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Metamaterials and invisibility

Sousan Rasouli
Department of Nanomaterial and Nanocoating, Institute for Color Science and Technology, Tehran, Iran,
P. O. Box: 167654-654.

% rasouli@icrc.ac.ir

Abstract
Invisibility, one of the aspirations of human beings, that the optics and materials have made it possible today. This is

possible using metamaterials. Metamaterials have amazing optical properties, including a negative refractive index, which
are not found in nature and must be prepared with special techniques. Normally, the light that hits an opaque object is
reflected from it and becomes visible, metamaterials change and transform this two-way relationship between light and
objects so that the light changes its direction around the object without being reflected and passes through it. In this case,
because no light is visible, the object becomes invisible. . In this article, by using the principles of light physics and
explaining the phenomena of light refraction and surface plasmon, general information about how objects become invisible
and methods of preparing metamaterials will be presented.

Keywords: Metamaterials, refractive index, invisibility, surface plasmon
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Figure 1: Examples of invisible cloaks [1].
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Figure 3: Material classification in function of & and x [6].
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Figure 4: (a) Calculated ray-tracing image of a metal rod in an empty drinking glass. (b) Same scenery, but the glass is filled
with normal water, n =1.3, leading to ordinary refraction. (c) The water is replaced by “water” with a fictitious refractive
index of n=-1.3 [7].
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Figure 5: Surface plasmons propagating along the interface between a metal and dielectric [10].
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Figure 7: Figure 1. Overview of electromagnetic, chiral, acoustic, and mechanical metamaterials [18].
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Figure 9: A negative index metamaterial formed by SRRs and wires deposited on opposite side lithographically on'standard circuit board
[21].
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Figure 10: A ray-tracing program has been used to calculate ray trajectories in the cloack, assuming that R>>> . A: two-dimenssional cross
section, B: A 3D view of the same process [20].
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A Conventional Lithographic Methods: Highly ordered Metamaterials
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Figure 11: (A) Schematic diagram representing different conventional lithographicmethods from left to right: Laser/E-beam lithography,
nanostencil lithography, and nanoimprint lithography [25].
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Figure 12. lllustration of a) photolithography or electron-beam lithography process, b) focused-ion beam, c) nanoimprint lithography and d)
hole-mask colloidal lithography and off-normal deposition [26].

a aloz jlwl oads aniliS 12l o)50 a4 Slidgl Sleard yets Bo)b 5l i) 4l JE Glbwsss Gl bk sl o0l
laacte ol el 52 53 (YF-YA) 8,5 o,Lsl oy (53,5 s ole (5 siummss (slodis, b oo 8,5 sl s DNA (slla, 51 oslica]
355 sl 3l WS e zlae | Sld slaSsh o Blall St 5 anils S3gL ( (oeed 25 Stz 2 (SN S Vs
b oJly sl A wlg a4 sty lald agd b g gy biie o byl cle m s czse b Jlon) bl

(YA 3,135 oo tales a1, DNA 51 asliceal b s oo, T 35l ags IS slas V¥ USS g Syz50 (5598 g



Amorphous
(systems I-lll)

Assembly
"t —_—

'
(€] :
'
o@ ) H 000’9’. Crystalline
! Q £ QOOQ D) e
DNA-capped nanoparticles Amorphous Reorganized Melting-induced D QOQ‘Q (systems IV-V)
DNA-linked aggregates pre-melted aggregates disassembly 000 D

Re-assembled aggregates
of varied long-range order

(YA) 1,366 31,Tos5 5 aas (sl DNA 5l ool : VY JsCi
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G5 Al -7
shoslital p ol (Sl Gull 300 )18 Slsegils 5 (5,95 pole (bl 2 a5 C8F S8 (o) 3500 a8 (Spab oy Al cnl o
Sgs sl Cysgame a5 witus Skl sbliing iSI olss gl ot b slaylizl ol oyl 45 (gl ielio) lgal 3
5 A ke oS oy ez 31 ol 05 5 LolsS Syl 5 o0k il Canpebs o Ll alie iiS o il 4y |, Jsens
o S 4 1y 55 5 03,8 wolass 455 J5S 5 Sl sl 1, olsald ol dalisloglh 5o plaz 5 (b Gesb ) i
o oLt b abyb g g blie alaly Sy e uebliieg Sl glyel cadly 5 5 5peb Soanlie (gl dygmiy AiS o Culin



