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Mimicking the quantum phenomena in metamaterials through coupled classical resonators has
attracted enormous interest. Metamaterial analogs of electromagnetically induced transparency
(EIT) enable promising applications in telecommunications, light storage, slow light and sensing.
Although the EIT effect has been studied extensively in coupled metamaterial systems, excitation
of electromagnetically induced absorption (EIA) through near-field coupling in these systems has
only been sparsely explored. Here we present the observation of the EIA analog due to constructive
interference in a vertically coupled three-resonator metamaterial system that consists of two bright
and one dark resonator. The absorption resonance is one of the collective modes of the tripartite unit
cell. Theoretical analysis shows that the absorption arises from a magnetic resonance induced by
the near-field coupling of the three resonators within the unit cell. A classical analog of EIA opens up
opportunities for designing novel photonic devices for narrow-band filtering, absorptive switching,
optical modulation, and absorber applications.

As a composite matter made up of subwavelength resonators, metamaterials possess unusual and exotic
electromagnetic properties that give rise to new capabilities in manipulating electromagnetic waves in
a desired manner'””. Experimental and theoretical investigations have shown that plasmonic coupling
in the near-field mode plays an essential role in enabling the optical and electromagnetic properties
of metamaterials®!%. In-depth understanding of the fundamental coupling mechanisms not only gives
remarkable insight into the design and optimization of metamaterial building blocks with desirable func-
tionalities, but also leads to many intriguing phenomena. Among these, the EIT analog is a result of
the coupling between a bright and a dark resonator, where the destructive interference of the resonance
modes delivers a sharp window of nearly perfect transmission within a broad absorption band. The EIT
effect has been recently mimicked in various metamaterial approaches, including cut wires'!~3, bilayer
fish-scale structures', split-ring resonators (SRRs)!>"!* and asymmetric Fano resonators®. This effect
drastically modifies the dispersive properties of an otherwise opaque medium, which leads to fascinating
potential applications, such as slow light!'>1¢, photonic switching!>'6, loss reduction!” and sensing!>'°.
In contrast to the destructive interference of the coupled EIT resonators, a constructive interference
of different excitation pathways would lead to a new fascinating phenomenon, namely, the EIA. Instead
of a pronounced transparency window, a sharp absorption resonance is induced in the EIA system. This
effect has been realized in two coupled resonator systems by introducing a retardation-induced phase

*Center for Terahertz waves and College of Precision Instrument and Optoelectronics Engineering, Tianjin
University, and the Key Laboratory of Optoelectronics Information and Technology (Ministry of Education), Tianjin
300072, China. 2School of Electrical and Computer Engineering, Oklahoma State University, Stillwater, Oklahoma
74078, USA. 3Department of Physics, Oklahoma State University, Stillwater, Oklahoma 74078, USA. “Center for
Disruptive Photonic Technologies, Division of Physics and Applied Physics, School of Physical and Mathematical
Sciences, Nanyang Technological University, 21 Nanyang Link, Singapore 637371, Singapore. *These authors
contributed equally to this work. Correspondence and requests for materials should be addressed to Z.T. (email:
tianzhen@tju.edu.cn) or J.H. (email: jlaghan@tju.edu.cn) or W.Z. (email: weili.zhang@okstate.edu)

SCIENTIFIC REPORTS | 5:10737 | DOI: 10.1038/srep10737 1


mailto:tianzhen@tju.edu.cn
mailto:jiaghan@tju.edu.cn
mailto:weili.zhang@okstate.edu

www.nature.com/scientificreports/

b
1
l' 1[‘ HEEEF
IuLIuL i
¢ a
a — | Wie— i

I, | —Hwi— —Hgk=

—> O |—

— d

Yy
Figure 1. Sample schematic and microscopic image. (a) Schematic diagram of the three-layered EIA
metasurface unit cell. (b) Microscopic image of the EIA sample. It was fabricated on a silicon substrate and
the dielectric spacer is made from polyimide. (c) Schematic of the individual resonators. P,=P,=120um,
ti=t,=10pm, [, =110pm, L,=83pm, t=42pm, w=10pm, a=47pm, d=13pm, and g=10pm,
respectively.

shift in an intermediate coupling regime?**?, manipulating their dissipative loss and coupling strength®,

or stimulating them with different phase via oblique incidence?, where the absorption resonance gener-
ally emerged from the absorption envelop background.

