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Broadband Variable Meta-Axicons 
Based on Nano-Aperture Arrays in a 
Metallic Film
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Metasurfaces are two-dimensional metamaterials composed of a carefully designed series of 

subwavelength meta-atom (antenna or aperture) arrays. These surfaces can manipulate the phase, 

amplitude and polarization of output light by changing the shapes and orientations of the meta-atoms 

on a subwavelength scale. Using these properties, we experimentally demonstrate variable meta-

axicons composed of rectangular nano-apertures arranged in several concentric rings that can focus left 

circularly polarized (LCP) light into a real Bessel beam and defocus right circular polarized (RCP) light 

to form a virtual beam. A desired phase discontinuity in cross-polarized transmitted light is introduced 

along the interface by controlling the orientations of the nano-apertures. In addition, the meta-

axicons can generate Bessel beams of arbitrary orders by suitable design of the phase profile along the 
surface. The meta-axicons demonstrate broadband optical properties that can switch the wavelength 

of the incident light from 690 nm to 1050 nm. These variable meta-axicons open a path towards the 
development of new applications using integrated beam shaping devices.

In 1987, Durnin1 �rst proposed that Bessel beams were non-di�raction mode solutions to the Helmholtz equa-
tion with self-constructing characteristics, which meant that their transverse intensity distributions remained 
invariant during propagation in free space. An ideal Bessel beam is unbounded and therefore requires in�nite 
energy. In reality, we can only produce reasonably well-approximated Bessel beams with little or no di�raction 
over limited propagation distances. �ese beams have been explored for use in numerous �elds, including non-
linear optics2,3, ultrasonic medical diagnosis4, optical trapping5, telescopes6 and optical communications applica-
tions7,8. In particular, high-order Bessel beams have been attracting increasing interest because they can carry the 
orbital angular momentum (OAM) of light9,10. Two approaches are typically used to generate zero-order Bessel 
beams: illumination of an annular slit located in the rear focal plane of a lens using a plane wave11 or use of an axi-
con12, which is a conically shaped lens, to refract all incident plane waves symmetrically towards the optical axis. 
A high-order Bessel beam can generally be obtained by illuminating an axicon using a Laguerre-Gauss beam13 or 
by propagating a zero-order Bessel beam through a phase-modulating element such as a spatial light modulator14. 
However, these approaches are dependent on relatively cumbersome devices, which would undoubtedly limit the 
applications of Bessel beams in miniaturized optical systems.

Recently, metasurfaces have attracted signi�cant research interest because they o�er considerable �exibility 
in the engineering of their electromagnetic properties. �e unique optical properties of metasurfaces will ena-
ble the realization of many novel phenomena and functionalities that do not normally exist in natural materi-
als15–17. Metasurfaces have therefore been widely used in applications including nonlinear photonics18–21, optical 
OAM18,22–26, optical rotation27, invisibility cloaking28–30, metalenses31,32 and holography33,34. �ese surfaces are 
generally composed of a series of subwavelength meta-atom (antenna or aperture) arrays that have carefully 
designed shapes and orientations. Phase discontinuities are then introduced when light propagates through an 
interface between two media35. �e Pancharatnam–Berry phase36,37, which is also called the geometric phase, 
is a widely used method for performing phase modulation via the space-variant optical axis orientations of 
meta-atoms. Based on these properties, one interesting potential application of metasurfaces is the formation of 
a meta-axicon38–40.
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In this paper, we propose a broadband variable meta-axicon that is composed of a set of nano-apertures 
within a thin metallic �lm. Based on Babinet’s principle41, we use plasmonic rectangular nano-apertures that 
have been arranged in concentric rings with di�erent orientations to create a variable meta-axicon with focusing 
characteristics that are dependent on the polarization direction of the incident light. �e proposed dual-polarity 
meta-axicon can produce real or virtual high-order Bessel beams and thus has potential for application to inte-
grated beam shaping devices for use in high-quality imaging of inhomogeneous media42,43 and living cells44. In 
addition, the working wavelength of our meta-axicon extends to the near-infrared band, which could be useful in 
high-resolution multi-photon imaging applications.

