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Multiplexed Nondiffracting Nonlinear Metasurfaces
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Metasurfaces and planar photonic nanostructures have drawn great interest 
from the optical scientific community due to their diverse abilities of manipu-
lating electromagnetic waves and high integration. Most metasurfaces launch 
diffracting waves, and thus suffer from divergence, short working distance, and 
instability. Although much effort has been devoted to researching nondiffracting 
metasurfaces which can launch electromagnetic waves with constant trans-
verse intensity profiles in free-space propagation, the number of working chan-
nels is inherently limited as these meta-devices are implemented in the linear 
optical regime. Here, the multiplexed nondiffracting nonlinear metasurfaces are 
theoretically proposed and experimentally realized, which can generate the rep-
resentative nondiffracting Bessel beam and Airy beam. Three Bessel beams with 
different numerical apertures and topological charges and three Airy beams 
with different propagation curves and focal lengths can be generated by a 
combination of different spins and wavelengths. The complex properties of the 
nondiffracting beams can be designed and detected in a more comprehensive 
and concise way with Fourier analysis. This proof-of-concept represents a new 
strategy for realizing multiplexed nondiffracting metasurfaces with advantages 
of ultracompactness, high-pixelation, and easy integration and paves the way 
for multi-channel optical communication and manipulation.
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1. Introduction
In optics, the beam-like fields can propa-
gate without diffraction as spatial solitons 
or waveguide modes in nonlinear mate-
rials or waveguides, respectively. In 1987, 
Durnin et  al. discovered Bessel beams 
and extended the term nondiffracting 
beam to the propagation in vacuum,[1] 
which revived the interest in the diffrac-
tion of light and stimulated the emer-
gence of a new research  direction to deal 
with the localized transfer of electro-
magnetic energy. Bessel beams are a set 
of exact solutions to the homogeneous 
Helmholtz equation, and the transverse 
intensity profiles of such beams can be 
described by the Bessel functions of the 
first kind. This discovery inspired the 
thoughts of exploring nondiffracting 
beams by finding solutions to the Helm-
holtz equation. Due to the mathematical 
similarity between the paraxial Helm-
holtz equation and the Schrödinger equa-
tion, the concept of the Airy wave packet 
predicted by Berry and Balazs within the 

context of quantum mechanics was introduced into the field of 
optics,[2] and the nondiffracting Airy beam was demonstrated 
for the first time by Siviloglou et al.[3,4] Both types of the non-
diffracting beams mentioned above have the nondiffracting 
and self-healing properties. Airy beam also has the remarkable 
feature of self-accelerating without any external potential. Due 
to these unique natures, nondiffracting beams have attracted 
spectacular interest and have application prospects in optical 
tweezer,[5,6] spectral broadening,[7,8] high-resolution light-sheet 
microscopy,[9] and curved plasma channels.[10] The conventional 
approaches for generating nondiffracting beams still have some 
defects, which limit further application of such beams. The 
numerical aperture (NA) of the Bessel beam generated by an 
axicon is limited, and using a lens paired with an annular aper-
ture suffers from low efficiency. Besides, an additional phase-
modulating element is required to generate higher-order Bessel 
beams. For the generation of Airy beams, the combination 
of a spatial light modulator (SLM) and the Fourier transform 
system is still the most common approach.[4,11,12] However, the 
large pixel size of SLMs limits the generation of Airy beams 
with both high spatial resolution and precision. Moreover, the 
bulky Fourier transform system poses a challenge for imple-
menting Airy beams in a compact integrated optics platform.

With the rapid development of modern fabrication tech-
niques, manipulation of electromagnetic (EM) waves with 
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integrated planar optical systems has become possible. Meta-
surfaces consisting of customized planar nanostructures have 
become a research hotspot due to their ability of providing a 
platform for arbitrarily manipulating EM waves at the subwave-
length scale.[13–15] Benefiting from all kinds of the strong light–
matter interactions, various compact optical elements based on 
metasurfaces have been proposed including ultrathin flat metal-
enses,[16–18] optical holograms,[19,20] planar wave plates,[21–23] and 
so on. However, these diffracting metasurfaces cannot realize 
applications that have strict requirements for suppressing the 
diffraction of EM waves, such as axial imaging[9] and high den-
sity EM wave array for optical interconnection.[24] In contrast, 
nondiffracting metasurfaces are capable of launching EM waves 
with robustness and low divergence. Despite recent attempts 
at realizing nondiffracting metasurfaces, these works were 
implemented in the linear optical regime, where the number 
of the information channels is inherently limited.[25–31] The 
recent extension of metasurfaces to nonlinear optical regime 
has proved that the information storage capacity of individual 
metasurface can be greatly enhanced by the generation of 
higher harmonics.[32–37] The multiplexed nondiffracting metas-
urfaces can be realized by combination of the nonlinear optical 
processes. Meanwhile, it is hard to fully describe the properties 
of the nondiffracting beams only in real space due to the high 
degree of complexity of nondiffracting beams.