In this article, we present experimental observation of a unique EIA effect in a three-resonator system.
The proposed vertically coupled metasurface system features three types of resonance modes® with a
nearly identical resonance frequency but different damping rates. The design capitalizes on three cou-
pled resonators in which the pronounced sharp absorption resonance is induced within an EIT window,
splitting the original EIT resonance into two windows. In addition, we show that the EIA resonance is a
result of constructive interference induced magnetic response of the near-field coupled three-resonator
metasurface system.

Results

Sample schematic and experimental results. Figure 1a illustrates the schematic of a three-layered
metasurface unit cell which is excited at normal incidence by the terahertz electromagnetic wave. The
metamaterial comprises of three different types of metallic subwavelength resonators, namely, an I-shaped
structure at the top layer, a four-SRR structure at the middle layer and a cut-wire structure at the bot-
tom layer, respectively. Each adjacent metasurface layer is spaced by a 10 um-thick polyimide, thus the
overall thickness of the sample is only 20pum (except the substrate). Figure 1b displays a microscopic
image of the fabricated sample and shows a precise alignment between the three-layer resonators (see
Methods). Figure 1c illustrates the design with geometrical parameters. The thickness of the polyimide
spacer is much less than the terahertz resonance wavelength. Thus, the structure could be considered as
an effective medium and the close proximity of the layers also ensures the near-field coupling between
the resonators®.

To investigate the optical properties of the EIA system, the transmission #(w) and reflection r(w)
spectra at normal incidence were measured using a terahertz time-domain spectroscopy (THz-TDS)
system? (see Methods). The frequency-dependent absorbance was then calculated as A(w)=1 — |Hw)|?
— |r(w)]* The experimentally measured |#(w)|, |r(w)| and A(w) are shown in Fig. 2a. In the transmission
spectrum, a dip resonance, originated from the EIA effect, was developed from a broad EIT resonance,
thus also showing a double-peak EIT behavior. The EIA resonance was further validated by the cor-
responding sharp resonance dip in the reflection spectrum. This unique feature enables the distinct
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Figure 2. Amplitude transmission, reflection and absorbance spectra. (a) Experimental, (b) simulated
and (c) theoretical spectra of the amplitude transmission (purple), reflection (orange) and absorbance
(green) under normally incident y-polarized wave. In (c), the parameters used in the calculation are:
w,=27 X 0.61 THz, w, =27 x 0.60 THz, w,, =27 % 0.64 THz; 7,= 27 % 0.018 THz, 7,,= 27 x 0.013 THz,

Y= 27 X 0.007 THz; g,= 27 X 5.57 MHz, g,= 27 X 87.54 MHz; K, =27 x 0.0001 THz, ky_,, =27 x 0.13 THz;
d,=20pm, d;=625pm; Ap=0.22rad. The offsets along the y-axis reflection and transmission are 1.0 and
2.0, respectively.

absorption characteristic in the absorbance spectrum with a relatively sharp EIA window of 70 GHz (full
width at half maximum) at 0.58 THz with an intensity of 0.78. It can be seen that the central resonance
frequencies of the reflection and transmission spectra at the EIA window are slightly deviated from each
other. They, however, can be adjusted to overlap with each other by adjusting the geometrical parameters
of the structures.

