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the former nondiffracting beams such as 
Bessel beam, Airy beam has the remark-
able feature of freely accelerating even 
in the absence of any external potential 
except for the nondiffracting and self-
healing properties. In the past few years, 
the tremendous application potential of 
Airy beam has been proposed and dem-
onstrated, such as forming optical bullet,[3] 
optical micromanipulating,[5] and pro-
ducing curved plasma channels.[6] How-
ever, traditional methods to generate Airy 
beam usually involve the Fourier trans-
form of lens which needs at least one 
focus length and thus affects the com-
pactness of optical system.[4,7–9] It is even 
impossible to implement Airy beam in the 
integrated optics system with size compa-
rable to wavelength, which limits its appli-

cation in the field of nanotechnology.
As a new class of metamaterials, metasurfaces which con-

sist of a monolayer of planar structures have shown great 
promise for producing nearly arbitrary wavefront of electro-
magnetic waves by engineering structure dependent phase 
shift with less energy loss.[10,11] Some exotic applications have 
been demonstrated using metasurfaces, including anomalous 
refraction,[12–14] ultrathin flat lens,[15,16] perfect absorbance,[17–19] 
spin-Hall effect of light,[20] and optical polarization conversion 
of light.[21–23] Based on the idea of metamaterials and metasur-
faces, Minovich et al. proposed the phase-modulation method 
to produce the Airy beam.[24] The small dimension of metama-
terials finely solves the difficulty in generating self-accelerated 
beams in nanoscale. However, due to the complexity of Airy 
function and nanostructure, it is hardly possible to consider 
the amplitude modulation at the same time, which damages 
the profile of Airy beam.[25] Recently, the anomalous refrac-
tion and reflection conformed to generalized Snell’s Law were 
achieved by various-shaped nanoantennas.[10,26,27] Generalized 
optical laws were first demonstrated by using V-shaped optical 
antennas and later by using reflect-arrays. This provides us with 
a new tool to simultaneously control amplitude and phase of 
scattered light by metasurfaces, which can also be utilized to 
generate nanoscale Airy beam with both phase and amplitude 
modulation.

Here, we propose a metasurface composed of orthogonal 
gold nanorods, which can generate Airy beam with both phase 
and amplitude modulation without inducing too much com-
plexity. By engineering the metasurface-induced phase profile 
and tuning the length of nanorods at the same time, the phase 
and amplitude of Airy beam can be readily modulated. We also 

The Airy beam represent the only possible nondiffracting wave packets in 
1D planar systems with curved trajectory, which has attracted considerable 
research interest due to its nondiffracting, self-healing properties, and unique 
self-bending behavior in the absence of any external potential. Because of the 
complexity of the Airy function and generation structure, an Airy beam with 
both phase and amplitude modulation is hard to realize. Here, a simplified 
metasurface composed of orthogonal nanorods is proposed, which can gen-
erate plasmonic Airy beams with both phase and amplitude modulation. By 
changing the configuration of the nanorods, the phase and amplitude can be 
simultaneously modulated. The bending degree of the generated Airy beam 
can be easily controlled by changing the number of nanorods. The proposed 
controllable Airy beam with both phase and amplitude modulation overcomes 
certain limitations of the customary Airy beam and can aid in the develop-
ment of more accurate applications of the Airy beam in microfields.

1. Introduction

Bessel beam, as one of the exact solutions of Helmholtz equa-
tion, was predicted theoretically and experimentally demon-
strated by Durnin et al. in 1987.[1] This discovery inspired the 
thoughts of exploring more nondiffraction wave profiles con-
forming to Helmholtz equation. The nondispersion Airy wave 
packet with curved propagation profile was first predicted by 
Berry and Balazs within the context of quantum mechanics 
by demonstrating that the Schrödinger equation could pos-
sess an Airy function form solution.[2] Due to the mathematical 
similarity between the Schrödinger equation and the paraxial 
Helmholtz equation, the Airy function solution was introduced 
in the domain of optics by Christodoulides and co-workers in 
2007 and has attracted spectacular research interest on account 
of its peculiar properties and applications.[3,4] Compared with 
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present a reasonable way to simplify the amplitude modulation 
and compare the differences between different amplitude mod-
ulations by the nondiffracting, self-bending, and self-healing 
features of Airy beam. Moreover, the bending degree of the pro-
posed Airy beam can also be easily controlled by changing the 
number of nanorods.

