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Abstract:



Self-assembled metamaterials attract considerable interest as they promise to make isotropic bulk metamaterials available at low costs. The optical response of self-assembled metamaterials is derived predominantly from the response of its individual constituents, i.e., the meta-atoms. Beyond effective properties, primary experimentally observable quantities, such as specific cross-sections, are at the focus of interest as they are frequently considered when exploiting metamaterials in specific applications. This posses the challenge of predicting these observable quantities for a diluted ensemble of randomly oriented meta-atoms. Thus far, this has been achieved by either averaging the optical response of the meta-atom across all possible incident fields or by restricting the consideration to only an electric and magnetic dipolar response. This, however, is either time-consuming or imposes an unnecessary limitation. Here, we solve this problem by deriving and presenting explicit expressions for experimentally observable quantities of metamaterials made from randomly arranged and oriented meta-atoms characterized by their T-matrix.
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1. Introduction


Metamaterials are artificial materials that exhibit unique properties not encountered in nature. The properties of metamaterials are largely derived from the scattering properties of its constituents, the so called meta-atoms. The recent advances in the field of metamaterials has opened up many unprecedented means of light manipulation [1,2,3,4,5,6]. These advances were only possible thanks to meta-atoms that do not just show an electric but also a magnetic response [7,8,9]. Moreover, the electro-magnetic response can be cross-coupled [10,11], giving rise to a plethora of phenomena for circular polarization states of light [12,13,14,15].



In the initial stage of metamaterials development, especially in the optical regime, the majority of experimental realizations were made with top-down nanofabrication techniques such as lithography techniques or electron beam writing [16,17,18,19]. These methods are reliable and offer a high degree of spatial control in two dimensions. However, they hardly enable truly three-dimensional materials. To mitigate this limitation, bottom-up approaches that combine nanochemistry and colloidal physics were proposed [20,21]. They allow to easily produce 3D metamaterials with isotropic properties at low costs [22,23,24,25,26].



With the improved understanding of meta-atoms, it became soon appreciated that theoretically considering metamaterials only in terms of effective properties is a somewhat limited point-of-view [27,28]. Instead, the consideration of metamaterials as an ensemble of complicated scatterers with a response that can be tailored (largely) will unlock quite a lot of exciting applications [29]. It requires to consider the response not just in terms of an induced electric and magnetic dipole moment, but also quadrupolar or octopolar multipole moments are taken into account. In general, any arbitrary higher order multipole moment can be studied [30]. These induced moments are linked to the expansion coefficients of the incident field by the T-matrix [31]. With that, the T-matrix constitutes in essence the aggregated information that expresses how an object interacts with any possible illumination. Knowing the scattering object means knowing the T-matrix [32].



Exploiting the coherent interference among different multipolar orders in their contribution to observable properties is at the heart of many envisioned applications. Examples are the spectrally broadband suppression of backscattering of pretty large low-index spheres [33] or helicity filtering glasses made from maximal electromagnetic chiral scatterers [34]. The analysis of all such applications requires the ability to predict experimentally observable quantities for an ensemble of randomly oriented and randomly arranged meta-atoms. Observable quantities of interest are, e.g., the absorption cross-section.



While considering a sufficiently diluted ensemble of meta-atoms where nearest neighbour interaction is negligibly small, only for the special case of isotropic meta-atoms the response of the ensemble can be directly deduced from the response of the constituent [35,36]. For a sufficiently small particle that justifies a consideration in the dipolar regime, observable quantities have been expressed in term of respective polarizabilities [37]. For an arbitrarily shaped meta-atom, the response has been deduced thus far by averaging the response of the individual meta-atom across all possible orientations of the meta-atom relative to the illumination [38,39]. This can be an extremely tedious task, as quite some quantities of interest show a very poor convergence with respect to the considered number of illuminations, as we will show later in the article.



To solve this problem, we develop here a methodological framework that allows to predict experimentally observable quantities of sufficiently diluted self-assembled metamaterials directly from the T-matrix of their constituent. Comparison to predictions of the same quantities obtained from an averaging of the response to randomly chosen incident fields demonstrate the liability of our expressions. We emphasize that some observable quantities show a poor convergence for the latter approach and require hence a large number of illumination scenarios to be considered in the averaging. Here, our approach clearly improves the situation. Exemplarily calculations to demonstrate the strength of our methodology are equally documented in this contribution. We concentrate on the example of a helical arrangement of metallic nanoparticles; being an ensemble that unifies the beauty of possessing a dispersive response in all the quantities we are interested in and being of practical relevance.