Simulation and analysis. Numerical simulations on spectral response of the EIA system was per-
formed by using the commercial software package CST Microwave Studio (see Methods). The simulation
results are in good agreement with the experimental measurements, as shown in Fig. 2b. To further
explore the coupling effect between the resonators within a unit cell, additional simulations were carried
out on the individual resonators and combinations of two of these resonators. Figure 3 presents the sim-
ulated transmission, reflection and absorbance spectra of various structures under y-polarized incidence
(solid curves) and x-polarized (dashed curves, in Fig. 3b only) incidence, respectively. The incident wave
polarized along the y direction directly excited the I-shaped and the cut-wire resonators (see Fig. 3a,c)
whereas the four-SRR resonator could not be directly excited (see Fig. 3b). When the I-shaped and
four-SRR resonators (Fig. 3d), or the cut-wire and four-SRR resonators (Fig. 3e) are combined together,
a typical EIT type spectral response is observed with a pronounced transparency window. Therefore,
the I-shaped and the cut-wire resonators act as the bright modes as they are directly excited by the
incident field, while the four-SRR resonator acts as the dark mode resonator since they are excited by
the near-field coupling from the bright mode resonators. Furthermore, it is interesting to see that when
the two bright resonators are cascaded together (see Fig. 3f), a broader but weaker resonance occurs.
However, none of the absorbance spectra in Fig. 3 displays an absorption resonance which is as strong
as that in the three-resonator system, although the cases in Fig. 3e,f reveal a small absorption feature.
Therefore, the remarkable EIA effect in the proposed multilayer system is indeed attributed to the vertical
coupling between all the three resonators.
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Figure 3. Simulation results of individual and cascaded resonators. Amplitude transmission (purple),
reflection (orange) and absorbance (green) spectra of individual resonators (a—c) and three cases of two
combined resonators (d-f), as indicated by the inset diagrams. The resonance frequencies of the resonators
in (a—c) are 0.6, 0.6 and 0.62 THz, respectively. All the solid curves are obtained under the normally incident
y-polarized wave, while the dash curves in (b) are achieved under the normally incident x-polarized wave.
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Figure 4. Simulated surface current distributions. (a,b) Simulated surface current distributions for the
case shown in Fig. 2(f) with ¢ =1.44w and 1.837 at resonance frequency. (c,d) Simulated surface current
distributions for the three-layer case with = 1.447 and 0.44w at the peak absorption frequency. Insets:
corresponding surface current distributions of each layer resonator.

In order to elucidate the physical process involved, we calculated the electromagnetic surface current
distributions of selected designs (see Methods). For the bright resonators, the surface currents of the top
I-shaped resonator and bottom cut-wire resonator display a ~ 0.4m phase difference at the resonance
frequency. In other words, when the current in the I-shaped resonator is the strongest, the current in
the cut-wire resonator nearly becomes the weakest, and vice versa, as seen in Fig. 4a,b. After adding the
four-SRR resonator as the middle layer, the surface current distributions in the two bright resonators are
significantly altered because of their near-field coupling with the dark SRRs as the intermediate layer.
Figure 4c,d indicate that there is a phase difference of ® between the I-shaped and cut-wire resonators at
the peak absorption frequency. As a result, the anti-parallel currents form a magnetic dipole, as indicated
by a current ring. Different from the trapped mode in the planar metamaterial®, the magnetic dipole
direction m is along the x-axis, which is same as the incident magnetic field polarization. Therefore, it
strongly traps the incident magnetic energy, thus giving rise to a strong absorption. On the other hand,
the weak absorption shown in Fig. 3f is caused by the small net magnetic dipole since the phase differ-
ence of the anti-parallel currents is not exactly n/2. It can also be clearly seen that the surface currents at
the top and bottom resonators are both enhanced in comparison with the case shown in Fig. 4a,b due to
the constructive interference effect in the EIA system. It should be noticed that the EIA effect described
here does not convert the transparency window into a dip, but rather creates an absorption resonance
within the transparency window which is formed from the coupling between either one of two bright
resonators and the dark resonator. Therefore, the EIA resonance here does not alter the original high
transmissions at the two separated EIT window frequencies.

To confirm that the absorption phenomenon is resulted from the near-field coupling induced magnetic
response, effective parameters of the EIA metamaterial are retrieved by solving the Fresnel’s equations
using the transmission and reflection spectra?. The three-layered structure in the polyimide is treated as
an effective medium, as illustrated in Fig. 5a. By using the simulated transmission and reflection results,
we obtained the effective permittivity .4 and permeability .4 respectively, as shown in Fig. 5b,c. It is
observed that pq changes dramatically at the peak absorption frequency owning to the anti-parallel
currents. The remarkable imaginary part of y.¢ also represents a strong absorption to the incident elec-
tromagnetic wave. However, the anti-parallel currents reveal a weak contribution to .4 since the electric
response of the top and bottom resonances tend to cancel each other due to the w phase difference. This
is clearly demonstrated in Fig. 5b that the other two resonances without anti-parallel currents only con-
tribute to .4 Though the imaginary parts of ¢ ¢ at these two resonances are also obvious, the absorptions
are quite weak. This can be attributed to the strong mismatch in the effective impedance z ¢ which results
in strong reflection; whereas at the magnetic resonance, z.4 is between the impedances of air and the
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Figure 5. Effective permittivity and permeability. (a) Schematic of the retrieval model. (b, ¢) Retrieved
effective permittivity e.; and permeability ji ¢ of three-resonator EIA metamaterial with simulated results.
(d, e) Retrieved effective impedance z.4 and refraction index #.¢ with simulated results. The black and
red curves represent their corresponding real and imaginary components. The blue dashed lines indicate
the location of the peak absorption frequency, while the orange dashed lines indicate the location of the
separated EIT-peak frequencies at 0.54 and 0.64 THz, respectively.