2. Results and Discussion

To realize the modulation of both phase and amplitude, we 
introduce the nanorods with different rotation angles φ and 
lengths l as our basic unit to scatter circularly polarized light, as 
illustrated in Figure 1a. The length L and width W of the unit 
cell are both 500 nm. Figure 1b shows the phase shift of the 
anomalous light scattered from the gold nanorod as a function 
of the rotation angle. When a nanorod has a linear rotation along 
the x-axis from 0° to 180°, the phase shift can cover the entire 
phase range from 0 to 2π. This phase change is opposite for left-
circularly polarized (LCP) and right-circularly polarized (RCP) 
incident beams.[28–30] Here we just need to specify two rota-
tion angles (0° and 90°) for two specific phase delays (0 and π),  
as shown in the insets of Figure 1b. The amplitude modula-
tion can be realized by changing the lengths of the nanorod. 
Figure 1c shows the amplitude transmission of the converted 
beam for different lengths of the nanorod. It can be fitted by 
a Gaussian curve (dashed line) ( ) exp( ( )/ ) )2T x A x B C= − −
, where the coefficients are A = 0.3314, B = 340.4, and C = 
103.3, respectively. Figure 1d shows the response frequency and 
amplitude transmission of anomalous light as a function of the 

thickness of nanorod. The conversion efficiency can be easily 
increased by simply increasing the thickness of the nanorod 
with a simultaneous blue shift in the response wavelength. 
The maximal conversion efficiency can be reached about 0.25 
for the single-layer metasurface. We sacrificed the conversion 
efficiency to improve the simulated efficiency in the current 
configuration.

The plasmonic metasurface capable of generating the Airy 
beam is schematically shown in Figure 2a. It consists of arrays 
of identically shaped gold nanorods along the x-direction, 
which exhibits a resonance at the wavelength of 2 μm. A period 
is indicated by a purple rectangle in Figure 2a. The width and 
thickness of the nanorod are w = 50 nm and t = 10 nm, respec-
tively. The length of nanorod depends on the value of Airy func-
tion. The optical constant of gold is ε = −158.038 + 21.42i at the 
wavelength of 2 μm.[31] The permittivity of the SiO2 substrate is 
taken as 2.25. All numerical simulations were carried out using 
finite-element method-based commercial software, COMSOL 
Multiphysics.[32] The RCP plane wave is normally incident 
onto the metasurface. The incident electric field is set as 
Ex = 1 V m−1 and Ey =i V m−1. The scattering boundary condi-
tion is employed on the bottom of the silica substrate. Perfectly 
matched layers are used at both sides of the x-direction and top 
of the simulation domain to completely absorb waves, leaving 
the simulation domain in the direction of propagation. The 
detected electric field is set as abs(Ex +iEy) at the background 
of the metasurface. Thus, we can only observe the electric field 
mode of LCP anomalous light and filter out the RCP light. In 
this way, the generated plasmonic Airy beam can be detected in 
the x-z plane.
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Figure 1. a) A basic unit of gold nanorod. φ is the rotation angle of the nanorod relative to the x-axis. b) Phase shift of anomalous light scattered from 
gold nanorod as a function of rotation angle. Insets: two rotation angles (φ1 = 0° and φ2 = 90°) for two specific phase shifts (0 and π). c) Simulated 
amplitude transmission (green circles) and fitted Gaussian curve (dashed line) of the anomalous light scattered from gold nanorod for different lengths 
of the nanorod. Blue markers represent the nanorods with different lengths used in simplified amplitude modulation. d) Response frequency and 
amplitude transmission of anomalous light as a function of the thickness of nanorod.
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In order to easily determine the geometry parameters of the 
nanorod, we normalized the Airy function to have the same 
maximum value as that of the amplitude transmission of the 
converted beam in Figure 1c. The normalized Airy function is 
shown in Figure 2b, which clearly exhibits the oscillatory and 
exponential decaying features. For 1D Airy beam, the phase and 
displacement are described as follows[33]