2. T-Matrix Formalism


Solving the electromagnetic scattering problem requires to link a specific incident field to the scattered field. The details of this process are governed by the shape and the material from which the scatterer is made. Here, we only require the scatterer to be localized in space. In general, the incident and scattered fields of any given object can be decomposed into an orthogonal set of basis vectors. For our purpose, it is most convenient to use vector spherical wave functions in parity [[image: ]] or helicity [[image: ]] bases. Throughout the paper, we will use subscript [image: ] to denote parity basis and [image: ] for the helicity basis. By employing vector spherical wave functions as the basis set, the incident time harmonic electric field oscillating at a fixed frequency [image: ] can be expanded as [40]


[image: ]



(1)







While the electric field scattered by any given object reads as:


[image: ]



(2)







Here, [image: ] refers to the vector spherical wave functions, [image: ] and [image: ] are the expansion coefficients, indices [image: ] and [image: ] refer to quantum numbers, and index [image: ] refers to the parity ([image: ]) or the helicity ([image: ]) of the vector spherical harmonics [34]. The superscript in the vector spherical harmonics denotes the choice of either the spherical Bessel function (1) or the outgoing spherical Hankel function (3) as the argument of the function. To simplify our notation, we drop from now on the frequency dependency. However, it is implicitly assumed throughout the paper.



The T-matrix [image: ] links the incident and scattered field coefficients of any given object. The T-matrix is an inherent property of the object and does not depend on the illumination. In the T-matrix formulation, the scattered and incident fields coefficients can be linked as [41]:


[image: ]



(3)







Here, [image: ] and [image: ] are vectors that are composed of the respective linear coefficients [image: ] and [image: ], respectively. Please note, the T-matrix for an arbitrary object can be obtained from numerically computing the response of the scatterer to a multipolar illumination combined with the proper calculation of the induced multipole moments [32]. Also, particularly for self-assembled metamaterials made from an ensemble of spherical objects, effective routines exists to construct the T-matrix of the object from the T-matrices of the individual constituents [42]. In the following, we will assume that the T-matrix is known for a given scatterer. Sometimes, it is more convenient to spell out the parity or helicity of the incident and scattered fields in the T-matrix formulation. In the parity basis it reads as


[image: ]



(4)







Here, the parity index refers to electric ([image: ]) or magnetic ([image: ]) multipolar contributions, respectively. The sub-matrices [image: ] and [image: ] describe the coupling of electric and magnetic multipolar moments of the object, while the sub-matrices [image: ] and [image: ] describe the coupling of it’s electric-electric or magnetic-magnetic multipolar components. On the other hand, by using the helicity basis, the T-matrix reads as


[image: ]



(5)




where the helicity index refers to left ([image: ]) or right ([image: ]) handed circularly polarized (RCP and LCP) fields, respectively. Both T-matrix formulation can be linked by:


[image: ]



(6)




where [image: ] is the identity matrix with the same size as the sub-matrix [image: ].




3. Predicting Observable Quantities from the T-Matrix of Individual Meta-Atoms


In this section, we will show how experimentally observable quantities of a bulk self-assembled metamaterial can be deduced from its individual constituents. For this purpose, we assume that there is no interaction between individual meta-atom that would cause a renormalization of the respective T-matrix. It requires the distances between the meta-atoms to be sufficiently large. All meta-atoms are randomly oriented inside a solution and the number of particles is very large. Based on these assumptions, an ensemble averaging will be employed and experimentally observable quantities can be deduced from the T-matrix of the individual meta-atom. Since the total response of bulk self-assembled metamaterials is equivalent to the averaged response from its individual meta-atom, the properties of bulk metamaterials can be inferred from the average response of an individual meta-atom. This will be the starting point of our analysis. For the sake of brevity, we will only present the derivation of the average scattering cross section of such ensemble of meta-atoms in detail. The average of other parameters will only be listed in Table 1 but can be derived analogously.