& g5 ¢ L
@MMJ{;‘)A{?)M

o e S S a Jy 5 oS L bl U1 sl 1 ol 5 apama K 53 1, 4 50 ala (ol dgll i
e bizle as audl o laceisls S jee o GLbl 5l g ools Cyz s oole Blbl jo 09d uSaie aSl ygay o5 AT 04l
155 oo il odisdh S5 plie 5 SrgS o gl L 0 41 51 (o 5 o) 518 S, 5 Sy S 5 S ol gy
&S (5,5 g Sogendly LEle S s W08 B TSl o pd gl 5 00,5 Jese SRR (gl dil> ouiS wpais S il
Iy 19 (o 09l oo 9o aiile Lzl CanSl (oo a5 058 (o0 ge )b Jlgtren Sogewdly Hlisle syais aeles b o delas
aly 2 slegy Jolis Sigeudly Slgal 3 ans Slobsy et WS o0 ssee o 5l e Al wms (o QUL & 5 WS e 0
5 s (ool (sle g BT 505, 0935 B Y0 slalle 51 il oo BT b slahs, 5 (S ol 355
Sele 595515 1,555 ) 55 S35 55 saie s 5 w5 55,0 s ol 5 oy ool LB siline (sledhs,
s55 3y ol 3 L e i ISl Al o 5 0352 5 40 e o a5, (ol AL (gn orr b LS Y L sl i
155 oo ol 4 L sy, BN Sl o it 3 T 55 b Slebosss g, o o T b 8,55, 0,5
Sl Sigendly Sly3930 51 adsl slaaaly (59,5 whaie 3,05, (nl )3 e Gl 358 WIS |2l 4 (ormg w2 )0 (Lo b

il 00,5 o (6 youds yn Sl eolainl b g SIS (695 5 DNA tigwy o153 00,5 jlo Jale jloslawl L1y o1 as

el 0ad Lo B oy lawgi/ a8l ol 4sS

&bo -V

1. Metamaterials based optical cloaks that promise invisible planes, vehicles'and armies, and protection from earthquakes &
tsunamis, 2018 Available from: https://idstch.com.

2. W. Cai, UK. Chettiar, A.V. Kildishev, VM. Shalaev;, Optical cloaking with metamaterials, Nature Photonics.
2007;1:224-227. https://doi.org/10.1016/j.crhy.2009.01.002.

3. David H. Stealin, Ann W. Morgenthaler, Jin-Au Kong, Electromagnetic waves, Published by Pearson (edition First
Edition), 1993.

4. Rupali Sethi, Refractive Index and it's Application, LAP Lambert Academic Publishing, 2018.

5. Andrews, David L. Photonics, Volume 2. Nanophotonic Structures and Materials. JohnWiley&Sons, 2015.

6. Ji Chen, ShanshantHu, Shining Zhu, Tao Lil, Metamaterials: From fundamental physics to intelligent design, Wily
Interdisciplinary Materials. 2022;1-25. https://doi.org/10.1002/idm2.12049

7. Gunnar Dolling and Martin Wegener, Photorealistic images of objects in effective negative-index
materials, Opt. Express. 2006;14(5):1842-1849, https://doi.org/10.1364/0c.14.001842.

8. Barnes, William L.; Dereux, Alain; Ebbesen, Thomas W. Surface plasmon subwavelength optics .Natures, 2003;
424(6950):824-30. https://doi.org/10.1038/nature01937.

9. Lu Wang, Morteza Hasanzadeh Kafshgari, and Michel Meunier, Optical Properties and Applications of Plasmonic-Metal
Nanoparticles, Adv Funct Mater. 2020,30(51),2005400. https://doi.org/10.1002/adfm.202005400.

10. Akihiro Sato, Surface Plasmon Fluorescence Spectroscopy and Optical Waveguide Fluorescence Spectroscopy in Limit
of Detection Studies, [Master Thesis] Max Planck Institute for Polymer Research, Mainz, 2006.

11. Michael Keusgen, Biosensors: new approaches in drug discovery, Naturwissenschaften. 2002;89:433-444.
https://doi.org/10.1007/s00114-002-0358-3.

12. Shuwen Zeng,a Dominique Baillargeat,c Ho-Pui Hod and Ken-Tye Yong, Nanomaterials enhanced surface plasmon
resonance  for  biological and  chemical sensing  applications, Chem  Soc Rev. 2014,43,3426.
https://doi.org/10.1039/c3cs60479a.

13. Y.I. Abdulkarim, Y.I. Abdulkarim, M. Bakir, I. Yasar, H. Ulutas, M. Karaaslan, F.O. Alkurt, C. Sabah, J. Dong, Highly
sensitive metamaterial-based microwave sensor for the application of milk and dairy products, Appl Opt AO. 2022; 61:
1972-1981. http://doi.org/10.1364/A0.451900.