( , ) Ai( )exp( sin )x bx ax ikbxφ θ θ= +  (1)

where k denotes the wave number, a is a positive value, b is the 
transverse scale, and θ  is the bending direction. The desired 
phase distribution is introduced: arg[ ( , )] sinx kbxϕ φ θ θ= =  for 
Ai( ) 0bx ≥ , and arg[ ( , )] sinx kbxϕ φ θ π θ= = +  for Ai( ) 0bx < . The 
bending direction of the generated Airy beam is perpendicular 
to the metasurfaces when θ is equal to 0. Then, the (0, π) phase 
profile can be obtained, as shown in Figure 2c. Actually, it is 
feasible to separately modulate the phase and amplitude by 
changing the rotation angle and the length of the nanorods. 
Two types of orthogonal nanorods (φ = 0° and 90°) can realize 
the alternative appearing 0 and π phase profile representing 
Ai( ) 0x ≥  and Ai( ) 0x < , respectively, which correspond to the 
oscillatory feature of Airy function. The nanorods with different 
lengths can describe the exponential decaying feature by aver-
agely dividing the normalized Airy function into 60 segments. 
Each segment has a transmission amplitude in the normalized 
Airy function, which corresponds to a specific length for the 
nanorod in Figure 1c. Thus, the exponential decaying feature 
can be realized by the nanorods with different lengths.

To compare the influence of the amplitude modulation, we 
show the electric field distributions of the generated Airy beam 
for different cases of amplitude modulation in Figure 3. The 
insets of Figure 3 compare the normalized intensities of the 
generated Airy beams (white lines) with that of the ideal Airy 
beam (red lines) at 5 μm away from the metasurface. Figure 3a  
shows the generated Airy beam without amplitude modula-
tion, where only the phase is modulated by two orthogonal 
nanorods with the same length. Although the self-bending and 

nondiffracting features seem to be apparent, the spatial spec-
trum (in the wavenumber space) of the profile in the near field 
is actually similar to the shape of a rectangular wave.[34] The 
inset of Figure 3a also shows that the normalized intensity dis-
tribution in the near field has a big difference with that of the 
ideal Airy beam. Its deflection trajectory will deviate the design 
one due to the excessive approximation. Figure 3b shows the 
generated Airy beam with full amplitude modulation, where 
the amplitude is modulated according to the Airy function. The 
intensity distribution and nondiffracting feature are more rea-
sonable since it does not need to adjust the intensity distribu-
tion by the self-healing property. The normalized intensity in 
the inset of Figure 3b is more consistent with the ideal Airy 
beam than that in Figure 3a, showing the exponential decaying 
feature.

It is worth noting that the realization of Airy beam with 
full amplitude modulation is relatively complicated. We adopt 
60 nanorods with different lengths to generate Airy beam, 
which is not easily achieved from the perspective of nanofab-
rication. Actually, the exponential decaying feature of the Airy 
function is also discretized for the Airy beam with full ampli-
tude modulation. We can further reduce the number of the 
divided segments in the Airy function since the maximal peak 
values vary a little from the second oscillatory period. The first 
oscillatory period is divided into five segments (A1–A5 as indi-
cated in Figure 2b). We adopt four nanorods with the same 
length to describe the amplitude for each segment. The other 
oscillatory periods are described by the nanorods with the same 
length. Figure 3c shows the generated Airy beam with simpli-
fied amplitude modulation, which is identical with the Airy 
beam with full amplitude modulation (as shown in Figure 3b). 
The inset of Figure 3c also shows the normalized intensity dis-
tribution of the generated Airy beam, which is consistent with 
the ideal Airy beam and the Airy beam with full amplitude 
modulation.