Results
Zero-order Bessel beam. First, we demonstrate a meta-axicon for use in the generation of a zero-order 
Bessel beam. �e structure that is used in this design is composed of rectangular nano-apertures arranged in a 
number of concentric rings and was fabricated in an 80-nm-thick Au �lm supported by a SiO2 substrate. Scanning 
electron microscope (SEM) images of the nano-aperture array are shown in Fig. 1(a). �e ring radius increases 
with step sizes of 400 nm and the distance between the pairs of neighbouring nano-apertures in each ring is also 
400 nm. �e rectangular nano-apertures in each ring all have the same orientation angle; however, there is an 
angular di�erence ϕ0 of 24° between the nano-apertures in neighbouring rings. A single rectangular nano-aper-
ture has dimensions of 260 × 130 nm2. �e meta-axicon is 28 µm in diameter. In our design, the starting point for 
the Bessel beam is set to be 7.5 µm away from the sample surface. �erefore, the radius of the unstructured area at 
the center can be calculated to be r0 = 2 µm based on the generalized Snell’s law33. A schematic diagram of a single 
nano-aperture is shown in Fig. 1(b). �is aperture can be rotated within the x-y plane to an orientation angle of 
ϕ to produce a speci�c phase delay.

When the nano-aperture is illuminated using le� circularly polarized (LCP)/right circularly polarized (RCP) 
incident light, which is denoted by EI

L R/ , the transmitted light can be written as45:
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where M̂ is a Jones matrix, and to and te are the transmission coe�cients of the incident beams, which have linear 
polarizations oriented along the two principal axes of the metasurface. �e transmitted light contains two com-
ponents: one component is circularly polarized (CP) light, which has the same polarization direction as the 
incident light, while the other component has the opposite polarization direction and an additional 

Figure 1. (a) SEM images of the proposed structure that was used to generate zero-order Bessel beams. �e 
bottom image shows an enlarged view of part of the meta-axicon that shows the arrangement of the nano-
apertures. (b) Schematic of a single rectangular nano-aperture. �e period p is 400 nm. �e length and width 
of the rectangular nano-aperture are l = 260 nm and w = 130 nm, respectively. (c) Phase pro�le Φ versus 
orientation angle ϕ for the rectangular nano-apertures.
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Pancharatnam-Berry phase of Φ = 2mϕ; here, m is ‘+1’ for LCP incident light and ‘−1’ for RCP incident light. To 
verify the above theory, we use the �nite-di�erence time-domain (FDTD) method to simulate the phase shi� Φ 
that occurs when the orientation angle ϕ of the nano-apertures is varied. �e incident wavelength is set at 800 nm. 
We �rst set the LCP light to be the incident light and detected the RCP component in the output port. �e simu-
lation results are shown in Fig. 1(c); by varying the orientation angle ϕ of the nano-aperture from 0° to 360°, we 
can achieve an approximate phase shi� of Φ within the range from 0 to 4π for RCP transmitted light. �e simu-
lated results agree well with the formula Φ = 2ϕ. Based on the above results, we designed the metasurface geom-
etry (Fig. 1(a)) to realize a Bessel beam. Under irradiation by LCP light, the transmitted RCP light will carry a 
spatial phase in which the gradient changes along the radius of the metasurface because the orientation angle 
di�erence between rectangular apertures in neighbouring rings remains constant. �erefore, under illumination 
by LCP light, the RCP component of the transmitted light, which is focused using the designed metasurface (i.e., 
the meta-axicon), forms a real Bessel beam, as shown in Fig. 2(a). In contrast, if we input RCP light and collect 
the transmitted LCP component, the additional Pancharatnam-Berry phase follows the formula Φ = −2ϕ. �e 
metasurface sample acts as a complimentary meta-axicon and defocuses the transmitted LCP component to form 
another virtual Bessel beam (Fig. 2(b)).

