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Abstract: Chiral metamaterials with asymmetric transmission can be applied as polarization-controlled
devices. Here, a Mie-based dielectric metamaterial with a spacer exhibiting asymmetric transmission
of linearly polarized waves at microwave frequencies was designed and demonstrated numerically.
The unidirectional characteristic is attributed to the chirality of the metamolecule and the mutual
excitation of the Mie resonances. Field distributions are simulated to investigate the underlying
physical mechanism. Fano-type resonances emerge near the Mie resonances of the constituents
and come from the destructive interference inside the structure. The near-field coupling further
contributes to the asymmetric transmission. The influences of the lattice constant and the spacer
thickness on the asymmetric characteristics were also analyzed by parameter sweeps. The proposed
Mie-based metamaterial is of a simple structure, and it has the potential for applications in dielectric
metadevices, such as high-performance polarization rotators.
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1. Introduction

Optical diodes play a significant role in the application of optoelectronics and optical computing [1–3].
Similar to the diodes in electronic components, they show different optical transmissions in two
opposite directions. Traditional diode-like optical or electromagnetic devices need to break the time
reversal and spatial inversion symmetries simultaneously [4], which requires materials with specific
optical properties. Recently, chiral metamaterials, which are able to support asymmetric transmission
(AT) for linearly or circularly polarized electromagnetic waves [5–7], provide a reciprocal route to
mimic the unidirectional transmission feature of diodes. The metamaterial methods allow a free design
of the metamolecules with extraordinary physical properties, such as negative refraction [8], reversed
Cherenkov radiation [9], and enhanced nonlinearity [10]. Generally, the intriguing electromagnetic
characteristics are attributed to the special-designed metallic or dielectric resonators. Metamaterials
based on dielectric resonators are believed to show lower heat dissipation in higher frequencies [11,12]
when compared with metallic structures. Additionally, Mie resonances are widely used as constructing
modes in dielectric-based metamaterials. They can sustain dipoles, quadrupoles, or more complicated
patterns [13]. Hence, Mie-based dielectric resonators can give much more freedom in the designing of
metamaterials with simple structures.

Fano resonances, which are distinguished by their asymmetric resonance spectra [14,15], have
been realized in various metamaterials via a symmetry-breaking method [16,17]. They are commonly
interpreted as both constructive and destructive interferences in the near field, producing a sharp
spectrum with a high quality factor and a localized field [18,19]. The unique coupling effect and the
close connection with symmetry endow applications in switching [20,21] and sensing [22]. Furthermore,
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utilizing Fano resonances to design metamaterials that exhibit or enhance asymmetric transmission
contrast [1,23] can be a feasible strategy.

Currently, most metamaterials with the AT effect are based on rather complicated metallic
structures [24–29]. Some progress has been made using simple dielectric-based structures [30–32].
Jiang et al. [33] demonstrated tunable circular asymmetric transmission in a Mie-type dielectric
metasurface integrated with graphene sheets. However, many dielectric chiral structures are still too
complex [7,34]. Herein, illuminated by a photonic crystal [34], we have numerically demonstrated a
bilayer Mie-based dielectric metamaterial working in the X-band, which exhibits a dual-band AT effect
of linearly polarized waves. The chiral metamolecule consists of two identical Mie resonators with high
permittivity, which are of a simple structure. The Fano interplay between the constituents was studied.
Furthermore, the connection between the AT phenomenon and the Mie resonances was investigated.

2. Materials and Methods

For a reciprocal system, considering a linearly polarized TEM (transverse electro-magnetic) wave
propagating along the +z direction, a Jones Matrix is used to define the relation between the incident
and the transmitted electric fields based on a previous study [27,35]:

J+ =

(
Txx Txy

Tyx Tyy

)
, (1)

where Txx, Txy, Tyx, and Tyy are the four elements of the Jones matrix. If the wave propagates in the −z
direction, the matrix becomes:

J− =

(
Txx −Tyx

−Txy Tyy

)
, (2)

Additionally, the AT effect happens when satisfying the condition of:∣∣Tyx
∣∣ = ∣∣Txy

∣∣, (3)

It requires the symmetry in the z direction to be broken, and chiral structures are commonly
utilized to achieve this goal [26,28,36], which is the basis of our design. It should be stressed that the
AT phenomenon here are reciprocal in physics.