In order to further prove the advantages and the validities 
of the proposed simplified design, we compared three impor-
tant features for the Airy beam with simplified amplitude 
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Figure 2. a) Schematic illustration of a representative plasmonic metasurface capable of generating the Airy beam. b) Normalized Airy function. Blue 
markers represent the amplitude values used in simplified amplitude modulation. c) Phase pattern of the Airy function.
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modulation and without amplitude modulation in the fol-
lowing. The full width at half maximum (FWHM) of the main 
lobe is a main parameter to evaluate the nondiffracting nature 
of the Airy beam. Figure 4a gives the FWHM for the Airy beams 
with simplified amplitude modulation and without amplitude 
modulation. The FWHM for the propagating Airy beam with 
simplified amplitude modulation remains relatively stable 
(around 3 μm, between the gray dashed lines) from the begin-
ning to the diffracting zone, which is marked by gray shading 
(about 56 μm). At the diffracting zone, the FWHM expands 

quickly and the nondiffracting feature gradually fades out. In 
the contrast, at the initial stage of propagation (before 5 μm), 
there are some stronger variations for the Airy beam without 
amplitude modulation. Moreover, the FWHM has apparent 
fluctuation throughout the nondiffracting zone. As the trans-
mission amplitudes of the nanorods for the Airy beam without 
amplitude modulation maintain uniform, the first lobe (each 
lobe, more generally) can be treated as a diffraction grating. 
The lobe needs to focus at the initial stage, so the FWHM for 
the Airy beam without amplitude modulation is much larger 
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Figure 4. a) FWHM and b) deflection of the main lobe of the Airy beam with simplified amplitude modulation (red line with circles), Airy beam without 
amplitude modulation (blue line with triangles), and theoretical result (black line) as functions of the propagation distance. Simulated electric field 
distributions of c) the Airy beam with simplified amplitude modulation and d) Airy beam without amplitude modulation with a rectangular scatterer of 
the size 1 μm × 0.5 μm centered at x = −3 μm and z = 5 μm.

Figure 3. Simulated electric field distributions of the generated Airy beams a) without amplitude modulation, b) with full amplitude modulation, and 
c) simplified amplitude modulation. Insets: comparison of the normalized intensities between the generated Airy beams (white lines) and the ideal 
Airy beam (red lines) at 5 μm away from the metasurface.
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than expected. It is concluded that the Airy beam with simpli-
fied amplitude modulation shows better nondiffracting nature 
and the FWHM is more stable.

The self-bending feature of the Airy beam is also one of the 
unique inherent attributions. The deflection offset of the main 
lobe can be well described by the theoretical relation[4]

/(16 )d 0
2 2 2

0
2x z xλ π≅  (2)

where x0 =WN/α is an arbitrary transverse scale. W is the unit 
cell width, N is the number of the nanorods, and α ≈ 14.33 is 
the correction factor. This equation can be established when 
the FWHM of the main lobe remains stable. The deflections 
of the main lobes for the Airy beams with simplified amplitude 
modulation and without amplitude modulation together with 
the theoretical result are shown in Figure 4b. The main lobe of 
the Airy beam with simplified amplitude modulation follows a 
smooth trajectory which indicates a good agreement with the 
theoretical result. While the deflection trajectory of the Airy 
beam without amplitude modulation has a little deviation from 
the theoretical result.