Table 1. Mathematical expression for a particular illumination as well as the average value extracted from the parity based T-matrix of the meta-atom for various parameters.







	
No.

	
Name of Parameter

	
Expression for One Particular Illumination

	
Average Value






	
1

	
Scattering cross section

	
[image: ]

	
[image: ]




	
2

	
Extinction cross section

	
[image: ]

	
[image: ]




	
3

	
Absorption cross section

	
[image: ]

	
[image: ]










For a particular illumination [image: ], which we think of as a plane wave propagating in a random direction and having a random polarization, the scattering cross section ([image: ]) can be written as:


[image: ]



(7)




where index [image: ] denotes the indices for a particular illumination [image: ] and [image: ] denotes wave number inside the background medium, which is defined as [image: ], with c being the speed of light in the background medium. Writing it in Dirac bra-ket notation it reads as


[image: ]



(8)




where [image: ] is a column vector which contains the parameter [image: ]. By employing the T-matrix definition as written in Equation (3), we arrive at:


[image: ]



(9)







In the next step we reformulate the inner product as described in Equation (9) as the trace of an outer product of a matrix. With that we can write [image: ] as:


[image: ]



(10)




where [image: ] denotes the trace of a matrix. Rewriting the above equation in compact form we arrive at


[image: ]



(11)




where [image: ]. The above equation expresses the scattering cross-section for a specific illumination in matrix form. By taking the average across multiple illumination scenarios, the following equation will hold:


[image: ]



(12)







Since the vector matrix [image: ] is a normalized vector composed of the expansion coefficients of the incident field, for a random polarization scenario, this vector will be a random, normalized vector. Using this fact and assuming that [image: ] is a very large number, the following relation will hold


[image: ]



(13)




where [image: ] is the identity matrix and S is the dimension of the vector [image: ]. Using this fact, the average scattering cross section can be written as:


[image: ]



(14)







Following the same derivation, explicit expressions for other averaged observable properties can be derived. Table 1 summarizes relevant averaged quantities that can be extracted from the T-matrix of the meta-atom directly.



So far, the average parameters are defined as an average across random illumination directions and polarizations. This approach, while quite useful for many cases, is however unable to predict quantities that arise from an illumination of the metamaterial with light of a specific polarization. For example, measuring the chiral properties of self-assembled metamaterials requires a distinction of the response to either left or right handed circularly polarized light. To extend the approach described above to accommodate this requirement, it is therefore necessary to use the helicity based T-matrix. Then, the expansion coefficient of the incident field in Equation (5) can be written as


[image: ]



(15)




or


[image: ]



(16)







The superscripts [image: ] or [image: ] denote right or left handed circularly polarized incident field, respectively. Since the incident field is always written as a normalized vector, it implies that either [image: ] or [image: ] is a normalized vector. By inserting the above equations into Equation (5), the average values of several parameters for a particular polarization can be derived, as summarized in Table 2. Note that the circular dichroism is defined as the difference of the attenuation coefficients between RCP and LCP. In this context, the relation between attenuation coefficient and absorption cross section needs to be applied. This relation is:


[image: ]



(17)




where [image: ] is the attenuation coefficient, M is the particle density per unit volume and [image: ] denotes the absorption cross section. The superscript [image: ] denotes the polarization of the incident field. Note that, the absorption cross section for different polarization scenarios was already previously derived albeit in a different way [34].



Table 2. Average value of several responses for Left Circularly Polarized (LCP) and Right Circularly Polarized (RCP) light in terms of the components of the helicity based T-matrix of the individual meta-atom.







	
No

	
Parameter

	
Average Value






	
1

	
Scattering cross section (LCP)

	
[image: ]




	
2

	
Extinction cross section (LCP)

	
[image: ]




	
3

	
Absorption cross section (LCP)

	
[image: ]




	
4

	
Scattering cross section (RCP)

	
[image: ]




	
5

	
Extinction cross section (RCP)

	
[image: ]




	
6

	
Absorption cross section (RCP)

	
[image: ]




	
7

	
Circular Dichroism

	
[image: ]











4. Results


In this section, we will discuss the implementation of the formulas listed in Table 1 and Table 2 and compare it with the averaging method. To demonstrate the applicability, we consider a meta-atom consisting of ten gold nanoparticles with 80 nm radius. The gold permittivity is taken from literature [43] and these nanoparticles are arranged in a helical structure with a total height of 1200 nm and 200 nm radius. The helix consists of two pitches and the distance among neighbouring gold nanoparticles along the helix is identical. We assume that the meta-atom is immersed in water (with background refractive index, [image: ]). To achieve a good convergence, the expansion order for the T-matrix is taken as [image: ]. The T-matrix was calculated using the algorithm described in literature [42].