Figure 1a is the schematic diagram of the proposed metamaterial, and Figure 1b depicts the
geometry of the unit cell for simulation. The complex permittivity of the dielectric resonators is set
as 155 + 0.3i, a typical value for the CaTiO3-1 wt.% ZrO2 ceramic in the X-band [37]. The chiral
metamolecule is comprised of two identical ceramic cuboids. The cuboids are separated by a low-index
FR-4 spacer (ε = 4.2), which is 0.1 mm thick. The dimensions of the cuboids are 4 mm, 2 mm, and
2 mm, respectively. The lattice constant of the metamaterial is p = 5 mm, which is less than 1/6 of
the operating wavelength. The incident electric field polarizes in the x direction. Periodic boundary
conditions are applied on the x and the y boundaries to form an array. It should be mentioned that the
substrate illustrated in Figure 1a was not considered for the simplicity of simulation.

The simulations were carried out using a commercial finite-element software package CST
Microwave Studio 2013 (Computer Simulation Technology). We began by emulating the spectra
of S-parameters when the incident wave propagated in the +z and the −z directions. To calculate the
full transmissions, four S-parameters are required according to:{

Tf = |Sxx|2 +
∣∣Sxy

∣∣2
Tb =

∣∣Syy
∣∣2 + ∣∣Syx

∣∣2 , (4)

where Sij (simplified from Si2, j1) are the S-parameters (i, j = x, y), representing the ratio of the transmitted
electric field’s i component and the j-polarized incident electric field; Tf and Tb are the forward (+z)
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and the backward (−z) transmittance. Sxx, Sxy, Syx, and Syy correspond to the Txx, Txy, Tyx, and Tyy in
the Jones Matrix, respectively. In our case, Sxx is equal to Syy. Then, the AT parameter to characterize
the performance was calculated by [26]:

∆x =
∣∣Syx

∣∣2 − ∣∣Sxy
∣∣2 = −∆y (5)

where ∆x and ∆y are AT parameters for the x-polarized and the y-polarized wave. Next, the magnetic
field distributions at the peaks of Sxy and Syx were simulated to clarify the physical mechanism.Materials 2019, 12, x FOR PEER REVIEW 3 of 8 
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Figure 1. (a) Schematic diagram of the proposed chiral metamaterial. The inset illustrates the relative
position of two orthogonal cuboids in the metamolecule. (b) Simulation settings of the unit cell.
The geometrical parameters are: a = 4 mm, b = 2 mm, p = 5 mm, and d = 0.1 mm. The receiving and the
transmitting ports are in red color.

Furthermore, the transmission responses of the two single cuboids in the metamolecule were also
calculated to determine their Mie resonances. The simulations were performed using the configurations
illustrated in Figure 2a,b. PEC (perfect electric conductor) and PMC (perfect magnetic conductor)
boundary conditions were applied on the x and the y boundaries, respectively. The electromagnetic
wave propagated along the z direction, and the polarization of its electric field was in the x direction.
The transmission was characterized by S21. S21 should be roughly viewed as Sxx because the y
component of the transmitted electric field is small enough in this situation.Materials 2019, 12, x FOR PEER REVIEW 4 of 8 
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Figure 2. Simulation settings of the two single dielectric cuboids. (a) Cuboid 1. (b) Cuboid 2. The red
facets are the receiving and the transmitting ports.

Finally, the parameter sweeps of the lattice constant and the dielectric spacer’s thickness were
performed to investigate the coupling effect and acquire the optimal configurations.
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3. Results and Discussion