To further verify the advantages of the Airy beam with ampli-
tude modulation, we compared the self-healing feature of the 
Airy beam with simplified amplitude modulation and without 
amplitude modulation in Figure 4c,d, respectively. A rectan-
gular perfect electric conductor scatterer with the size 1 μm × 
0.5 μm centered at x = −3 μm and z = 5 μm is artificially placed 
in front of the main lobe. The electric field distributions show 
that the introduced scatterer only locally disturbs the beams 
profile, and the beams actually recover after passing scatterer 
as expected for the nondiffracting beams. Nevertheless, the 
self-healing feature of the Airy beam with simplified amplitude 
modulation starts immediately after passing the block while the 
Airy beam without amplitude modulation is still in chaos, also 
the side lobes of the Airy beam with simplified amplitude mod-
ulation have recovered more integrally. The above differences 
between two types of generated Airy beams could be explained 
as follows. The Airy beam without amplitude modulation needs 
to first correct its field profile along the propagation path, but 
the scatterer interrupts this process, so it is more interminable; 
while the Airy beam with simplified amplitude modulation has 
already adjusted its electric field distribution before encoun-
tering the scatterer, so its self-healing feature smoothly occurs 
after passing the scatterer. The foregoing three featured com-
parisons further confirmed the validity of the proposed sim-
plified design and proved that the Airy beam with simplified 
amplitude modulation has greater improvements than the Airy 
beam without amplitude modulation.

How to control the parabolic trajectory is a wide research 
topic, since the self-bending feature allows Airy beam itself to 
be capable of obstacle avoidance. Here we show how to pre-
cisely control the propagating trajectory of Airy beam with 
simplified amplitude modulation. The parabolic trajectory of 
Airy beam is described by xd= az2, where the bending param-
eter a is determined by the ratio of the deflection offset to the 
propagating distance squared xd/z2.[35] Therefore, we can con-
trol the deflection offset xd to affect bending parameter by 
changing the number of the nanorods. Figure 5 gives the cal-
culated and simulated bending parameters of the Airy beam 

for different numbers N of the nanorods. With the increasing 
of the number of the nanorods, the bending parameter is 
rapidly decreased. When N is less than 30, the simulated 
bending parameter will gradually deviate the calculated result. 
Although the large bending parameter can be further obtained 
by decreasing the number of the nanorods, the oscillatory and 
exponential decaying features of the Airy function could not be 
fully described any more. The insets of Figure 5 show the Airy 
beams for the different bending situations when N = 40, 60, 
and 80, which further confirm that the bending parameter can 
be controlled by changing the number of the nanorods.

3. Conclusion

The presented metasurfaces finely solve the difficulty in simul-
taneously controlling amplitude and phase modulation. The 
simplified approach still remains the features of an Airy beam, 
which is more valid for nanofabrication. The bending para-
meter of the Airy beam can be controlled by changing the 
number of nanorods. However, the metasurfaces need to be 
designed for each bending parameter. From this perspective, 
this might be considered as a disadvantage.

In conclusion, we have demonstrated a simplified metas-
urface which can generate an Airy beam with both phase and 
amplitude modulation. The advantages of the Airy beam with 
both phase and amplitude modulation have been discussed in 
detail. The comparisons of the nondiffracting, self-bending, and 
self-healing features between the Airy beams with and without 
amplitude modulation have shown that the Airy beam with 
amplitude modulation has greater improvements than the Airy 
beam without amplitude modulation. Moreover, the number 
of the nanorods can affect the bending parameter of the Airy 
beam, thus the Airy beam with controllable bending degree can 
be generated. Our proposed Airy beam with both phase and 
amplitude modulation may offer a further step forward in more 
accurate control of the Airy beam to exhibit more applications 
in microfields.
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Figure 5. The deflection ratio xd/z2 as a function of the number of the 
nanorods, blue circles refer to the simulated values while the red line 
represents the theoretical result. Insets: Airy beams for different bending 
degrees when N = 40, 60, and 80.
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