The averaging method will be done using two different number of illuminations (NI), 1600 and 12,100. The incident fields are always plane waves with random direction of propagation, as shown in Figure 1. Here, we use a random number to generate two parameters, the polar ([image: ]) and the azimuthal ([image: ]) angles. The polar angle can be any real number between [image: ] and [image: ], while the azimuthal angle [image: ] can be any real number between 0 and [image: ]. Next, we define several set of pairs comprising a specific [image: ] and a specific [image: ]. The wave vector of the incident field [image: ] then can be defined from these two parameters as [image: ]. The contribution from each plane wave is then weighted with the factor of [image: ]. To validate our approach, we compare the extinction, scattering, and absorption cross sections averaged across the random illuminations (as discussed in Table 1) and compare it with predictions that rely explicitly only on the T-matrix. Comparative results are shown in Figure 2.


Figure 1. Illustration of the difference between (a) T-matrix extraction procedure and (b) averaging procedure. Here, the averaging procedure is done using several plane waves with different direction of propagation. The considered meta-atom consists of a helical arrangement of gold nanoparticles with a radius of 80 nm arranged in a helix. The helix has a total height 1200 nm and a radius 200 nm. The helix consist of 2 pitches.



[image: Materials 11 00213 g001]





Figure 2. Average (a) extinction; (b) scattering; and (c) absorption cross section of gold nanospheres arranged in a helix. The blue straight lines denote the value extracted from manual averaging method with 1600 number of illumination (NI), the red straight lines using 12,100 NI, while the brown dashed lines are extracted directly from the T-matrix, as described in Table 1; and (d) absorption cross section of single gold sphere with radius 80 nm and it’s multipolar decomposition. ED, EQ and MD denote electric dipole, electric quadrupole and magnetic dipole, respectively.



[image: Materials 11 00213 g002]






Figure 2a shows the average extinction cross section of the meta-atom described in Figure 1. From both methods (manual averaging and parameters extraction from the T-matrix), two distinct peaks can be observed, one around 548 nm and the other one at 743 nm. These two peaks correspond roughly to the resonance positions of individual gold nanoparticle, which resonates at 542 nm (electric quadrupole mode) and 673 nm(electric dipole mode). The resonance shift from these values can be attributed to the coupling between the nanoparticle and it’s adjacent neighbours in the helical structure. The same agreement between both methods is also observed in Figure 2b,c, where the scattering and absorption cross sections are shown. Here, the resonance peaks also match perfectly. It can also be seen directly that only for the larger number of plane waves (NI) considered in the averaging procedure, the predicted values almost agree with those obtained from the parameter extracted directly from the T-matrix, suggesting that for a very large number of plane waves, both methods will arrive at the same value. This suggests that the parameter extraction from the T-matrix offers a powerful and fast way to calculate the responses of the ensemble of meta-atoms [32]. On the other hand, Figure 2d shows the absorption cross section of single gold nanosphere and its decomposition into its multipolar component, where two distinct peaks around 511 nm and 648 nm can be attributed to electric quadrupole and electric dipole moments of the sphere, respectively. It can be observed that the resonance peaks of helical structure become broader compared to the resonance positions of individual gold nanosphere due to the coupling between gold nanoparticles.



To validate the convergence of manual averaging method, we compare the value for the average scattering cross section obtained once directly from the T-matrix and once by averaging the response across an increasingly larger number of randomly chosen illumination directions. Results of these quantities as a function of the number of considered illumination scenarios is shown in Figure 3. As it can be clearly seen, the value obtained from both methods reach the same value for NI > 5000.


Figure 3. Convergence of scattering cross section with respect to the number of illumination of the gold nanospheres arranged in a helix for the wavelength of 730 nm. The brown dashed lines denote the value extracted directly from the T-matrix while the blue straight lines denote the value obtained from averaging method for different number of illumination directions.



