom, while the
other geometrical parameters are the same as those in Fig. 2.

For the generation of the 1D Airy beam, we can arrange
the RHMM meta-atoms with various lengths of cross-sectional
long-edges and orientation angles along the x direction to en-
able Ei s to satisfy the initial Airy envelope, while keep-
ing the y direction periodic (shown in Fig. 1). Specifically,
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we selected the parameters a, w, and xo as 0.01, P/0.3, and
513.5 mm, respectively, to design the Airy beam generator.
We arranged 50 RHMM meta-atoms along the x direction with
equidistant samplings, while keeping uniform along the y di-
rection using 25 RHMM units. Figure 4(a) presents the Airy
beam profile, where the solid red line represents the Airy beam
profile obtained from Eq. (6) and the blue dots represent the
actual sampling points. The corresponding geometric param-
eters and orientation angles of the RHMM units can be found
in Fig. 4(b).

1.0

I
<

Airy beam profile
=)

—-0.25

10 20 30 40 50

Serial number

max

min

200 400 600 800
z/mm

0 100
0 200 400 600 800 0
T /mm

Fig. 4. Design and verification of the HMM Airy beam generator. (a) Airy
beam profile: red line for the field envelop of Airy beam extracted by Eq. (6)
and blue dots for sampling points. (b) W; and 6 as a function of the se-
rial number of the RHMM unit. (c) A part of the fabricated sample. (d),
(e) The electric field intensity distributions of the transmitted RCP waves
obtained by FDTD simulation (d), and by near-field scanning experiment (e)
at 8.6 GHz.

In the design, the LCP component always co-exists in the
output space, but its electric field is always orthogonal to that
of the RCP component. Consequently, it does not affect the
generated field distributions of the Airy beam that is formed
by the RCP component. We performed FDTD simulations
to model the EM response of the HMM Airy beam genera-
tor and verified the generation of the Airy beam with sample
fabrication and measurement. A part of the sample is shown
in Fig. 4(c). Standard printed circuit board technology was
used to fabricate the multilayered alternating copper/FR4 lay-
ers, and the final pattern of the RHMM arrays was formed
using a standard mechanical milling technique. In the mea-
surement, the distance between the source and the sample was
2500 mm, and the vector network analyzer was used to ac-
quire the near-field distributions of the complex amplitude of
the electric field along the x and y directions, E, and E,. The
complex amplitude of the electric field of the RCP can thus be
extracted by

J

Re (E) ~Im(E)] + 2

[Re (Ey) +1Im (Ey)].

(N
Figures 4(d) and 4(e) show the simulated and measured field

1
Ercp = NG

intensity distributions, respectively, at 8.6 GHz, which clearly
indicate that Airy beams are generated under LCP incidence.
The deviation between the simulated and measured results is
mainly caused by the near-field scanning measurement due to
the following three main reasons. Firstly, the microwaves illu-
minating upon the sample are not perfect plane waves because
the distance between the sample and the horn antenna is fi-
nite. Secondly, owing to the finite size of the sample a small
part of the incident waves may go around the sample. Thirdly,
the probe and the cable connecting the probe with the vec-
tor network analyzer may give rise to a scattering effect.3%-37]
The simulated transmission efficiency is 33.2% at 8.6 GHz.
Similar to all the transmission-type meta-devices, the HMM
Airy beam generators have a transmission efficiency highly
dependent on the transmittance of the individual RHMM unit.
Restricted by the existing fabrication technology, the maxi-
mum width, W;, of the RHMM unit used in the present work
is 8 mm. Our simulated results reveal that the transmission ef-
ficiency can be further enhanced if all the used RHMM units
have larger widths, which is not shown here. Furthermore, the
presented RHMM unit consists of 32 pairs of copper/FR4 lay-
ers, associated with a total height of 16.576 mm without the
involvement of the substrate. The previous studies on HMM
show that the transmittance of the RHMM unit can be in-
creased by increasing the height of the RHMM. 33! As a re-
sult, the HMM Airy beam generators with higher transmission

efficiencies are highly expectable if the fabrication technology
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is improved. In addition, although we have designed and pre-
sented the performance of the Airy beam generator at a single
frequency of 8.6 GHz, the measured results indicate that it can
generate Airy beams within 8.4-8.8 GHz (Fig. 5).