Figure 3a illustrates the simulated S-parameters’ (Sxx, Sxy, Syx, Syy) spectra of the chiral
metamaterial. Two asymmetric Fano-type resonances are seen at 8.571 GHz in the Sxy spectra and at
8.944 GHz in the Syx spectra. The curve of Sxx is nearly the same as that of Syy, while Sxy is unequal to
Syx in the vicinity of the two Fano-like resonance peaks. Besides, the peak of the Sxy curve suggests
the structure can convert the y-polarized incident wave into a mainly x-polarized transmitted wave.
Additionally, the rotation of polarization is different at the peak of Syx. Similarities can be found
in previous research based on a complex metallic structure [38]. These results make the proposed
metamaterial suitable for rotators after proper modifications.
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The calculated transmission spectra in the +z and the −z directions are presented in Figure 3b.
The transmission peak in the curve of the−z direction is at 8.569 GHz and the peak value is 0.713, while
the transmission in the +z direction is 0.102 at the same frequency. Additionally, the peak value in the
+z direction is 0.722 at 8.946 GHz compared with a transmission of 0.125 in the−z direction. The results
indicate a dual-band AT effect. One can assume the two Fano-type resonances may contribute to the
AT phenomenon since the peaks of the calculated transmission are quite near the asymmetric Fano
peaks of Sxy and Syx. In addition, the transmission peak at 8.569 GHz also gives a sharp Fano line
shape in Figure 3b. Thus, this Fano-like mode accompanied by the Sxy peak was further analyzed.

The magnetic field distributions at 8.571 GHz for the x-polarized and the y-polarized waves are
shown in Figure 3c,d. When the incident electric field is in the x direction, the magnetic field is highly
concentrated in only one cuboid. This resonator behaves as a magnetic dipole, which is in the same
direction as the incident magnetic field. Another cuboid is weak-resonant, but coupled to the strong
dipole, which is a typical Fano interference. When the incident electric field is along the y direction,
the two cuboids are strongly coupled, as illustrated in Figure 3d. Moreover, the transmission spectra
(S21) of the two single cuboids are simulated when the incident electric field is in the x direction, and
the schematic magnetic field distributions at the resonance peaks were also calculated, as depicted
in Figure 4. The Mie resonance of the cuboids are at 8.47 GHz and 9.04 GHz. Both of them show
magnetic dipole behaviors judging from the field distributions. The results coincidence with the
1st-order Mie resonance response given by the Mie scattering theory [39]. A small Fano resonance
of the blue curve that emerged at 9.775 GHz, which is formed by two anti-parallel magnetic dipoles
(see Supplementary Materials). It should be noted that the spectra of these two cuboids will exchange
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because of their symmetries, if the incident electric field is in the y direction. The Mie resonances of the
two single cuboids exist in the vicinity of the Fano-type resonances mentioned above. Thus, we can
derive that the Mie resonances can play an important role in the excitation of the Fano modes. The
incident electromagnetic wave stimulates a strong localized field in one cuboid, and then excites the
other cuboid through near-field coupling. Such a mechanism is established near the Mie resonances of
these two cuboids with a strong coupling strength, which can be seen if we compare Figure 4 with
Figure 3a. If one cuboid’s Mie resonance in the x-direction and another cuboid’s Mie resonance in the
y-direction are of the same frequencies, the strongest AT effect will be acquired due to their mutual
excitation. One outcome of this excitation process is that notable rotation of the polarization occurs in
the proposed metamaterial with identical cuboids.
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Figure 4. Simulated transmission spectra of the two single cuboids. The left inset is the schematic
magnetic field |H| of cuboid 1 at 8.47 GHz, and the right inset is that of cuboid 2 at 9.04 GHz.
The incident polarization is in the x direction.

Parameter sweeps were utilized to determine the dependence of the asymmetric parameter on
the geometrical parameters. To study the influence of the lattice constant, the thickness of the dielectric
spacer remains unchanged as d = 0.10 mm. In Figure 5a, the ∆x spectra vary when the lattice constant
rises from 4.5 mm to 6.0 mm, suggesting that the interference between the metamolecules somehow
cannot be ignored in this situation. The optimal value of p towards the AT effect is around 5 mm.
As shown in Figure 5b, the thickness of the dielectric spacer also influences the AT response when p
remains as 5.0 mm, because the interplay between the two cuboids depends on the gap. From the
diagram, we can conclude that d = 0.15 mm is nearly the optimum. Besides, we also performed period
sweeps for d = 0.05 mm and d = 0.15 mm. In Figure 5c, the asymmetric parameter reaches its maximum
near p = 4.75 mm. When d = 0.15 mm, the largest value appears near p = 0.15 mm. The relation between
∆x and p varies for different d values. Though the function can be rather complicated, the simulation
results suggest that the current configurations are the best design when we focus on the first Fano-peak.