& g5 ¢ L
@MMJ{;‘)A{?)M

14. Islam, M.R., Islam, M.T., M., M.S.et al. Metamaterial sensor based on rectangular enclosed adjacent triple circle split
ring resonator with good quality factor for microwave sensing application. Sci Rep. 2022;12:6792.
https://doi.org/10.1038/s41598-022-10729-4.

15. Lin, KT., Lin, H., Yang, T.et al. Structured graphene metamaterial selective absorbers for high efficiency and
omnidirectional solar thermal energy conversion. Nat Commun. 2020;11:1389. https://doi.org/10.1038/s41467-020-15116-z.
16. Lukas Malen , Ondrej Fiser, Paul R. Stauffer, Tomas Drizdal, Jan Vrba and David Vrba, Feasibility Evaluation of
Metamaterial Microwave Sensors for Non-Invasive Blood Glucose Monitoring, Sensors. 2021;21:6871.
https://doi.org/10.3390/521206871.

17. Veselago V. G. "The electrodynamics of substances with simultaneously negative values of eandp. Sov Phys Usp.
1968;10:509-514. https://doi.org/10.1070/PU1968v010n04ABEH003699.

18. Paulina Gora and Przemystaw Lopato, Metamaterials’ Application in Sustainable Technologies and an Introduction to
Their Influence on Energy Harvesting Devices, Appl Sci. 2023;13:7742. https://doi.org/10.3390/app13137742

19. Rajnil, and Anupma Marwaha, An Accurate Approach of Mathematical Modeling of SRR and SR for Metamaterials, J
Eng Sci Technol Rev. 2016;9(6) 82- 86. https://doi.org/10.25103/jestr.096.11.

20. Pendry J, Schurig D, Smith D. Controlling Electromagnetic Fields., Sci.~ 2006;1780-1782.
https://doi.org/10.1126/science.1125907.

21. Smith, D., Pendry, J., & Wiltshire, M. Metamaterials and Negative Refractive Index. Sci. 2004;305:788-792.
https://doi.org/10.1126/science.1096796.

22. Gang Bao, Hongyu Liu, Jun Zou, Nearly cloaking the full Maxwell equations: Cloaking active contents with general
conducting layers. J Math Pures Appl. 2014;101:716-733. https://doi.org/10.1016/j.matpur.2013.10.010.

23. Morgan Stefik, Stefan Guldin, Silvia Vignolini, Ulrich Wiesnerd and Ullrich Steinere, Block copolymer self-assembly
for nanophotonics, Chem Soc Rev.2015. https://doi.org/DOI: 10.1039/c4cs00517a.

24. Alberto Alvarez-Fernandez, Cian Cummins; Matthias Saba, Ullrich Steiner, Guillaume Fleury, Virginie Ponsinet, and
Stefan Guldin, Block Copolymer Directed Metamaterials and Metasurfaces for Novel Optical Devices Adv. Optical Mater.
2021;9:2100175. https://doi.org/10.1002/adom.202100175.

25. Furusawa G, Kan T. Au Nanospirals Transferred onto PDMS Film Exhibiting Circular Dichroism at Visible
Wavelengths. Micromachines. 2020;11(7):641-649. https://doi.org/10.3390/mi11070641

26. Ke Wang, Seong Hun Park, Jintao Zhu, Jung Kyu Kim, Lianbin Zhang, and Gi-Ra Yi, Self-Assembled Colloidal
Nanopatterns toward Unnatural Optical Meta-Materials, Adv Funct Mater. 2020,2008246.
http://doi.org/10.1002/adfm.202008246.

27. | Bergmair, B Dastmalchi, M Bergmair, A Saeed , W Hilber, G Hesser, C Helgert, E Pshenay-Severin, T Pertsch, E B
Kley, U Hubner, N H Shen, R Penciu, M Kafesaki, C M Soukoulisé, K Hingerl, M Muehlberger and R Schoeftner. Single
and multilayer metamaterials fabricated by nanoimprint lithography. Nanotechnol. 2011;22:325301.2011.
http://doi.org/10.1088/0957-4484/22/32/325301.

28. Chao J, Lin Y, Liu H, Wang Lianhui, Fan Ch. Mater Today.2015;18. http://dx.doi.org/10.1016/j.mattod.2015.01.018.

29. Muhlig S, Cunningham A, Dintinger J, Scharf T, Bu rgi Th. Falk Lederer and Carsten Rockstuhl, Self-assembled
plasmonic metamaterials. Nanophotonics. 2013;2(3):211-240, http://doi.org/10.1515/nanoph-2012-0036.