substrate, thus the wave can easily penetrate the effective media and be absorbed, as illustrated in Fig. 5d.
Figure 5e illustrates the effective refraction index #.4 where the strong frequency-dependent dispersion
feature indicates a strong slow-light property at the two separated EIT-peak frequencies.

Theoretical model. To describe the resonance behaviors of the three resonators in the EIA system,
three coupled equations (in rotating-wave approximation) were used®:

Xy = = iwXy — iRy Xy — % + 18,
km = - iwmxm - iﬂt—mxm - i"/”'h—mxb = YmXm>
Xp = — iwyXy — iKy_ X, — VX + 08, E, (1)

where x;, w; and 7; with i€{t, m, b} are the amplitudes, resonance frequencies and damping rates of
the top, middle and bottom resonators, respectively. g, g, are coupling strength of the top and bottom
resonators to the external field E. The intermediate resonator can only be excited by the coupling from
the top resonator with coupling coeflicient &, ,, and the bottom resonator with coupling coeflicient &, .
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According to equation (1), we obtain the susceptibilities of the two bright resonators y; and X, respec-
tively. Thus the transmission and reflection coefficients at the two interfaces with bright resonators are
calculated utilizing the method described in Ref. 15 by neglecting the ultrathin thickness of aluminum
and taking d—0 limits:

2cn,
n +ny) — wx g (2)

tlfﬂfz = c(

c(n, — n,) + iwy
R s PP
c(ny + ny) — iwy, (3)

r-g-2=

where equations (2) and (3) are obtained under a condition that the incident wave passes through met-
amaterial layer 8 from medium 1 with refractive index n, to medium 2 with refractive index n,. Here ¢
is the light velocity in vacuum and w represents the angular frequency. With these obtained coefficients,
the overall transmission and reflection coefficients of the EIA system are calculated as

tariptp-b-sts—a exp{iw[(np - l)dp + (ng — l)dS]/c + iAd)}
' L= 7y ol s exp(Ziwnpdp/c + 2iA¢) 7 (4)

tat—p p—b—st p—t—a €XP (Ziwnpdp/c + 2iA¢)

r=Taypt . . ,
1= 7y ol popes exp(Zzwnpdp/c + ZquS) (5)

in which the multi-reflection effect in the thin polyimide layer is also considered®; where the subscripts
{a, t, b, p, s} denote air, top resonator, bottom resonator, polyimide spacer and silicon substrate, respec-
tively; n and d represent the refractive index and thickness; A¢ is the phase change introduced by the
dark mode. Figure 2c shows the calculated result based on the model, showing excellent agreement with
the measurements and the simulations.

Discussion

In conventional metamaterial absorbers®'~*, the absorption is also found to be related to the vertically
anti-parallel magnetic currents, but their transmission is extremely low in a broadband frequency range
(for example, continuous metal film acts as a ground plane). The EIA effect gives out a way that such
strong absorption resonance may also occur but without compromising high transmission amplitude
except at the EIA window. This three-resonator design delivers a strong EIA up to 78% which is much
stronger than the existing two resonator metamaterial systems. Besides, along with the EIA resonance,
the original transparent window splits into a double-peak EIT-like behavior, which could be useful in
developing slow-light devices with dual band transparency. From simulations, we also found that the
response of the EIA system reveals strong interlayer distance dependence. As other coupled-resonator
system, the transmission and reflection spectra are very sensitive to the position of the SRRs in the
polyimide layer which determines its coupling strength to the top and the bottom structures. A very
small variation in the vertical or horizontal position of the SRRs leads to an apparent modification in the
spectral response. This property could be used in developing metamaterial rulers at terahertz frequencies
and plasmonic rulers at infrared and optical frequencies®. Furthermore, by introducing semiconductor
or superconductor into our system, the response can be effectively modulated from EIT to EIA by exter-
nal excitations.