Here, we theoretically propose and experimentally demon-
strate the multiplexed nondiffracting nonlinear metasurfaces 
which can be classified into another broad category compared 
with the previous multiplexed diffracting metasurfaces to lift 
the aforementioned restrictions, and provide a platform for 
launching multiplexed Bessel beams and Airy beams. Three 
Bessel beams with different NAs and topological charges 
(higher-order Bessel beams), and three Airy beams with 
 different propagation curves and focal lengths (abruptly auto-
focusing Airy beams) can be generated by combination of dif-
ferent spins and wavelengths. We also demonstrate the Fou-
rier analysis of nondiffracting beams which can describe the 
complex properties of such beams in a more comprehensive 
and concise way compared with the previous real space anal-
ysis. More specifically, the properties of nondiffracting beams 
can be described by detecting the focal plane of the lens used 
for Fourier transform instead of measuring the entire beam 
propagation. We envision this multiplexed nondiffracting meta-
launcher would promise great applications in optical commu-
nication, multilayered cell manipulation, and large field-of-view 
bioimaging.[38]

2. Results and Discussion

In order to realize multiplexed nondiffracting metasurfaces, we 
adopt the meta-atoms with onefold (C1) rotational symmetry. 
According to the selection rules and nonlinear Pancharatnam–
Berry (P–B) phase elements of harmonic generations from a 
fundamental wave with circularly polarized state σ,[32,33] two 
second harmonic generation (SHG) processes with same (σ) 
and opposite (−σ) polarization states to that of fundamental 
wave are allowed. The nonlinear P–B phases of these two 
SHG signals with different spins σ and −σ are σθ and 3σθ, 

 respectively, where θ is the in-plane orientation angle of each 
meta-atom. Therefore, one linear (2σθ) and two SHG (σθ and 
3σθ) P–B phases corresponding to the optical signals of dif-
ferent wavelengths and spins can be generated by introducing 
SHG processes. It is worth noting that these three P–B phases 
are linearly related as originating from the same element.

In order to generate a zeroth-order Bessel beam, the meta-
axicon needs to refract all the incident light by the same angle 
α0 at the design wavelength λ0. Thus, a radial phase profile is 
required:

NA0 0 0r k rϕ ( ) = ⋅  (1)
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Therefore, the SHG Bessel beams with spin σ and −σ 
have nonlinear NAs of NA0/4 and 3NA0/4, respectively. For 
the gene ration of a higher-order Bessel beam, an addition 
phase profile of a vortex plate lΦ is required, where l repre-
sents the topological charge and Φ is the azimuthal angle  
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  when x < 0), and 

Equation (1) becomes

NA0 0 0 0r k r lϕ ( ) = ⋅ + Φ (3)

Thus the phase angle continually increases anticlockwise 
along a closed loop from 0 to 2πl and returns to the origin, 
where the angle zero is exactly equal to 2πl, forming a con-
tinuous phase distribution along the closed loop. According 
to nonlinear P–B phase elements, we obtain the relation 
between linear and nonlinear phase profiles as ϕV0  =  2ϕVn1 
(σ) = 2ϕVn2/3 (−σ). When we set the topological charge l0 = 2 
for the linear Bessel beam, we can easily get the topological 
charges ln1  =  1 and ln2  =  3 for the SHG Bessel beams with 
spin σ and −σ, respectively. The radius of the metasurfaces 
is 80  µm and the linear NA is set as 0.53 (corresponding 
to a linear DOF of 127  µm). Based on the aforementioned 
analysis, one linear Bessel beam (−σ) with NA0  =  0.53 
(DOF0  =  127  µm), l0  =  2, two nonlinear Bessel beams with 
NAn1  =  0.4 (DOFn1  =  183  µm), ln1  =  3 (−σ) and NAn2  =  0.13 
(DOFn2  =  595  µm), ln2  =  1 (σ) can be simultaneously gener-
ated, as shown in Figure 1a. The insets show the interference 
patterns of the Bessel beams.