[image: Materials 11 00213 g003]






So far, we only discussed the results for a randomly polarized light. This approach, however, wil not be able to extract polarization dependent effects from our self-assembled metamaterials, such as circular dichroism. For this purpose, we will employ the equations shown in Table 2, as depicted in Figure 4. Here, both polarizations have almost the same response, due to the fact that the extinction, scattering, and absorption are measure of power, which does not strongly depend on the polarization of the incident field. However, from the tiny differences another important parameter for circularly polarized light can be extracted, that is, the circular dichroism (CD). Using the parameter extraction from the T-matrix enables us to calculate this parameter exactly and beyond the dipole approximation. Figure 4d shows the CD obtained using [image: ]. The strongest CD signal can be observed around 538 nm and several smaller peaks or dips around 645 nm, 510 nm, and 716 nm. The CD around 538 nm has the strongest signal due to the fact that the strongest absorption of the individual gold nanoparticle happens to be around 511 nm, as observed in Figure 2d. Due to this fact, the coupling between gold nanoparticles will be strongest around this wavelength, and by extension, the general response (CD in this case). Here, it can be inferred that the CD peaks at 538 nm and 645 nm related to electric quadrupole and electric dipole of individual gold nanoparticle, respectively. Depending on the chosen material and the size of the particle, these wavelengths can be tuned. Here, we show that the parameters extraction from the T-matrix of meta-atom offers a reliable and convenient way to analyze the response of the bulk ensemble of diluted self-assembled metamaterials without the need to do manual averaging procedure.


Figure 4. Average (a) extinction; (b) scattering and (c) absorption cross section of gold nanospheres arranged in a helix for different polarization of incident field. The brown dashed lines denote right handed polarization, while the blue straight lines denote the left handed polarization and (d) circular dichroism.



[image: Materials 11 00213 g004]







5. Conclusions


In conclusion, we have shown that, for a sufficiently diluted self-assembled metamaterial, experimentally observable properties of the bulk material can be directly calculated once the T-matrix of the individual meta-atom is known. With that, our approach circumvent the necessity to manually average the response across a larger number of different illumination scenarios. Finally, the extraction of polarization dependent parameters was also presented, where the CD response can be calculated efficiently and well beyond the dipole approximation. Here, we provide a comfortable and direct way to calculate the responses of diluted self-assembled metamaterials without the need to do the averaging procedure. This work may provide impetus of designing the responses of self assembled metamaterials based on their meta-atom in a fast and reliable way. Also, the analysis of more general disordered amorphous photonic structures will benefit from our contribution.







Acknowledgments


This work was supported by the German Science Foundation (project RO 3640/4-1). Radius N. S. Suryadharma also acknowledge support from the Karlsruhe School of Optics & Photonics (KSOP). Radius N. S. Suryadharma would like to thank Ivan Fernandez-Corbaton for discussions. We acknowledge support by the DFG and Open Access Publishing Fund of Karlsruhe Institute of Technology.




Author Contributions


Radius N. S. Suryadharma and Carsten Rockstuhl conceived and designed the work; Radius N. S. Suryadharma performed the analytical work and the numerical simulations; Radius N. S. Suryadharma and Carsten Rockstuhl wrote the paper.




Conflicts of Interest


The authors declare no conflict of interest.




References


	1. 
Pendry, J.B. Negative refraction makes a perfect lens. Phys. Rev. Lett. 2000, 85, 3966–3969. [Google Scholar] [CrossRef] [PubMed]

	2. 
Shelby, R.A.; Smith, D.R.; Schultz, S. Experimental verification of a negative index of refraction. Science 2001, 292, 77–79. [Google Scholar] [CrossRef] [PubMed]

	3. 
Linden, S.; Enkrich, C.; Wegener, M.; Zhou, J.; Koschny, T.; Soukoulis, C.M. Magnetic response of metamaterials at 100 terahertz. Science 2004, 306, 1351–1353. [Google Scholar] [CrossRef] [PubMed]

	4. 
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. [Google Scholar] [CrossRef] [PubMed]