Based on the Mie theory [39], for a lossless dielectric sphere, the frequency of 1st-order Mie
resonance is given by:

f = c0θ/2πRsp
√

εspµsp (6)

where εsp and µsp are the permittivity and the permeability of the sphere; Rsp is the sphere’s radius; c0

is the velocity of light in vacuum; θ is nearly equal to π [40]. Similarly, the Mie resonance frequency is
strongly related to the dielectric constant and the dimensions of the cuboid, which will provide more
freedom for controlling and optimizing the AT response of the proposed metamolecule. For example,
in using dielectrics with a high temperature coefficient of permittivity one can design a metamaterial
with a thermal tunable AT effect. In addition, if the dimensions of the dielectric resonators are scaled
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down to submicrons to properly select materials [41], the implementation of our design at optical
frequencies is possible.

Figure 5. Dependence of the asymmetric parameter, ∆x, on the two geometrical parameters. (a) The
lattice constant, p, when d = 0.10 mm. (b) The thickness of the spacer, d, when p = 5.0 mm. (c) The
lattice constant, p, when d = 0.05 mm. (d) The lattice constant, p, when d = 0.15 mm.

4. Conclusions

In conclusion, we numerically proposed and demonstrated the AT phenomenon in a Mie-based
dielectric metamaterials with Fano resonance. Two identical cuboids formed the chiral metamolecule,
leading to a dual-band AT effect. Fano resonances were found near the AT transmission peaks.
The simulated field distributions reveal that the metamolecule exhibits different inner coupling when
the polarization of the applied wave is changed. The two cuboids give the 1st-order Mie resonances
based on simulation and the AT effect emerges near these resonances. The parametric sweeps also
suggest that controlling the interplay between the metamolecules or inside the metamolecule can
optimize the electromagnetic response of the metamaterial. This study has potential for exploring
high-performance polarization rotators in metamaterials.

Supplementary Materials: The following are available online at http://www.mdpi.com/1996-1944/12/7/1003/
s1, Figure S1: Electric field distribution at 9.775 GHz of the single cuboid; Figure S2: Magnetic field distribution at
9.775 GHz of the single cuboid.

Author Contributions: Conceptualization, X.W.; methodology, X.W.; software, X.W.; formal analysis, X.W.;
investigation, X.W. and H.L.; writing—original draft preparation, X.W.; writing—review and editing, H.L.;
visualization, X.W.; supervision, J.Z.; funding acquisition, J.Z.

Funding: This research was funded by the Basic Science Center Project of NSFC, under grant No. 51788104,
as well as National Natural Science Foundation of China, under Grant Nos. 51532004 and 11704216.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Li, C.; Wang, M.; Wu, J.F. Broad-bandwidth, reversible, and high-contrast-ratio optical diode. Opt. Lett. 2017,
42, 334–337. [CrossRef]

2. Wang, C.; Zhou, X.; Tang, D.; Pan, W.; Dong, J. Ultra-broad band diode-like asymmetric transmission of
linearly polarized waves based on the three-layered chiral structure. Optik 2018, 164, 171–177. [CrossRef]

3. Callewaert, F.; Butun, S.; Li, Z.; Aydin, K. Inverse design of an ultra-compact broadband optical diode based
on asymmetric spatial mode conversion. Sci. Rep. 2016, 6, 32577. [CrossRef]

http://www.mdpi.com/1996-1944/12/7/1003/s1
http://www.mdpi.com/1996-1944/12/7/1003/s1
http://dx.doi.org/10.1364/OL.42.000334
http://dx.doi.org/10.1016/j.ijleo.2018.03.003
http://dx.doi.org/10.1038/srep32577


Materials 2019, 12, 1003 7 of 8

4. Jalas, D.; Petrov, A.; Eich, M.; Freude, W.; Fan, S.; Yu, Z.; Baets, R.; Popović, M.; Melloni, A.; Joannopoulos, J.D.;
et al. What is—And what is not—An optical isolator. Nat. Photonics 2013, 7, 579–582. [CrossRef]