To validate the various functions of the meta-axicon in its di�erent con�gurations, we measured the patterns 
that were transmitted along the light propagation direction. Figure 3 shows a schematic diagram of the experi-
mental setup. In the experiments, a wavelength of 780 nm is used. �e laser light is converted into CP light using 
the quarter-wave plate (QWP1) that is located in front of the sample. A component with a speci�c circular polari-
zation is selected using a linear polarizer (LP) and a quarter-wave plate (QWP2), and the imaged patterns are then 
recorded using a charge-coupled device (CCD) camera.

Three different incident/transmitted light combinations were measured, including LCP/RCP, RCP/LCP 
and LCP/LCP, and the measured results for these combinations are shown in Fig. 4(a,b and c), respectively. In 
Fig. 4(a), a real Bessel beam is generated on the output side, which indicates that the meta-axicon is positive for 
the LCP incident beam. However, in Fig. 4(b), when we input the RCP light, the transmitted LCP light is diver-
gent and a virtual image of the Bessel beam is shown in the virtual plane; this indicates that the metasurface has 
become a complementary meta-axicon for the RCP incident beam. In addition, when we input an LCP beam and 
detect the same polarization component as that of the input beam at the output port, there is no Bessel beam, 
as shown in Fig. 4(c). Figure 4(d and e) show the brightest cross-sections of the real and virtual Bessel beams, 
i.e., at z = 48 µm and −23 µm, respectively. �e di�erence between their central positions (see Fig. 4(a and b)) 
is caused by nonparallel incident light. Typical Bessel beam pro�les are obviously shown in Fig. 4(d and e). �e 
cross-section at z = 48 µm in Fig. 4(c) is also shown in Fig. 4(f) for comparison, i.e., no Bessel beams are observed 
when using the LCP/LCP con�guration. Clearly, the function of the proposed zero-order meta-axicon is variable 
and shows a dependence on the light polarization direction.

Our meta-axicon also demonstrates broadband characteristics and can maintain high-level beam quality over 
the wavelength range from 690 nm to 1050 nm. We measured the broadband characteristics of the meta-axicon, 
which can generate zero-order Bessel beams using LCP light at di�erent incident wavelengths, and the results are 
as shown in Fig. 5. �e depth of focus in each of these four images decreases with increasing wavelength. �is 
occurs because the maximum no-di�raction length zmax for a Bessel beam is given by46:

λ
=z

Rd
,

(2)max

where λ is the wavelength, R is the radial width of the meta-axicon and d is the radial period when the changed 
phase covers the 2π range; in our experiments, R = 12 µm, and d = 3 µm. �erefore, the zmax values from the the-
ory are 52 µm, 46 µm, 40 µm and 34 µm, and those from our experimental results are 49 µm, 46.5 µm, 38 µm and 
33 µm for incident wavelengths of 690 nm, 780 nm, 900 nm and 1050 nm, respectively. �e experimental results 
thus agree well with the theoretical predictions within the allowable error range. In addition, the central positions 

Figure 2. Working principles of (a) conventional axicon and (b) complementary axicon.

Figure 3. Schematic diagram of the experimental setup. A: attenuator; QWP: achromatic quarter-wave plate; 
LP: linear polarizer; CCD: charge-coupled device.
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of the Bessel beams in the four cases above are all at approximately z = 45 µm. �is can be attributed to the fact 
that the additional phase in the transmitted light is related to the orientation angle ϕ of the nano-aperture rather 
than to the wavelength47.

Higher-order Bessel beams. In the design of the meta-axicon for higher-order Bessel beams, we need 
to combine two types of phase pro�les13,14. One is the radial phase pro�le Φ1, which is used to generate the 
zero-order Bessel beam, and the other is the azimuthal phase pro�le Φ2, which can introduce a vortex phase into 
the transmitted light through optical spin-orbital angular momentum conversion. �e topological charge of the 
generated high-order Bessel beam can be designed speci�cally in the pro�le Φ2. �e overall phase distribution Φ 
of the nano-apertures in the meta-axicon can be expressed as

Figure 4. Intensity distributions of the meta-axicon for three di�erent incident/transmitted light combinations 
at an incident wavelength of 780 nm: (a) LCP/RCP, (b) RCP/LCP, and (c) LCP/LCP. (d–f) Cross-sections of the 
three cases described above, where their positions are z = 48 µm, −23 µm and 48 µm, respectively. �e dotted 
line represents the sample plane in each case.