	5. 
Urbas, A.M.; Jacob, Z.; Negro, L.D.; Engheta, N.; Boardman, A.D.; Egan, P.; Khanikaev, A.B.; Menon, V.; Ferrera, M.; Kinsey, N.; et al. Roadmap on optical metamaterials. J. Opt. 2016, 18, 093005. [Google Scholar] [CrossRef]

	6. 
Tretyakov, S.A. Complex-media electromagnetics and metamaterials. J. Opt. 2017, 19. [Google Scholar] [CrossRef]

	7. 
Simovski, C.; Tretyakov, S. Model of isotropic resonant magnetism in the visible range based on core-shell clusters. Phys. Rev. B 2009, 79, 045111. [Google Scholar] [CrossRef]

	8. 
Marcos, J.S.; Silveirinha, M.G.; Engheta, N. μ-near-zero supercoupling. Phys. Rev. B 2015, 91, 195112. [Google Scholar] [CrossRef]

	9. 
Gómez-Graña, S.; Le Beulze, A.; Treguer-Delapierre, M.; Mornet, S.; Duguet, E.; Grana, E.; Cloutet, E.; Hadziioannou, G.; Leng, J.; Salmon, J.B.; et al. Hierarchical self-assembly of a bulk metamaterial enables isotropic magnetic permeability at optical frequencies. Mater. Horiz. 2016, 3, 596–601. [Google Scholar] [CrossRef]

	10. 
Zambrana-Puyalto, X.; Fernandez-Corbaton, I.; Juan, M.; Vidal, X.; Molina-Terriza, G. Duality symmetry and Kerker conditions. Opt. Lett. 2013, 38, 1857–1859. [Google Scholar] [CrossRef] [PubMed]

	11. 
Lovera, A.; Gallinet, B.; Nordlander, P.; Martin, O.J. Mechanisms of Fano resonances in coupled plasmonic systems. ACS Nano 2013, 7, 4527–4536. [Google Scholar] [CrossRef] [PubMed]

	12. 
Singham, S.B. Coupled dipoles in light scattering by randomly oriented chiral particles. J. Chem. Phys. 1988, 88, 1522–1527. [Google Scholar] [CrossRef]

	13. 
Schäferling, M. Chiral Nanophotonics: Chiral Optical Properties of Plasmonic Systems; Springer: New York, NY, USA, 2016; Volume 205. [Google Scholar]

	14. 
Lindell, I.V.; Sihvola, A.; Yla-Oijala, P.; Wallén, H. Zero backscattering from self-dual objects of finite size. IEEE Trans. Antennas Propag. 2009, 57, 2725–2731. [Google Scholar] [CrossRef]

	15. 
Barron, L.D. Molecular Light Scattering and Optical Activity; Cambridge University Press: Cambridge, MA, USA, 2004. [Google Scholar]

	16. 
Deubel, M.; Von Freymann, G.; Wegener, M.; Pereira, S.; Busch, K.; Soukoulis, C.M. Direct laser writing of three-dimensional photonic-crystal templates for telecommunications. Nat. Mater. 2004, 3, 444–447. [Google Scholar] [CrossRef] [PubMed]

	17. 
Wu, W.; Yu, Z.; Wang, S.Y.; Williams, R.S.; Liu, Y.; Sun, C.; Zhang, X.; Kim, E.; Shen, Y.R.; Fang, N.X. Midinfrared metamaterials fabricated by nanoimprint lithography. Appl. Phys. Lett. 2007, 90, 063107. [Google Scholar] [CrossRef]

	18. 
Rill, M.S.; Plet, C.; Thiel, M.; Staude, I.; Von Freymann, G.; Linden, S.; Wegener, M. Photonic metamaterials by direct laser writing and silver chemical vapour deposition. Nat. Mater. 2008, 7, 543–546. [Google Scholar] [CrossRef] [PubMed]

	19. 
Boltasseva, A.; Shalaev, V.M. Fabrication of optical negative-index metamaterials: Recent advances and outlook. Metamaterials 2008, 2, 1–17. [Google Scholar] [CrossRef]

	20. 
Chen, Z.; Zhan, P.; Wang, Z.; Zhang, J.; Zhang, W.; Ming, N.; Chan, C.T.; Sheng, P. Two-and Three-Dimensional Ordered Structures of Hollow Silver Spheres Prepared by Colloidal Crystal Templating. Adv. Mater. 2004, 16, 417–422. [Google Scholar] [CrossRef]