5. Bai, Y.; Chen, Y.; Zhang, Y.; Wang, Y.; Aba, T.; Li, H.; Wang, L.; Zhang, Z. Asymmetric transmission of a
planar metamaterial induced by symmetry breaking. J. Phys. Condens. Matter 2018, 30, 114001. [CrossRef]

6. Fedotov, V.A.; Mladyonov, P.L.; Prosvirnin, S.L.; Rogacheva, A.V.; Chen, Y.; Zheludev, N.I. Asymmetric
propagation of electromagnetic waves through a planar chiral structure. Phys. Rev. Lett. 2006, 97, 167401.
[CrossRef]

7. Zhang, F.; Pu, M.; Li, X.; Gao, P.; Ma, X.; Luo, J.; Yu, H.; Luo, X. All-Dielectric Metasurfaces for Simultaneous
Giant Circular Asymmetric Transmission and Wavefront Shaping Based on Asymmetric Photonic Spin-Orbit
Interactions. Adv. Funct. Mater. 2017, 27, 1704295. [CrossRef]

8. Schurig, D.; Mock, J.J.; Justice, B.J.; Cummer, S.A.; Pendry, J.B.; Starr, A.F.; Smith, D.R. Metamaterial
Electromagnetic Cloak at Microwave Frequencies. Science 2006, 314, 977–980. [CrossRef]

9. Xi, S.; Chen, H.; Jiang, T.; Ran, L.; Huangfu, J.; Wu, B.-I.; Kong, J.A.; Chen, M. Experimental Verification of
Reversed Cherenkov Radiation in Left-Handed Metamaterial. Phys. Rev. Lett. 2009, 103, 194801. [CrossRef]

10. Lapine, M.; Shadrivov, I.V.; Kivshar, Y.S. Colloquium: Nonlinear metamaterials. Rev. Mod. Phys. 2014, 86,
1093–1123. [CrossRef]

11. Jahani, S.; Jacob, Z. All-dielectric metamaterials. Nat. Nanotechnol. 2016, 11, 23–36. [CrossRef] [PubMed]
12. Albella, P.; Shibanuma, T.; Maier, S.A. Switchable directional scattering of electromagnetic radiation with

subwavelength asymmetric silicon dimers. Sci. Rep. 2015, 5, 18322. [CrossRef] [PubMed]
13. Zhao, Q.; Zhou, J.; Zhang, F.; Lippens, D. Mie resonance-based dielectric metamaterials. Mater. Today 2009,

12, 60–69. [CrossRef]
14. Fano, U. Effects of Configuration Interaction on Intensities and Phase Shifts. Phys. Rev. 1961, 124, 1866–1878.

[CrossRef]
15. Miroshnichenko, A.E.; Flach, S.; Kivshar, Y.S. Fano resonances in nanoscale structures. Rev. Mod. Phys. 2010,

82, 2257–2298. [CrossRef]
16. Luk’yanchuk, B.; Zheludev, N.I.; Maier, S.A.; Halas, N.J.; Nordlander, P.; Giessen, H.; Chong, C.T. The Fano

resonance in plasmonic nanostructures and metamaterials. Nat. Mater. 2010, 9, 707–715. [CrossRef]
17. Mousavi, S.H.; Khanikaev, A.B.; Allen, J.; Allen, M.; Shvets, G. Gyromagnetically induced transparency of

metasurfaces. Phys. Rev. Lett. 2014, 112, 117402. [CrossRef]
18. Fu, Q.; Zhang, F.; Fan, Y.; He, X.; Qiao, T.; Kong, B. Electrically tunable Fano-type resonance of an asymmetric

metal wire pair. Opt. Express 2016, 24, 11708–11715. [CrossRef]
19. Miroshnichenko, A.E.; Kivshar, Y.S. Fano resonances in all-dielectric oligomers. Nano Lett. 2012, 12, 6459–6463.