In conclusion, we demonstrate the quantum phenomenon of EIA in a vertically coupled tri-layer
classical metasurface. The scheme relies on a three-coupled-resonator unit cell, where a strong magnetic
response gives rise to a strong absorbance. The near-field coupling mechanism presented here would
allow the design of EIA analogs across a broad spectrum of the electromagnetic waves. This composite
metamaterial design also opens up a new route to classical analogs of quantum effects leading to pho-
tonic devices with promising applications in light switching, absorption, and sensing.

Methods

Sample fabrication. The three-resonator EIA metamaterial was fabricated on a 625pm silicon sub-
strate (¢,=11.96) using conventional photolithography and thermal evaporation processes. The bar
structures made from 200 nm-thick aluminum in the bottom layer were first patterned on the bare Si
substrate, followed by 10pum polyimide spacer (¢,= 2.96 +0.27i) on it. After the cure heating cycles, the
four-SRR structures in the middle layer were aligned and patterned on the polyimide spacer. Finally, the
second 10pm polyimide spacer was applied followed by the patterning process of the I-shaped struc-
tures. The entire area of the EIA sample is 15 x 15 mm?.
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Measurement. The amplitude transmission of the EIA metamaterial was measured using the pho-
toconductive antenna based 8f confocal transmission (THz-TDS) system with a minimum beam diam-
eter illuminated on the sample being 3.5mm, while the amplitude reflection spectrum was measured
using a same-type but reflective THz-TDS system. The amplitude transmission and reflection are defined
as|t(w)| = | Eq(w)/Ej(w)| and|r(w)| = |Eq(w)/E(w)|, respectively; where E(w) is measured transmission
spectrum, E (w) is the reflection spectrum. They are both normalized by E;(w) with respect to the trans-
mission or reflection amplitude of air and an aluminum coated silicon wafer, respectively.

Simulations. All the simulated results were obtained by using finite-difference-time-domain (FDTD)
method in the CST Microwave Studio. The amplitude transmission (|S,;|) and reflection (|S,,|) spectra
were calculated using waveguide port excitations of a single unit cell. Perfect magnetic and perfect elec-
tric boundary conditions were applied along the y and x, or x and y directions to realize the y-polarized
or x-polarized incidence, respectively. Open boundary conditions were applied on the z direction with
vacuum of certain thickness being the spacer on both the resonator and substrate sides. The current dis-
tributions in Fig. 4 are plotted by setting H-field/Surface current monitor at peak absorption frequency.