The multiplexed nondiffracting metasurfaces which can 
launch Airy beams are also realized by introducing the non-
linear signals. The Airy beams in linear frequency have been 
realized with nondiffracting metasurfaces by phase modulation 
or phase and amplitude co-modulation of each meta-atom.[29–31] 

Adv. Funct. Mater. 2020, 30, 1910744
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In order to ensure the maximum SHG conversion efficiency, 
the resonance wavelength of each meta-atom needs to fit the 
excitation wavelength. We adopt only phase modulation to 
generate the multiplexed Airy beams. The Airy function can 

be well approximated as Ai( ) exp
1
4

3
2x x iCx≈











− , where C is a con-

stant.[2] The amplitude of this equation decreases with x, for 
simplicity, the amplitude term is usually ignored and only the 
phase modulation is considered to generate the Airy beams.[39] 
This method was later confirmed to be equivalent to the Leg-
endre transformation of optical caustics of the Airy beams.[40] 
Since the caustic of the 1D Airy beam yields the parabolic path 
y = a0x2, the corresponding phase function after the Legendre 
transformation is
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where a0 is the acceleration coefficient. Utilizing the same ana-
lytical method, the relation between linear and nonlinear accel-
eration coefficients is

11
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Therefore, the SHG Airy beams with spin σ and −σ 
propagate along the caustic trajectories of y  =  a0x2/16 and 
y = 9a0x2/16, respectively. As illustrated in Figure 1b, one linear 
and two SHG Airy beams with different propagation trajecto-
ries can be generated simultaneously. The linear acceleration 
coefficient is set to be a0 = 2.5 nm−1.

In order to design and detect the multiplexed nondiffracting 
metasurfaces more comprehensively and simply, we also ana-
lyze the launched beams in k-space. For the Bessel beams, the 
NAs and DOFs of such beams are unverifiable in real space but 
easy to be verified in k-space. The intensity distribution of a 
Bessel beam in k-space can be obtained by Fourier transforma-
tion of Equation (1):

2 NA0F k k kπδ( ) ( )= − ⋅  (6)

The above equation represents that the Fourier transforma-
tion of a Bessel beam becomes the Dirac delta function. Thus, 
the intensity distribution in k-space is a ring with a radius of  
k0·NA. Figure  1c represents the Fourier plane image of the 
linear zeroth-order Bessel beams. The radius of the ring is 
independent of the topological charge of the Bessel beam, 
therefore it is also known as perfect optical vortex.[41,42] Thus, by 
detecting the intensity distribution of a Bessel beam in k-space, 

Adv. Funct. Mater. 2020, 30, 1910744

Figure 1. Designs of the multiplexed nondiffracting nonlinear metasurfaces. a) With different combination of spins and wavelengths, three Bessel 
beams with different DOFs and topological charges can be generated simultaneously. The insets show the interference patterns of the Bessel beams. 
b) With different combination of spins and wavelengths, three Airy beams with different propagation trajectories can be generated simultaneously.  
c) The numerical intensity cross profile in k-space of the linear Bessel beam with the NA of 0.53. d) The numerical intensity cross profile in k-space of 
the linear Airy beam with an acceleration coefficient a0 = 2.5 nm−1. The inset shows the numerical intensity distribution of such beam in real space.  
e) The calculated NAs and peak positions in k-space.
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one can confirm its NA and further infer the DOF in a simple 
and accurate way.

For the Airy beams, it is essential to locate the position with 
peak intensity in the design process, since many applications 
of such beams can benefit from it, such as abruptly auto-
focusing Airy beams.[43,44] However, the design in real space can 
only control the propagation trajectory of the beam but cannot 
locate this position. The position of peak intensity for an Airy 
beam can be located with Fourier analysis. Comparing the Airy 
beam to a half lens, the position of peak intensity is the focus 
with a focal length f. The Airy beam has its own NA defined 

as NA sin arctan
r

f
=



















 , and conforms well to the peak posi-

tion of the highest peak in k-space after Fourier transformation, 
as shown in Figure  1d. The calculated NAs and peak positions 
in k-space are presented in Figure 1e. The computed correlation 
coefficient between them reaches a strong correlative value of 
0.9992, and the maximum error between them does not exceed 
5%. Therefore, the NA and focal length of the Airy beam can be 
obtained with Fourier analysis during the design process, and the 
deflection offset can be further calculated by the propagation tra-
jectory to locate the position of the focus. Besides, the position of 
the focus can also be easily located by the intensity distribution in 
k-space during the detection process. The setup used to measure 
the nondiffracting beams in k-space is shown in Figure 2a.