Figure 5. Intensity distributions of RCP light when transmitted through the meta-axicon under LCP incidence 
conditions at incident wavelengths of (a) 690 nm, (b) 780 nm, (c) 900 nm and (d) 1050 nm.
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nano-apertures in the neighbouring rings of the zero-order meta-axicon; r0 is the radius of the unstructured area 
at the center, p is the distance between the nano-apertures in neighbouring rings, and n is the topological charge 
that represents the order of the Bessel beam. SEM images of two high-order meta-axicons (with n = 1 and n = 3) 
are shown in Fig. 6.

In the experiments, we investigate such high-order meta-axicons using an input wavelength of 780 nm. �e 
experimental setup is similar to that for the zero-order meta-axicon (Fig. 3). Di�erent incident/transmitted light 
combinations (LCP/RCP, RCP/LCP, and LCP/LCP) are again tested. �e propagation patterns of the high-order 
meta-axicons with topological charges of n = 1 and n = 3 are shown in Fig. 7(a–c and h–j), respectively. �e corre-
sponding cross-sections are shown in Fig. 7(d–f and k–m), respectively. Clearly, real and virtual Bessel beams are 
produced by the LCP/RCP and RCP/LCP con�gurations, respectively. No speci�c beam is generated by the LCP/
LCP combination. �e variable function is also applicable for high-order meta-axicons.

Figure 6. SEM images of higher-order meta-axicons with topological charges of (a) n = 1 and (b) n = 3. �e 
scale bar represents 1 µm.

Figure 7. (a–c) and (h–j) Intensity pro�les of higher-order Bessel beams along the propagation direction with 
di�erent numbers of topological charges n, where the wavelength λ = 780 nm. (d–f) and (k–m) Cross-sections 
of (a–c) and (h–j), respectively. �e dotted lines represent the sample plane. (n) Interference patterns of higher-
order Bessel beams with topological charges of n = 1 (le�) and n = 3 (right).
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Discussion
Normally, a higher-order Bessel beam is characterized by a hollow centre, which is a typical characteristic of 
OAM-carrying beams, as depicted in Fig. 7(d–e and k–l). �e beam size, which is de�ned as the radius of the 
innermost ring, increases with increasing topological charge n. In the experiments, the topological charges of the 
Bessel beam are detected using the interference method. �e QWPs in the experimental setup shown in Fig. 3 are 
removed. We use y-polarized light at 780 nm to irradiate the meta-axicons and record the x-polarized transmitted 
light using a CCD camera at the sample plane (z = 0). �e y-polarized input light can be decomposed into its 
LCP and RCP components, which, a�er they pass through the meta-axicon, are converted to into RCP and LCP 
modes carrying OAMs of +n and −n, respectively. �e superposition of these two transmitted modes produces 
an x-polarized light, which presents the spiral pattern shown in Fig. 7(n). �e number of spirals in the intensity 
patterns is double the number of topological charges |n|48. In addition, we compare the intensity pro�les of the 
experimental Bessel beams with those of the theoretical beams (Fig. 8). �e experimental data for the zeroth-, 
�rst- and third-order Bessel beams are derived from Figs 4(d), 7d and k), respectively, and they agree well with 
the theoretically predicted values.

In conclusion, we have experimentally demonstrated variable broadband meta-axicons that can convert 
Gaussian beams into real or virtual Bessel beams with designed orders by varying the incident light polariza-
tion and detecting the cross-polarized components in the transmitted light. �e meta-axicons are composed of 
concentrically-arranged plasmonic nano-apertures. Changes in the orientation of these nano-apertures provide 
phase shi�s that range from 0 to 2π for the transmitted light. �ese meta-axicons work well over a wide wave-
length range from 690 nm to 1050 nm. Unlike conventional glass axicons, these meta-axicons can be used to 
fabricate on-chip or �ber-embedded optical integrated devices, including nanophotonic couplers and ultra-thin 
objective lenses.