	21. 
Galisteo, J.; García-Santamaría, F.; Golmayo, D.; Juarez, B.; Lopez, C.; Palacios, E. Self-assembly approach to optical metamaterials. J. Opt. A Pure Appl. Opt. 2005, 7, S244–S254. [Google Scholar] [CrossRef]

	22. 
Gwo, S.; Lin, M.H.; He, C.L.; Chen, H.Y.; Teranishi, T. Bottom-up Assembly of Colloidal Gold and Silver Nanostructures for Designable Plasmonic Structures and Metamaterials. Langmuir 2012, 28, 8902–8908. [Google Scholar] [CrossRef] [PubMed]

	23. 
Vignolini, S.; Yufa, N.A.; Cunha, P.S.; Guldin, S.; Rushkin, I.; Stefik, M.; Hur, K.; Wiesner, U.; Baumberg, J.J.; Steiner, U. A 3D Optical Metamaterial Made by Self-Assembly. Adv. Mater. 2012, 24, OP23–OP27. [Google Scholar] [CrossRef] [PubMed]

	24. 
Pawlak, D.A.; Turczynski, S.; Gajc, M.; Kolodziejak, K.; Diduszko, R.; Rozniatowski, K.; Smalc, J.; Vendik, I. How Far Are We from Making Metamaterials by Self-Organization? The Microstructure of Highly Anisotropic Particles with an SRR-Like Geometry. Adv. Funct. Mater. 2010, 20, 1116–1124. [Google Scholar] [CrossRef]

	25. 
Ponsinet, V.; Barois, P.; Gali, S.M.; Richetti, P.; Salmon, J.B.; Vallecchi, A.; Albani, M.; Le Beulze, A.; Gomez-Grana, S.; Duguet, E.; et al. Resonant isotropic optical magnetism of plasmonic nanoclusters in visible light. Phys. Rev. B 2015, 92, 220414. [Google Scholar] [CrossRef]

	26. 
Sadecka, K.; Berger, M.H.; Orlinski, K.; Jozwik, I.; Pawlak, D. Evolution of silver in a eutectic-based Bi2O3–Ag metamaterial. J. Mater. Sci. 2017, 52, 5503–5510. [Google Scholar] [CrossRef]

	27. 
Cross, G.H. Fundamental limit to the use of effective medium theories in optics. Opt. Lett. 2013, 38, 3057–3060. [Google Scholar] [CrossRef] [PubMed]

	28. 
Petersen, R.; Pedersen, T.G.; Gjerding, M.N.; Thygesen, K.S. Limitations of effective medium theory in multilayer graphite/hBN heterostructures. Phys. Rev. B 2016, 94, 035128. [Google Scholar] [CrossRef]

	29. 
Osipov, A.V.; Tretyakov, S.A. Modern Electromagnetic Scattering Theory with Applications; John Wiley & Sons: Hoboken, NJ, USA, 2017. [Google Scholar]

	30. 
Suryadharma, R.N.; Fruhnert, M.; Fernandez-Corbaton, I.; Rockstuhl, C. Studying plasmonic resonance modes of hierarchical self-assembled meta-atoms based on their transfer matrix. Phys. Rev. B 2017, 96, 045406. [Google Scholar] [CrossRef]

	31. 
Mühlig, S.; Menzel, C.; Rockstuhl, C.; Lederer, F. Multipole analysis of meta-atoms. Metamaterials 2011, 5, 64–73. [Google Scholar] [CrossRef]

	32. 
Fruhnert, M.; Fernandez-Corbaton, I.; Yannopapas, V.; Rockstuhl, C. Computing the T-matrix of a scattering object with multiple plane wave illuminations. Beilstein J. Nanotechnol. 2017, 8, 614–626. [Google Scholar] [CrossRef] [PubMed]

	33. 
Abdelrahman, M.I.; Rockstuhl, C.; Fernandez-Corbaton, I. Broadband suppression of backscattering at optical frequencies using low permittivity dielectric spheres. Sci. Rep. 2017, 7, 14762. [Google Scholar] [CrossRef] [PubMed]

	34. 
Fernandez-Corbaton, I.; Fruhnert, M.; Rockstuhl, C. Objects of maximum electromagnetic chirality. Phys. Rev. X 2016, 6, 031013. [Google Scholar] [CrossRef]