Since the split ring resonators (SRRs) meet the C1 rotational 
symmetry requirement and possess high SHG conversion 

 efficiency, we select the gold SRRs as meta-atoms. Although 
gold does not possess intrinsic bulk second-order nonlinearity 
due to its centrosymmetric atomic lattice as per the electric 
dipole approximation, the surface of gold can support the SHG 
since electrons at the surface reside in a non-symmetric envi-
ronment and can therefore avoid the symmetry constraints. As 
the extensively investigated nanostructures in SHG process, the 
SRRs have been proven to greatly enhance the SHG efficiency 
by exciting the magnetic resonances.[45,46] Therefore, the wave-
band of the magnetic resonance is designed to fit the excitation 
wavelength around 1550  nm. To optimize the response wave-
length of the SRRs, 3D finite-difference time-domain (FDTD) 
approach was performed. In the theoretical simulations, a gold 
SRR is placed on silica substrate with periodic boundary condi-
tions and the period is 400 nm in both x- and y-directions, light 
is illuminated from the substrate side and perfectly matched 
layers are used at the bottom of the air domain. The complex 
dielectric constants of gold and silica substrate are taken from 
measured data.[47] The optimized SRR can be characterized by 
four geometrical parameters: length of long arm Lx, length of 
short arm Ly, width w, and thickness h of the nanoantenna. The 
simulated transmission spectra for horizontal (solid blue line) 
and vertical (solid red line) polarized incident light of uniformly 
arranged SRRs are shown in Figure  2b, where the magnetic-
dipole mode excited by horizontal polarized component is 
located at 1560  nm. To experimentally realize the  multiplexed 
zeroth-order and higher-order Bessel beams, two metasurfaces 
consisting of gold SRRs were fabricated using electron beam 
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Figure 2. Experimental setup and fabrication of the multiplexed nondiffracting nonlinear metasurfaces. a) Illustration of the measurement setup for 
measuring the intensity distributions of multiplexed Bessel beams in k-space. LP, linear polarizer; QWP, quarter-wave plate; SPF, short-pass filter.  
b) Simulated (dashed lines) and measured (solid lines) transmission spectra for horizontal and vertical polarized incident light of uniformly arranged 
SRRs. Length of long arm Lx, short arm Ly, width w and thickness h of the nanoantenna are 185, 155, 40, and 35 nm, respectively. c) SEM micrograph 
of the fabricated metasurface realizing multiplexed higher-order Bessel beam.
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lithography (EBL). The scanning electron microscopy (SEM) 
images of the sample of higher-order Bessel beam are shown 
in Figure  2c. In contrast to the simulated results, the meas-
ured transmission spectra (dashed lines) of a reference 
sample containing uniformly arranged SRRs are also displayed 
in Figure  2b. As expected before, the sample has a magnetic-
dipole mode around 1540  nm, which is slightly blue-shifted 
compared with the designed result, thus the strongest SHG 
process will occur near the excitation wavelength.

We first demonstrated the multiplexed zeroth-order Bessel 
beams. A custom-built setup was used to characterize both 

linear and SHG Bessel beams; the objective, tube lens, and 
camera were all integrated on a XYZ translation stage to scan 
the intensity profiles of the nondiffracting beams along z-direc-
tion. (Figure S4, Supporting Information). Under left-handed 
circular polarized (LCP, σ) illumination, the linear Bessel beam 
has an opposite spin (−σ) to that of incidence. A quarter-wave 
plate (QWP) and a linear polarizer (LP) were placed in front of 
the camera to filter out any co-polarized light. As presented in 
Figure 3a, the measured intensity distribution along the propa-
gation direction clearly reveals the nondiffracting property of 
Bessel beam during propagation. Figure 3b shows the  intensity 