Methods
Sample fabrication. All samples were fabricated on 1-mm-thick double-side polished SiO2 substrates. An 
80-nm-thick Au �lm was deposited on a clean substrate by magnetron sputtering in the same sputtering chamber. 
�e rectangular nano-apertures were then milled on the Au �lm using a focused ion beam system (Strata FIB 
201, FEI Company).

Measurement. �e laser source is a tunable Ti: sapphire laser that has an operating wavelength range from 
690 nm to 1050 nm. �e laser light is converted into CP light using the quarter-wave plate (QWP1) that is located 
in front of the sample. �e transmitted light is collected using an objective (100×/0.7) and a component of the 
light with a speci�c circular polarization is selected using a linear polarizer (LP) and another quarter-wave plate 
(QWP2); the imaged patterns are then recorded using the CCD camera. By changing the imaging plane using 
increments of 1.5 µm, we can obtain intensity distributions at various distances from the meta-axicon surface on 
the transmission side.

Data availability. �e data that support the plots within this paper and other �ndings of this study are avail-
able from the corresponding authors upon reasonable request.

References
 1. Durnin, J. Exact solutions for nondi�racting beams. I. �e scalar theory. J. Opt. Soc. Am. A 4, 651–654 (1987).
 2. Liu, D. et al. Tunable di�raction-free array in nonlinear photonic crystal. Sci. Rep. 7, 40856 (2017).
 3. Pyragaite, V. et al. Parametric down-conversion of higher-order Bessel optical beams in quadratic nonlinear medium. Opt. Commun. 

240, 191–200 (2004).
 4. Burckhardt, C. B., Ho�mann, H. & Grandchamp, P. A. Ultrasound axicon: a device for focusing over a large depth. J. Acoust. Soc. 

Am. 54, 1628–1630 (1973).
 5. Manek, I., Ovchinnikov, Y. B. & Grimm, R. Generation of a hollow laser beam for atom trapping using an axicon. Opt. Commun. 

147, 67–70 (1998).
 6. McLeod, J. H. Axicons and their uses. J. Opt. Soc. Am. A 50, 166–169 (1960).
 7. Kollarova, V. et al. Application of nondi�racting beams to wireless optical communications. In Proc. SPIE. 67361C (2007).
 8. Ma, Z. et al. Terahertz all-dielectric magnetic mirror metasurfaces. ACS Photonics 3, 1010–1018 (2016).
 9. McGloin, D., Garcés-Chávez, V. & Dholakia, K. Interfering Bessel beams for optical micromanipulation. Opt. Lett. 28, 657–659 

(2003).

Figure 8. Normalized intensity pro�les of the (a) zeroth-, (b) �rst- and (c) third-order Bessel beams from 
theory (black) and from experiments (red).



www.nature.com/scientificreports/

7SCIENTIFIC REPORTS |  (2018) 8:11591  | DOI:10.1038/s41598-018-29265-1

 10. Ambrosio, L. A. & Hernández-Figueroa, H. E. Gradient forces on double-negative particles in optical tweezers using Bessel beams 
in the ray optics regime. Opt. Express 18, 24287–24292 (2010).

 11. Durnin, J., Miceli, J. Jr. & Eberly, J. H. Di�raction-free beams. Phys. Rev. Lett. 58, 1499–1501 (1987).
 12. Monk, S., Arlt, J., Robertson, D., Courtial, J. & Padgett, M. �e generation of Bessel beams at millimetre-wave frequencies by use of 

an axicon. Opt. Commun. 170, 213–215 (1999).
 13. Arlt, J. & Dholakia, K. Generation of high-order Bessel beams by use of an axicon. Opt. Commun. 177, 297–301 (2000).
 14. Matsumoto, N. et al. Generation of high-quality higher-order Laguerre-Gaussian beams using liquid-crystal-on-silicon spatial light 

modulators. J. Opt. Soc. Am. A 25, 1642–1651 (2008).
 15. Smith, D. R., Pendry, J. B. & Wiltshire, M. C. K. Metamaterials and negative refractive index. Science 305, 788–792 (2004).
 16. Valentine, J. et al. �ree-dimensional optical metamaterial with a negative refractive index. Nature 455, 376–379 (2008).
 17. Zhang, S. et al. Experimental demonstration of near-infrared negative-index metamaterials. Phys. Rev. Lett. 95, 137404 (2005).
 18. Wang, Y. et al. Conversion of the optical orbital angular momentum in a plasmon-assisted second-harmonic generation. Appl. Phys. 