[CrossRef]
20. Sounas, D.L.; Caloz, C.; Alù, A. Giant non-reciprocity at the subwavelength scale using angular

momentum-biased metamaterials. Nat. Commun. 2013, 4, 2407. [CrossRef]
21. Mun, S.-E.; Yun, H.; Choi, C.; Kim, S.-J.; Lee, B. Enhancement and Switching of Fano Resonance in

Metamaterial. Adv. Opt. Mater. 2018, 6, 1800545. [CrossRef]
22. Zhang, S.; Bao, K.; Halas, N.J.; Xu, H.; Nordlander, P. Substrate-induced Fano resonances of a plasmonic

nanocube: A route to increased-sensitivity localized surface plasmon resonance sensors revealed. Nano Lett.
2011, 11, 1657–1663. [CrossRef]

23. Fan, L.; Wang, J.; Varghese, L.T.; Shen, H.; Niu, B.; Xuan, Y.; Weiner, A.M.; Qi, M. An All-Silicon Passive
Optical Diode. Science 2012, 335, 447–450. [CrossRef]

24. Fedotov, V.A.; Schwanecke, A.S.; Zheludev, N.I.; Khardikov, V.V.; Prosvirnin, S.L. Asymmetric Transmission
of Light and Enantiomerically Sensitive Plasmon Resonance in Planar Chiral Nanostructures. Nano Lett.
2007, 7, 1996–1999. [CrossRef]

25. Liu, J.; Li, Z.; Liu, W.; Cheng, H.; Chen, S.; Tian, J. High-Efficiency Mutual Dual-Band Asymmetric
Transmission of Circularly Polarized Waves with Few-Layer Anisotropic Metasurfaces. Adv. Opt. Mater.
2016, 4, 2028–2034. [CrossRef]

26. Menzel, C.; Helgert, C.; Rockstuhl, C.; Kley, E.B.; Tunnermann, A.; Pertsch, T.; Lederer, F. Asymmetric
transmission of linearly polarized light at optical metamaterials. Phys. Rev. Lett. 2010, 104, 253902. [CrossRef]
[PubMed]

http://dx.doi.org/10.1038/nphoton.2013.185
http://dx.doi.org/10.1088/1361-648X/aaacf5
http://dx.doi.org/10.1103/PhysRevLett.97.167401
http://dx.doi.org/10.1002/adfm.201704295
http://dx.doi.org/10.1126/science.1133628
http://dx.doi.org/10.1103/PhysRevLett.103.194801
http://dx.doi.org/10.1103/RevModPhys.86.1093
http://dx.doi.org/10.1038/nnano.2015.304
http://www.ncbi.nlm.nih.gov/pubmed/26740041
http://dx.doi.org/10.1038/srep18322
http://www.ncbi.nlm.nih.gov/pubmed/26656864
http://dx.doi.org/10.1016/S1369-7021(09)70318-9
http://dx.doi.org/10.1103/PhysRev.124.1866
http://dx.doi.org/10.1103/RevModPhys.82.2257
http://dx.doi.org/10.1038/nmat2810
http://dx.doi.org/10.1103/PhysRevLett.112.117402
http://dx.doi.org/10.1364/OE.24.011708
http://dx.doi.org/10.1021/nl303927q
http://dx.doi.org/10.1038/ncomms3407
http://dx.doi.org/10.1002/adom.201800545
http://dx.doi.org/10.1021/nl200135r
http://dx.doi.org/10.1126/science.1214383
http://dx.doi.org/10.1021/nl0707961
http://dx.doi.org/10.1002/adom.201600602
http://dx.doi.org/10.1103/PhysRevLett.104.253902
http://www.ncbi.nlm.nih.gov/pubmed/20867380


Materials 2019, 12, 1003 8 of 8

27. Mutlu, M.; Akosman, A.E.; Serebryannikov, A.E.; Ozbay, E. Diodelike asymmetric transmission of linearly
polarized waves using magnetoelectric coupling and electromagnetic wave tunneling. Phys. Rev. Lett. 2012,
108, 213905. [CrossRef]

28. Novitsky, A.V.; Galynsky, V.M.; Zhukovsky, S.V. Asymmetric transmission in planar chiral split-ring
metamaterials: Microscopic Lorentz-theory approach. Phys. Rev. B 2012, 86, 075138. [CrossRef]