Adv. Funct. Mater. 2020, 30, 1910744

Figure 3. Experimental demonstration of the multiplexed zeroth-order Bessel beams. Measured intensity distributions along the propagation direction 
of a) linear and SHG Bessel beams with spin d) −σ and g) σ. The numerical and measured intensity cross profiles of b) linear and SHG Bessel beams 
with spin e) −σ and h) σ at focal planes, the insets show the intensity distributions at focal planes. The numerical and measured intensity distributions 
and the measured FWHMs at different planes along the direction of propagation of c) linear and SHG Bessel beams with spin f) −σ and i) σ. The 
scale bar is adapted for each figure.
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cross profile at the focal plane of Bessel beam. The measured 
(orange solid line) full width at half maximum (FWHM) is 
observed to be 1.04 µm, which agrees well with theoretical limit 
of 1.04  µm (Part S1, Supporting Information). The inset indi-
cates the transverse intensity profile at the corresponding plane. 
To further verify the propagation and  nondiffracting character-
istics, we detected the intensity distribution and the FWHM at 
different planes along the direction of propagation, as shown in 
Figure 3c. The measured (blue solid line) and numerical (grey 
dashed line) intensity distributions both present a typical pro-
file of the Bessel beam generated by an axicon,[48] which prove 
that the meta-axicon indeed replaces the traditional axicon. 
Meanwhile, the FWHM of the Bessel beam remains stable 
(from 0.8 to 1.2  µm) throughout the whole process of propa-
gation and does not expand. When the DOF is exceeded, the 
FWHM appears to have a significant fluctuation due to the 
weak intensity of the beam. Similar to the linear Bessel beam, 
the nonlinear Bessel beams with same (σ) and opposite (−σ) 
circular polarization state to that of the incidence can be selec-
tively detected by turning a QWP and an LP placed in front of 
the camera. The measured intensity profile of the SHG Bessel 
beam with spin −σ along the propagation direction is presented 
in Figure  3d, which also reveals the nondiffracting nature 
of the beam. As shown in Figure  3e, the measured intensity 
cross profile at the focal plane indicates that the FWHM is 
about 0.80 µm, which generally agrees with its theoretical value 
of 0.69  µm. The intensity distribution along the direction of 
propagation deviates from the expected one (the waist of the 
Gaussian beam was set as 70 µm in the numerical calculation), 
as presented in Figure 3f. This phenomenon is due to the fact 
that the incident light is focused before exciting the nonlinear 
Bessel beam, thus the SHG signal from edge of the sample is 
weaker than that from center. The interference of these weak 
signals forms the latter part of the Bessel beam along the prop-
agation direction. However, the FWHM of the Bessel beam 
still remains stable (from 0.6 to 0.9 µm) throughout the whole 
process of propagation. For the SHG Bessel beam with spin 
σ, the measured intensity profile along the propagation direc-
tion is indicated in Figure 3g. Due to the FWHM is inversely 
proportional to NA, a roughly tripled FWHM of 2.67 µm to its 
opposite spin counterpart is observed as shown in Figure  3h. 
This phenomenon can also be verified through the transverse 
intensity profile (inset of Figure 3h). The FWHM of the Bessel 
beam also remains stable (from 2.2 to 2.8 µm) as presented in 
Figure  3i. Noticeably, the nonlinear Bessel beams have better 
security and no background noise originated from the illumina-
tion. The background noise in the experimental measurement 
comes from the dark current noise of the scientific comple-
mentary metal-oxide-semiconductor (sCMOS) camera.

We next measured the multiplexed higher-order Bessel 
beams. As illustrated in Figure  1a, in addition to having dif-
ferent NAs, these three Bessel beams have different topo-
logical charges. The measured intensity distribution along 
the propagation direction of the linear higher-order Bessel 
beam is shown in Figure 4a. The nondiffracting property and 
the intensity singularity can be clearly observed. As presented 
in Figure  4b, the measured intensity cross profile at the focal 
plane indicates that the diameter of the doughnut-shaped inten-
sity profile is about 2.82  µm, which agrees well with its theo-

retical value of 2.85 µm and the intensity distribution (inset of 
Figure 4b) further  confirms the intensity singularity. The inten-
sity distribution along the direction of propagation is similar to 
the zeroth-order Bessel beam and the diameter of the annular 
ring of the Bessel beam remains stable (from 2.3 to 2.9  µm) 
throughout the whole process of propagation as shown in 
Figure 4c. To verify the topological charge of the linear higher-
order Bessel beam, partial  co-polarized light was deliberately 
reserved by turning the LP as a reference wave. The two petals 
of the experimental interference pattern (Figure 4d) unambigu-
ously validate l0 = 2. The measured intensity distributions along 
the propagation direction and the measured intensity cross pro-
files at the focal planes of the SHG higher-order Bessel beams 
with spin −σ and σ are shown in Figure  4e,f,i,j, respectively. 
The diameters of annular rings of the Bessel beams at the focal 
planes are 2.64 and 3.60 µm, which are both a bit larger than 
the theoretically expected 2.60 and 3.41 µm. Besides, the diam-
eters of annular rings of the Bessel beams also both remain 
stable (from 2.1 to 2.9 µm and from 3 to 4.2 µm) as presented 
in Figure 4g,k, respectively. The topological charge of an ultra-
fast laser beam is hard to be quantified due to the ultrashort 
coherence length of it. To overcome this difficulty, we adopted 
a simplified interferometry based on ±1 order phase mask 
and these two orders create a self-interference pattern, thus 
the topological charge can be recognized by the interferogram 
(Figure S5, Supporting Information). Three branches (−σ) and 
one branch (σ), appearing in the measured fringe patterns as 
shown in Figure 4h,l, confirm the presence of phase defects at 
the cores of these two beams and ensure that the SHG higher-
order Bessel beams carry topological charges of ln1  =  3 and 
ln2 = 1, respectively.