Lett. 109, 081105 (2016).
 19. Czaplicki, R. et al. Enhancement of second-harmonic generation from metal nanoparticles by passive elements. Phys. Rev. Lett. 110, 

093902 (2013).
 20. Husu, H. et al. Metamaterials with tailored nonlinear optical response. Nano lett. 12, 673–677 (2012).
 21. Della Valle, G. et al. Nonlinear anisotropic dielectric metasurfaces for ultrafast nanophotonics. ACS Photonics 4, 2129–2136 (2017).
 22. Wei, D. et al. Survival of the orbital angular momentum of light through an extraordinary optical transmission process in the 

paraxial approximation. Opt. Express 24, 12007–12012 (2016).
 23. Jin, J. et al. Generation and detection of orbital angular momentum via metasurface. Sci. Rep. 6, 24286 (2016).
 24. Ren, H., Li, X., Zhang, Q. & Gu, M. On-chip noninterference angular momentum multiplexing of broadband light. Science 352, 

805–809 (2016).
 25. Wei, D. et al. Simple and nondestructive on-chip detection of optical orbital angular momentum through a single plasmonic 

nanohole. ACS Photonics 4, 996–1002 (2017).
 26. Wang, Y. et al. On-chip generation of broadband high-order Laguerre–Gaussian modes in a metasurface. Opt. Lett. 42, 2463–2466 

(2017).
 27. Wen, D. et al. Plasmonic metasurface for optical rotation. Appl. Phys. Lett. 111, 023102 (2017).
 28. Sounas, D. L., Fleury, R. & Alù, A. Unidirectional cloaking based on metasurfaces with balanced loss and gain. Phys. Rev. Appl. 4, 

014005 (2015).
 29. Orazbayev, B., Estakhri, N. M., Beruete, M. & Alù, A. Terahertz carpet cloak based on a ring resonator metasurface. Phys. Rev. B 91, 

195444 (2015).
 30. Padooru, Y. R., Yakovlev, A. B., Chen, P.-Y. & Alù, A. Line-source excitation of realistic conformal metasurface cloaks. J. APPL. 

PHYS. 112, 104902 (2012).
 31. Chen, X. et al. Dual-polarity plasmonic metalens for visible light. Nature Commun. 3, 1198 (2012).
 32. Khorasaninejad, M. et al. Metalenses at visible wavelengths: Di�raction-limited focusing and subwavelength resolution imaging. 

Science 352, 1190–1194 (2016).
 33. Yue, F. et al. Geometric Phase Generated Optical Illusion. Sci. Rep. 7, 11440 (2017).
 34. Wang, Q. et al. All-Dielectric Meta-Holograms with Holographic Images Transforming Longitudinally. ACS Photonics 5, 599–606 

(2017).
 35. Yu, N. F. et al. Light Propagation with Phase Discontinuities: Generalized Laws of Re�ection and Refraction. Science 334, 333–337 

(2011).
 36. Pancharatnam, S. Generalized theory of interference, and its applications. Proc. Indian Acad. Sci. A 44, 247–262 (1956).
 37. Berry, M. V. Quantal phase factors accompanying adiabatic changes. Proc. R. Soc. Lond. A 392, 45–57 (1984).
 38. Aieta, F. et al. Aberration-free ultrathin �at lenses and axicons at telecom wavelengths based on plasmonic metasurfaces. Nano lett. 