	35. 
Dintinger, J.; Mühlig, S.; Rockstuhl, C.; Scharf, T. A bottom-up approach to fabricate optical metamaterials by self-assembled metallic nanoparticles. Opt. Mater. Express 2012, 2, 269–278. [Google Scholar] [CrossRef]

	36. 
Mühlig, S.; Cunningham, A.; Dintinger, J.; Scharf, T.; Bürgi, T.; Lederer, F.; Rockstuhl, C. Self-assembled plasmonic metamaterials. Nanophotonics 2013, 2, 211–240. [Google Scholar] [CrossRef]

	37. 
Sihvola, A. Mixing rules with complex dielectric coefficients. Subsurf. Sens. Technol. Appl. 2000, 1, 393–415. [Google Scholar] [CrossRef]

	38. 
Fan, Z.; Govorov, A.O. Plasmonic circular dichroism of chiral metal nanoparticle assemblies. Nano Lett. 2010, 10, 2580–2587. [Google Scholar] [CrossRef] [PubMed]

	39. 
Kuzyk, A.; Schreiber, R.; Fan, Z.; Pardatscher, G.; Roller, E.M.; Högele, A.; Simmel, F.C.; Govorov, A.O.; Liedl, T. DNA-based self-assembly of chiral plasmonic nanostructures with tailored optical response. Nature 2012, 483, 311–314. [Google Scholar] [CrossRef] [PubMed]

	40. 
Bohren, C.F.; Huffman, D.R. Absorption and Scattering of Light by Small Particles; John Wiley & Sons: Hoboken, NJ, USA, 2008. [Google Scholar]

	41. 
Waterman, P.C. Matrix formulation of electromagnetic scattering. Proc. IEEE 1965, 53, 805–812. [Google Scholar] [CrossRef]

	42. 
Xu, Y.l. Electromagnetic scattering by an aggregate of spheres. Appl. Opt. 1995, 34, 4573–4588. [Google Scholar] [CrossRef] [PubMed]

	43. 
Johnson, P.B.; Christy, R.W. Optical constants of the noble metals. Phys. Rev. B 1972, 6, 4370. [Google Scholar] [CrossRef]





















© 2018 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/).






media/file4.png
><105
15'(3)
£ 10}
L
=<
A : —NI=1600
—NI=12100
| - 'T-m‘atrix
400 525 650 775 900
A (nm)
5:><105 | |
(C) —NI=1600
4 —NI=12100
N'g | - T-matrix
=
327
©
b
1 L
O L 1 i
400 525 650 775

A (nm)

% 10°

15}
(b)
10|
5| —NI=1600 |
—NI=12100
= ‘T-matrix
O i A L
400 525 650 775 900
A (nm)
4
14 ><1do —Total
= 101a
(d) —ED
—EQ
—MD
9
o—————— —
400 525 650 75 900
A (nm)





nav.xhtml


  materials-11-00213


  
    		
      materials-11-00213
    


  




  





media/file2.png





media/file5.jpg
® 05 —Manual
= T-matrix

2000 6000 10000
NI





media/file3.jpg
5 (N0

525

—NI=1600

—NI=12100

= T-matrix
650 775

A (nm)

900

[
400

525

650 775
A (nm)

900

0
400

775

900





media/file9.png





media/file1.jpg





media/file7.jpg
—Lep
- RCP
400 525 650 775 900
A (nm)
s
5210 —
. @ - RCP
Es
32
B
1
0
00 525 650 775 900

A (nm)

—LcP
- RCP.

525 650 775 900

A (nm)

CD (1/M nm?)
°

525 650 775 900

A (nm)





media/file0.png





media/file8.png
><105

—LCP

900

| | 'j1QCP
400 525 650 775
A (nm)
; % 10° |
(C) —LCP
4
3 L
2 L

CD (1/M nm?)

><1O5

(b)

. | | - ‘RCP
400 929 650 o 900
A (nm)

x10%
1
(d)
0.5]
0
-0.5
1 - ‘ '
400 525 650 775 900
A (nm)





media/file6.png
P

(nm2

SCa

1.5]

0.5]

—Manual
= T-matrix

2000

600
NI

0 10000