To verify the NAs and DOFs of multiplexed Bessel beams, we 
further detected such beams in k-space. As shown in Figure 2a, 
a lens was adopted behind the tube lens to realize Fourier trans-
form of the nondiffracting beams at its focal plane. Figure 5a,d 
represents the Fourier plane images of the linear zeroth-order 
and higher-order Bessel beams. The measured NAs are both 
about 0.54, which agree well with the design and above analysis. 
The center bright spot is the uncoupled light that does not con-
tribute to the formation of Bessel beams, which is also the orig-
inal point of k-space. Due to the practical Bessel beam being spa-
tially limited and an approximation of ideal Bessel beam within a 
finite region, the ring in k-space has a certain width. Due to the 
fact that the amplitude term does not enter the Dirac delta func-
tion after Fourier transformation, the intensity distribution of the 
illumination does not affect the radii of the rings of SHG Bessel 
beams. As shown in the Fourier plane images of SHG Bessel 
beams with spin −σ (Figure 5b,e) and σ (Figure 5c,f), the zeroth-
order and higher-order SHG Bessel beams possess the same NAs 
of 0.41 and 0.13, respectively. The zeroth-order spots in the centers 
of SHG Bessel beams are much weaker than those of the linear 
ones, since no background noise is derived from the illumination.

We next measured the multiplexed Airy beams in both real 
space and k-space in Figure 6. The measured intensity distribu-
tion along the propagation direction reveals the nondiffracting 
(near the focus) and self-accelerating properties of Airy beam 
during propagation in Figure  6a. In order to more accurately 
demonstrate the properties of the Airy beam, we quantita-
tively characterized its propagation trajectory in Figure 6b. The 
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deflection (blue triangles) and FWHM (red circles) of the main 
lobe were extracted from the experimental results. Strong vari-
ation of the FWHM occurs at the initial stage of propagation 
due to the loss of amplitude information. However, the FWHM 
remains relatively stable (around 3  µm, between the white 
dashed lines) in the nondiffracting zone up to a distance of 
approximately 30λ0, which is marked by grey shading. Out-
side this zone, the main lobe expands quickly and the nondif-
fracting nature of the Airy beam gradually fades out. Similar 
to the FWHM, the deflection of the main lobe has an obvious 
deviation from the theoretical trajectory (y = 2.5 nm−1x2) at the 
initial stage. However, the main lobe follows a smooth trajec-
tory which fits well the theoretical caustic in the nondiffracting 
zone. The theoretical trajectory is offset considering the insta-
bility of the deflection at the initial stage of propagation. To 
locate the position of the focus, we detected the intensity distri-
bution of the Airy beam in k-space, whose cross profile is shown 
in Figure 6c. The peak position indicates the linear Airy beam 
possess a NA of 0.65, which agrees well with both the design 
value of 0.66 and the experimental value extracted from the real 
space of 0.65. The measured intensity distributions along the 
propagation direction of the SHG Airy beams with spin −σ and 

σ are shown in Figure  6d,g, respectively. Consistent with the 
linear Airy beam, the FWHMs of the main lobes of the SHG 
Airy beams with spin −σ and σ both have variations at the 
initial stage of propagation and remain stable (around 5 and 
6  µm) in the nondiffracting zones (218λSHG and 513λSHG), as 
shown in Figure 6e,h. Meanwhile, deflections of the main lobes 
also agree well with the theoretical caustics (y = 22.5 nm−1x2/16 
and y = 2.5 nm−1x2/16 for spin −σ and σ) in the nondiffracting 
zones. The reason for the abrupt change in the deflections and 
FWHMs of the main lobes is that it is hard to distinguish the 
boundary of the main lobes when the intensity of the SHG Airy 
beam is too weak, thus the side lobes may be merged into the 
main lobes. The SHG Airy beams have longer diffracting zones 
due to the lower NAs and larger signal-to-noise ratio compared 
with the linear counterpart. The intensity cross profiles of the 
SHG Airy beams with spin −σ and σ in k-space are presented 
in Figure 6f,i. The obtained NAs of 0.49 and 0.14 with Fourier 
analysis conformed well to both the design values of 0.49 and 
0.15, and the experimental value extracted from the real space 
of 0.49 and 0.13, respectively.