29. Pfeiffer, C.; Zhang, C.; Ray, V.; Guo, L.J.; Grbic, A. High performance bianisotropic metasurfaces: asymmetric
transmission of light. Phys. Rev. Lett. 2014, 113, 023902. [CrossRef] [PubMed]

30. Shen, B.; Polson, R.; Menon, R. Broadband asymmetric light transmission via all-dielectric digital
metasurfaces. Opt. Express 2015, 23, 20961–20970. [CrossRef]

31. Alaee, R.; Albooyeh, M.; Rahimzadegan, A.; Mirmoosa, M.S.; Kivshar, Y.S.; Rockstuhl, C. All-dielectric
reciprocal bianisotropic nanoparticles. Phys. Rev. B 2015, 92, 245130. [CrossRef]

32. Lawrence, M.; Barton, D.R.; Dionne, J.A. Nonreciprocal Flat Optics with Silicon Metasurfaces. Nano Lett.
2018, 18, 1104–1109. [CrossRef] [PubMed]

33. Jiang, H.; Zhao, W.; Jiang, Y. High-efficiency tunable circular asymmetric transmission using dielectric
metasurface integrated with graphene sheet. Opt. Express 2017, 25, 19732–19739. [CrossRef]

34. Parappurath, N.; Alpeggiani, F.; Kuipers, L.; Verhagen, E. The Origin and Limit of Asymmetric Transmission
in Chiral Resonators. ACS Photonics 2017, 4, 884–890. [CrossRef]

35. Huang, C.; Feng, Y.; Zhao, J.; Wang, Z.; Jiang, T. Asymmetric electromagnetic wave transmission of linear
polarization via polarization conversion through chiral metamaterial structures. Phys. Rev. B 2012, 85, 195131.
[CrossRef]

36. Li, X.; Feng, R.; Ding, W. Extremely high contrast asymmetric transmission with linear tunability in chiral
metamaterials. J. Phys. D Appl. Phys. 2018, 51, 145304. [CrossRef]

37. Wang, X.; Zhou, J. Fano resonance in a subwavelength Mie-based metamolecule with split ring resonator.
App. Phys. Lett. 2017, 110, 254101. [CrossRef]

38. Shi, J.; Liu, X.; Yu, S.; Lv, T.; Zhu, Z.; Ma, H.F.; Cui, T.J. Dual-band asymmetric transmission of linear
polarization in bilayered chiral metamaterial. App. Phys. Lett. 2013, 102, 191905. [CrossRef]

39. Lewin, L. The electrical constants of a material loaded with spherical particles. J. Inst. Electr. Eng. III 1947, 94,
65–68.

40. Liu, X.; Zhao, Q.; Lan, C.; Zhou, J. Isotropic Mie resonance-based metamaterial perfect absorber.
Appl. Phys. Lett. 2013, 103, 031910. [CrossRef]

41. Kruk, S.; Kivshar, Y. Functional Meta-Optics and Nanophotonics Governed by Mie Resonances. ACS Photonics
2017, 4, 2638–2649. [CrossRef]

© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1103/PhysRevLett.108.213905
http://dx.doi.org/10.1103/PhysRevB.86.075138
http://dx.doi.org/10.1103/PhysRevLett.113.023902
http://www.ncbi.nlm.nih.gov/pubmed/25062183
http://dx.doi.org/10.1364/OE.23.020961
http://dx.doi.org/10.1103/PhysRevB.92.245130
http://dx.doi.org/10.1021/acs.nanolett.7b04646
http://www.ncbi.nlm.nih.gov/pubmed/29369641
http://dx.doi.org/10.1364/OE.25.019732
http://dx.doi.org/10.1021/acsphotonics.6b00947
http://dx.doi.org/10.1103/PhysRevB.85.195131
http://dx.doi.org/10.1088/1361-6463/aab0c2
http://dx.doi.org/10.1063/1.4989527
http://dx.doi.org/10.1063/1.4805075
http://dx.doi.org/10.1063/1.4813914
http://dx.doi.org/10.1021/acsphotonics.7b01038
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Results and Discussion 
	Conclusions 
	References