8.4 GHz max (b) 8.5 GHz max
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Fig. 5. The measured electric field intensity distributions of the trans-
mitted RCP around the pre-design frequency of 8.6 GHz: (a) 8.4 GHz,
(b) 8.5 GHz, (c¢) 8.7 GHz, and (d) 8.8 GHz.
The design method of a circularly polarized Airy beam
generator can also be employed in terahertz and optical fre-
quency domains so long as the proper metal and dielectric ma-
terials are used to construct the HMM meta-atoms. Here, we
chose to demonstrate a circularly polarized HMM Airy beam
generator at 1.55 pm. The RHMM meta-atom, consisting
of a silver/silica multilayer, is assumed to deposit on a silica
substrate. 38 The thicknesses for each silver and silica layer
are ty, = tg = 40 nm, and ten pairs of silver/silica layers are
used to construct the RHMM meta-atom. The lattice constants
along the x- and y-directions are P = P, = P, = 600 nm. The
RHMM units have a long-edge width varying from 265 nm
to 355 nm and a constant short-edge width of 260 nm. The
amplitude and propagation phase of the transmitted RCP elec-
tric field under LCP incidence are shown in Fig. 6(a). Again,
we can modulate the orientation angle to vary the PB phase so
that the local transmission phase alternately appears at O and 7.
To experimentally implement the fabrication of such an HMM
structure in the optical regime, we can use deposition tech-
niques such as electron beam evaporation or magnetron sput-
tering deposition to prepare the silver/silica multilayer. The
pattern of the RHMM array can be formed by means of etch-
ing techniques such as reactive ion etching and focused ion-
beam milling. Following the pre-designed HMM presented in
Fig. 6(a), we designed an Airy beam generator with w = P/0.3
and xop = 23.7 um under LCP incidence, with the geomet-
ric parameters and orientation angles of the RHMM units as
shown in Fig. 6(b). Figure 6(c) shows the simulated electric
field intensity distribution of the transmitted RCP waves, sug-
gesting the generation of an Airy beam, with the transmission
efficiency of 32.5% at 1550 nm.
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Fig. 6. Numerical demonstration of an HMM Airy beam generator in the
near-infrared range. (a) The amplitude (red line) and propagation phase
(blue line) of the transmitted RCP electric field as a function of W;. The
introduced PB phases, denoted as green and purple lines, cause the trans-
mission phase of RCP to be zero and 7, respectively. (b) W; and 0 as a
function of the serial number of the RHMM unit. (¢) The electric field in-
tensity distribution of the transmitted RCP waves under LCP incidence at

1.55 pm.

3. Conclusion and perspectives

To summarize, we have put forward a general design
strategy for constructing high-efficiency circularly polarized
Airy beam generators. In contrast to customary metasurface
Airy beam generation strategies, both the propagation phase
and PB phase can be used to tune the local transmission phase
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of circularly polarized EM waves with HMMs. This allows
us to independently control the transmission phase and am-
plitude by changing the cross-section of the HMM unit and its
orientation angle to fully satisfy the binary phase and polynary
amplitude distributions required by Airy beams. A proof-of-
concept experiment was implemented to demonstrate the gen-
eration of Airy beams with HMMs under LCP incidence in
the microwave regime. This design strategy can also be em-
ployed for terahertz and near-infrared waves by scaling down
the geometry. The presented results pave a promising avenue
for constructing complex photonic devices that require inde-
pendent and complete control of the transmission amplitude
and phase under circularly polarized incidence.
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