12, 4932–4936 (2012).
 39. Chen, W. T. et al. Generation of wavelength-independent subwavelength Bessel beams using metasurfaces. Light Sci. Appl. 6, e16259 

(2017).
 40. Lin, D., Fan, P., Hasman, E. & Brongersma, M. L. Dielectric gradient metasurface optical elements. Science 345, 298 (2014).
 41. Ni, X., Ishii, S., Kildishev, A. V. & Shalaev, V. M. Ultra-thin, planar, Babinet-inverted plasmonic metalenses. Light Sci. Appl. 2, e72 

(2013).
 42. Fahrbach, F. O., Simon, P. & Rohrbach, A. Microscopy with self-reconstructing beams. Nature Photon. 4, 780 (2010).
 43. Fahrbach, F. O. & Rohrbach, A. Propagation stability of self-reconstructing Bessel beams enables contrast-enhanced imaging in 

thick media. Nature Commun. 3, 632 (2012).
 44. Planchon, T. A. et al. Rapid three-dimensional isotropic imaging of living cells using Bessel beam plane illumination. Nature Med. 

8, 417 (2011).
 45. Chen, H.-T., Taylor, A. J. & Yu, N. A review of metasurfaces: physics and applications. Rep. Prog. Phys. 79, 076401 (2016).
 46. Moreno, I. et al. Nondi�racting Bessel beams with polarization state that varies with propagation distance. Opt. Lett. 40, 5451–5454 

(2015).
 47. Yue, F. et al. Multichannel Polarization-Controllable Superpositions of Orbital Angular Momentum States. Adv. Mater. 29 (2017).
 48. Li, X. et al. Catenary nanostructures as compact Bessel beam generators. Sci. Rep. 6, 20524 (2016).

Acknowledgements
�is work was supported by the National Key R&D Program of China (2017YFA0303700, 2016YFA0302500) and 
the National Natural Science Foundation of China (NSFC) (11621091, 91636106).

Author Contributions
Y.Z.Z. conceived the original idea and performed the experimental measurements under the guidance of Y.Z. 
and M.X. Y.Z.Z. and Q.J.W. performed the sample preparation. D.Z.W. proposed the experimental setups. Z.Y.K. 
performed the numerical simulations. Y.Z.Z. and Y.Z. wrote the manuscript. All authors have analyzed and 
discussed the results thoroughly and have contributed to the �nal version of the manuscript.

Additional Information
Competing Interests: �e authors declare no competing interests.

Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional a�liations.



www.nature.com/scientificreports/

8SCIENTIFIC REPORTS |  (2018) 8:11591  | DOI:10.1038/s41598-018-29265-1

Open Access This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. �e images or other third party material in this 
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the 
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.
 
© �e Author(s) 2018

http://creativecommons.org/licenses/by/4.0/

	Broadband Variable Meta-Axicons Based on Nano-Aperture Arrays in a Metallic Film
	Results
	Zero-order Bessel beam. 
	Higher-order Bessel beams. 

	Discussion
	Methods
	Sample fabrication. 
	Measurement. 
	Data availability. 

	Acknowledgements
	Figure 1 (a) SEM images of the proposed structure that was used to generate zero-order Bessel beams.
	Figure 2 Working principles of (a) conventional axicon and (b) complementary axicon.
	Figure 3 Schematic diagram of the experimental setup.
	Figure 4 Intensity distributions of the meta-axicon for three different incident/transmitted light combinations at an incident wavelength of 780 nm: (a) LCP/RCP, (b) RCP/LCP, and (c) LCP/LCP.
	Figure 5 Intensity distributions of RCP light when transmitted through the meta-axicon under LCP incidence conditions at incident wavelengths of (a) 690 nm, (b) 780 nm, (c) 900 nm and (d) 1050 nm.
	Figure 6 SEM images of higher-order meta-axicons with topological charges of (a) n = 1 and (b) n = 3.
	Figure 7 (a–c) and (h–j) Intensity profiles of higher-order Bessel beams along the propagation direction with different numbers of topological charges n, where the wavelength λ = 780 nm.
	Figure 8 Normalized intensity profiles of the (a) zeroth-, (b) first- and (c) third-order Bessel beams from theory (black) and from experiments (red).