References
1. Shelby, R. A., Smith, D. R. & Schultz, S. Experimental verification of a negative index of refraction. Science 292, 77-79 (2001).
2. Pendry, J. B. Negative refraction makes a perfect lens. Phys. Rev. Lett. 85, 3966-3969 (2000).
3. Fang, N,, Lee, H., Sun, C. & Zhang, X. Sub-diffraction-limited optical imaging with a silver superlens. Science 308, 534-537
(2005).
4. Schurig, D. et al. Metamaterial electromagnetic cloak at microwave frequencies. Science 314, 977-980 (2006).
5. Leonhardt, U. & Philbin, T. G. Transformation optics and the geometry of light. Prog. Opt. 53, 69-152 (2009).
6. Kundtz, N. B, Smith, D. R. & Pendry, J. B. Electromagnetic design with transformation optics. P. IEEE 99, 1622-1633 (2011).
7. Hess, O. et al. Active nanoplasmonic metamaterials. Nat. Mater. 11, 573-584 (2012).
8. Gallinet, B. & Martin, O. J. E Influence of electromagnetic interactions on the line shape of plasmonic Fano resonances. ACS
nano 5, 8999-9008 (2011).
9. Francescato, Y., Giannini, V. & Maier, S. A. Plasmonic systems unveiled by Fano Resonances. ACS nano 6, 1830-1838 (2012).
10. Gallinet, B,, Siegfried, T., Sigg, H., Nordlander, P, & Martin, O. J. F. Plasmonic radiance: probing structure at the angstrom scale
with visible light. Nano Lett. 13, 497-503 (2013).
11. Zhang, S., Genov, D. A., Wang, Y., Liu, M. & Zhang, X. Plasmon-induced transparency in metamaterials. Phys. Rev. Lett. 101,
047401 (2008).
12. Liu, N. et al. Plasmonic analogue of electromagnetically induced transparency at the Drude damping limit. Nat. Mater. 8,
758-762 (2009).
13. Liu, N. et al. Planar metamaterial analogue of electromagnetically induced transparency for plasmonic sensing. Nano Lett. 10,
1103-1107 (2010).
14. Papasimakis, N., Fedotov, V. A., Zheludev, N. I. & Prosvirnin, S. L. Metamaterial analog of electromagnetic induced transparency.
Phys. Rev. Lett. 101, 253903 (2008).
15. Gu, J. et al. Active control of electromagnetically induced transparency analogue in terahertz metamaterials. Nat. Commun. 3,
1151 (2012).
16. Cao, W. et al. Plasmon-induced transparency in metamaterials: active near field coupling between bright superconducting and
dark metallic mode resonators. Appl. Phys. Lett. 103, 101106 (2013).
17. Tassin, P, Zhang, L., Koschny, T, Economou, E. N. & Soukoulis, C. M. Low-loss metamaterials based on classical
electromagnetically induced transparency. Phys. Rev. Lett. 102, 053901 (2009).
18. Singh, R., Rockstuhl, C., Lederer, F. & Zhang, W. Coupling between a dark and a bright eigenmode in a terahertz metamaterial.
Phys. Rev. B 79, 085111 (2009).
19. Weis, P, Garcia-Pomar, J. L., Beigang, R. & Rahm, M. Hybridization induced transparency in composites of metamaterials and
atomic media. Opt. Express 19, 23573-23580 (2011).
20. Singh, R. et al. Observing metamaterial induced transparency in individual Fano resonators with broken symmetry. Appl. Phys.
Lett. 99, 201107 (2011).
21. Taubert, R., Hentschel, M., Kistel, J. & Giessen, H. Classical analog of electromagnetically induced absorption in plasmonics.
Nano Lett. 12, 1367-1371 (2012).
22. Taubert, R., Hentschel, M. & Giessen, H. Plasmonic analog of electromagnetically induced absorption: simulations, experiments,
and coupled oscillator analysis. J. Opt. Soc. Am. B. 30, 3123-3134 (2013).
23. Tassin, P. et al. Electromagnetically induced transparency and absorption in metamaterials: the radiating two-oscillator model
and its experimental confirmation. Phys. Rev. Lett. 109, 187401 (2012).
24. Verslegers, L., Yu, Z., Ruan, Z., Catrysse, P. B. & Fan, S. From Electromagnetically induced transparency to superscattering with
a single structure: a coupled-mode theory for doubly resonant structures. Phys. Rev. Lett. 108, 083902 (2012).
25. Qu, K. & Agarwal, G. S. Phonon-mediated electromagnetically induced absorption in hybrid opto-electromechanical systems.
Phys. Rev. A. 87, 031802(R) (2013).
26. Reiten, M. T. et al. Resonance tuning behavior in closely spaced inhomogeneous bilayer metamaterials. Appl. Phys. Lett. 98,
131105 (2011).
27. Azad, A. K, Daj, J. & Zhang, W. Transmission properties of terahertz pulses through subwavelength double split-ring resonators.
Opt. Lett. 31, 634-636 (2006).
28. Fedotov, V. A., Rose, M., Prosvirnin, S. L., Papasimakis, N. & Zheludev, N. L. Sharp trapped-mode resonances in planar
metamaterials with a broken structural symmetry. Phys. Rev. Lett. 99, 147401 (2007).
29. Chen, X. et al. Robust method to retrieve the constitutive effective parameters of metamaterials. Phys. Rev. E. 70, 016608 (2004).
30. Born, M. & Wolf, E. [Chapter 1.6] Principles of optics [7th edition] [54-70] (Cambridge University Press, 1999).
31. Landy, N. L, Sajuyigbe, S., Mock, J. J., Smith, D. R. & Padilla, W. J. Perfect metamaterial absorber, Phys. Rev. Lett. 100, 207402
(2008).
32. Tao, H. et al. A metamaterial absorber for the terahertz regime: design, fabrication and characterization. Opt. Express 16,
7181-7188 (2008).
33. Watts, C. M., Liu, X. & Padilla, W. J. Metamaterial electromagnetic wave absorbers. Adv. Opt. Mater. 24, OP98-OP120 (2012).
34. Liu, N., Hentschel, M., Weiss, T., Alivisators, A. P. & Giessen, H. Three-dimensional plasmon rulers. Science 332, 1407-1410
(2011).