An abruptly auto-focusing beam is an accelerating beam 
which suddenly generates a focus and the intensity of the 
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Figure 4. Experimental demonstration of the multiplexed higher-order Bessel beams. Measured intensity distributions along the propagation direction 
of a) linear and SHG Bessel beams with spin e) −σ and i) σ. The numerical and measured intensity cross profiles of b) linear and SHG Bessel beams 
with spin f) −σ and j) σ at focal planes, the insets show the intensity distributions at focal planes. The numerical and measured intensity distributions 
and the measured diameters of the annular rings at different planes along the direction of propagation of c) linear and SHG Bessel beams with spin  
g) −σ and k) σ. Measured interference patterns of d) linear and SHG Bessel beams with spin h) −σ and l) σ. The scale bars are adapted for each figure.
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beam remains almost constant during the previous propaga-
tion. Such beams are highly desirable in many applications, 
such as in biological laser treatments, they can only operate 
on the intended area without damaging other tissues. Abruptly 
auto-focusing beams also have the ability of self-healing com-
pared with the conventional lens focusing. The most common 
abruptly auto-focusing beams rely on two symmetrical Airy 
beams.[43,44] The interference of their main lobes leads to a 
localized field enhancement, thus it is important to locate the 
foci of the Airy beams in addition to the propagation trajecto-
ries of them. According to the calculated intensity distributions 
in k-space, the deflections of the foci of linear and SHG Airy 
beams are 10.14, 13.95 (−σ), and 19.58 (σ) µm, respectively. Due 
to the lower NA of the SHG Airy beam with spin σ, the main 
lobe has a longer DOF. Thus the interval between the two Airy 
beams is taken as 22  µm to ensure that the linear and SHG 
(−σ) Airy beams have ideal abruptly auto-focusing phenomena. 
The measured intensity distribution and the maximum inten-
sity along the propagation direction of the linear abruptly auto-
focusing Airy beam are shown in Figure  7a,b. It is obvious 
that the maximum intensity remains at low levels until the 
focus. As presented in Figure 7c, the measured intensity cross 
profile at the focal plane indicates that a retrieved FWHM is 
about 1.27 µm. The intensity cross profile in k-space indicates 
two symmetrical Airy beams as shown in Figure 7d. Thus one 
can directly analyze the position of focus instead of scanning 
the entire intensity distribution in real space. The measured 

 intensity distributions and maximum intensities along the 
propagation direction of the SHG abruptly auto-focusing Airy 
beams with spin −σ and σ are shown in Figure 7e,f,i,j, respec-
tively. According to the design principle discussed above, the 
SHG signal with spin −σ performs an obvious abruptly auto-
focusing phenomenon. Meanwhile, the orthogonally polarized 
signal can still focus. The smaller FWHM of the SHG abruptly 
auto-focusing Airy beams with spin −σ at the focal plane also 
confirms this result, as shown in Figure  7g,k. The intensity 
cross profiles in k-space indicate two pairs of symmetrical Airy 
beams with different NAs of the SHG signals with spin −σ and 
σ, as shown in Figure 7h,l.

3. Conclusion

In conclusion, we have theoretically proposed and experimen-
tally demonstrated multiplexed nondiffracting nonlinear meta-
surfaces which can be classified into another broad category 
compared with the previous multiplexed diffracting metas-
urfaces and provided a platform for the generation of multi-
plexed Bessel beams and Airy beams. Three Bessel beams with 
different NAs and topological charges (higher-order Bessel 
beams), and three Airy beams with different caustic trajecto-
ries and focal lengths (abruptly auto-focusing Airy beams) can 
be generated by different metasurfaces. Each nondiffracting 
beam can only be read out by specific combination of spins 
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Figure 5. Experimental demonstration of the multiplexed Bessel beams in k-space. Measured intensity distributions of the multiplexed zeroth-order  
a) linear and SHG Bessel beams with spin b) −σ and c) σ in k-space. Measured intensity distributions of the multiplexed higher-order d) linear and 
SHG Bessel beams with spin e) −σ and f) σ in k-space. The scale bar is adapted for each figure.
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and wavelengths. We also demonstrated that the properties of 
the nondiffracting beams can be designed and detected in a 
more comprehensive and concise way with Fourier analysis. 
Furthermore, this method can be easily generalized to accel-
erating beams following other caustic trajectories, such as nat-
ural logarithmic and biquadratic caustic trajectories. Although 
the SHG conversion efficiency of the SRR we used is only 
on the order 10−12, it can be further enhanced by adopting 
hybrid metasurfaces,[49,50] multi-quantum-wells-based metasur-
faces,[51] and metasurfaces consist of novel nonlinear materials, 
such as semiconductors and perovskites.[52,53] The multiplexed 

nondiffracting nonlinear metasurfaces have the potential to 
be applied in multi-channel light-sheet microscopy which 
can simultaneously image infrared and visible light without 
changing the infrared light source. Besides, such metasur-
faces can also open new avenues for optical communication in 
harsh environment, and multi-channel optical manipulation. 
The number of working channels can be even further extended 
by introducing other nonlinear processes or integrating with 
active metasurfaces.[54,55] The design and detection strategy can 
effectively reduce the complexity of analyzing nondiffracting 
beams.

Figure 6. Experimental demonstration of the multiplexed Airy beams. Measured intensity distributions along the propagation direction of a) linear and 
SHG Airy beams with spin d) −σ and g) σ. Measured deflections and FWHMs of the main lobes at different planes along the direction of propagation 
of b) linear and SHG Airy beams with spin e) −σ and h) σ. Measured intensity cross profiles in k-space of c) linear and SHG Airy beams with spin  
f) −σ and i) σ.
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4. Experimental Section
Sample Fabrication: The sample was prepared using a standard 

electron beam lithography and a lift-off process. First, a layer of 
poly(methyl methacrylate; PMMA) with thickness of 120 nm and a layer 
of poly(3,4-ethylenedioxythiophene) polystyrene sulfonate (Pedot:PSS) 
with thickness of 35 nm were spin-coated on the fused silica substrate 
by sequence. The Pedot:PSS layer was intended for charge release during 
the EBL process which employed a 100 kV voltage, 200 pA current, and 
1000  µC cm−2 dose. After defining the nanometer scale metasurface 
patterns by the EBL process, the Pedot:PSS layer was removed with pure 
water for 60  s and PMMA was developed with methyl isobutyl ketone 
(MIBK)/iso propyle alcohol (IPA) (3:1) for 40  s. Then a 2  nm Cr layer 
and a 35  nm Au layer were deposited on the resist by sequence with 
electron beam evaporation deposition (EBD) method. Then the Cr film 
was striped by removing PMMA with hot acetone at degree of 60 °C for 
20 min, leaving the metal pattern on substrate. The Cr layer here aimed 
to enhance adhesion between the silica surface and the gold layer.

Measurement Procedure: An Erbium-doped ultrafast fiber laser (Toptica 
Photonics AG FemtoFiber Pro NIR, repetition frequency: 80  MHz, 
pulse length: ≈80 fs) centered at 1550 nm was coupled to a home-built 
microscopy. An LP and a QWP were combined to generate the incident 

circularly polarized light, the metasurface was illuminated at normal 
incidence and the generated linear and nonlinear nondiffracting beams 
were filtered by another combination of a QWP and an LP, then collected 
with an objective, a tube lens, and a scientific camera. The objective, 
tube lens (Thorlabs ITL200), and camera were all integrated on a XYZ 
translation stage to scan the intensity profiles of the nondiffracting 
beams with a step of 1 µm along z-direction. For linear measurement, 
an average power of 1  mW, a 50 × objective (SIGMA-KOKI PAL-50-
NIR-HR-LC00 50  ×  NA  =  0.67) and an InGaAs camera (HAMAMATSU 
InGaAs C10633) were used, the lens and short-pass filters are removed. 
For nonlinear measurement, the fundamental pulses had an average 
power of 350  mW and were focused to a spot with a diameter of 
≈160  µm (by a lens with focal length of 200  mm). A 50 × objective, a 
20 × objective (SIGMA-KOKI PAL-20-NIR-HR-LC00 20  ×  NA  =  0.45) 
and an sCMOS camera (HAMAMATSU ORCA-Flash4.0 V3) were used 
for collecting the SHG signals with spin −σ and σ, respectively. For the 
measurement of topological charges of SHG higher-order Bessel beams, 
a ±1 order phase mask (made of JGS1, with period of 18 µm, depth of 
0.87 µm) was placed behind the tube lens, and a lens (with focal length 
of 75 mm) was used to amplify the imaging. For the measurement of the 
nondiffracting beams in k-space, a lens was adopted behind the tube 
lens to realize Fourier transform of the nondiffracting beams at its focal 
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Figure 7. Experimental demonstration of the multiplexed abruptly auto-focusing Airy beams. Measured intensity distributions along the propagation 
direction of a) linear and SHG abruptly auto-focusing Airy beams with spin e) −σ and i) σ. Measured maximum intensities along the propagation 
direction of b) linear and SHG abruptly auto-focusing Airy beams with spin f) −σ and j) σ. The numerical and measured intensity cross profiles of  
c) linear and SHG abruptly auto-focusing Airy beams with spin g) −σ and k) σ at focal planes. Measured intensity cross profiles in k-space of d) linear 
and SHG abruptly auto-focusing Airy beams with spin h) −σ and l) σ.



www.afm-journal.dewww.advancedsciencenews.com

1910744 (11 of 12) © 2020 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

plane, which was also imaged by the InGaAs camera (linear signal) or 
sCMOS camera (SHG signal).
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