SCIENTIFIC REPORTS | 5:10737 | DOI: 10.1038/srep10737 8



www.nature.com/scientificreports/

Acknowledgments

This work was supported by the Cooperative Innovation Center of Terahertz Science, the National Key
Basic Research Program of China (Grant No. 2014CB339800), the U.S. National Science Foundation
(Grand No. ECCS-1232081), the National Science Foundation of China (Grant Nos. 61138001, 61107085,
61422509, and 61420106006), the Program for Changjiang Scholars and Innovative Research Team in
University (Grant No. IRT13033), and the Major National Development Project of Scientific Instruments
and Equipment (Grant No. 2011YQ150021).

Author Contributions

X.Z., W.Z. and G.S.A. proposed the analogue of EIA in the three-resonator metamaterial, X.Z. and
N.X. conducted the pattern design, X.Z. completed numerical simulations, N.X. fabricated the EIA
samples and performed all the measurements, X.Z., N.X. and K.Q. developed the analytical model and
discussed the comparisons between simulations and experiments, X.Z., N.X., K.Q,, Z.T., R.S., ] H. and
W.Z. analyzed the measured data, W.Z. and G.S.A. supervised the theory and the measurements. All the
authors discussed the results and contributed to the writing of the manuscript.

Additional Information
Competing financial interests: The authors declare no competing financial interests.

How to cite this article: Zhang, X. et al. Electromagnetically induced absorption in a three-resonator
metasurface system. Sci. Rep. 5, 10737; doi: 10.1038/srep10737 (2015).

This work is licensed under a Creative Commons Attribution 4.0 International License. The

M jmages or other third party material in this article are included in the article’s Creative Com-
mons license, unless indicated otherwise in the credit line; if the material is not included under the
Creative Commons license, users will need to obtain permission from the license holder to reproduce
the material. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/

SCIENTIFIC REPORTS | 5:10737 | DOI: 10.1038/srep10737 9


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

	Electromagnetically induced absorption in a three-resonator metasurface system

	Results

	Sample schematic and experimental results. 
	Simulation and analysis. 
	Theoretical model. 

	Discussion

	Methods

	Sample fabrication. 
	Measurement. 
	Simulations. 

	Acknowledgments

	Author Contributions
	﻿Figure 1﻿﻿.﻿﻿ ﻿ Sample schematic and microscopic image.
	﻿Figure 2﻿﻿.﻿﻿ ﻿ Amplitude transmission, reflection and absorbance spectra.
	﻿Figure 3﻿﻿.﻿﻿ ﻿ Simulation results of individual and cascaded resonators.
	﻿Figure 4﻿﻿.﻿﻿ ﻿ Simulated surface current distributions.
	﻿Figure 5﻿﻿.﻿﻿ ﻿ Effective permittivity and permeability.



 
    
       
          application/pdf
          
             
                Electromagnetically induced absorption in a three-resonator metasurface system
            
         
          
             
                srep ,  (2015). doi:10.1038/srep10737
            
         
          
             
                Xueqian Zhang
                Ningning Xu
                Kenan Qu
                Zhen Tian
                Ranjan Singh
                Jiaguang Han
                Girish S. Agarwal
                Weili Zhang
            
         
          doi:10.1038/srep10737
          
             
                Nature Publishing Group
            
         
          
             
                © 2015 Nature Publishing Group
            
         
      
       
          
      
       
          © 2015 Macmillan Publishers Limited
          10.1038/srep10737
          2045-2322
          
          Nature Publishing Group
          
             
                permissions@nature.com
            
         
          
             
                http://dx.doi.org/10.1038/srep10737
            
         
      
       
          
          
          
             
                doi:10.1038/srep10737
            
         
          
             
                srep ,  (2015). doi:10.1038/srep10737
            
         
          
          
      
       
       
          True
      
   




